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Abstract 

 

The Rockall Trough (RT), a deep channel in the northeast North Atlantic (NA), hosts 

water masses of subpolar and subtropical origins. Large-scale atmospheric (North Atlantic 

oscillation, Eastern Atlantic pattern) and oceanic (NA subpolar gyre) settings have been 

noted as the major drivers of water masses presence in the region, their properties, thus 

impacting heat and salinity inputs into the RT and higher northern latitudes. Intermediate 

water masses are known to retain their characteristics long distance away from their places 

of origin, thus their presence and impact on water properties further afield notable. To 

detect/discern large-scale driver(s) of intermediate water masses presence in the RT, 

empirical orthogonal function (EOF) analysis was used. Water masses metrics, used in the 

EOF analysis, are fractions based on a mixing triangle approach and derived from high-

resolution ship-board conductivity-temperature-depth (CTD) and delayed mode processed 

Argo (ISAS15) in-situ datasets. The large-scale atmospheric and oceanic signals did not 

emerge as the main drivers. The EOF analysis pointed to intermediate water masses 

presence within the RT, southern and central domains in particular, to be most likely 

influenced by locally induced interior (sub)mesoscale processes and features, and possible 

consequent mixing. These results brought forward the role of interior water masses 

pathways, i.e., intermediate water currents, notably the deep, Mediterranean Overflow 

Water (MOW)-rich slope current, and interior (sub)mesoscale dynamics.  

The use of ship-board in-situ CTD, Coastal and Regional Ocean COmmunity (CROCO) 

model output and altimetry absolute dynamic topography datasets permitted the 

identification of a deep, recurrent, non-stationary anticyclone, centred at ~12 °W, 55 °N, 

named here the RT anticyclone. The above datasets were further used to perform analysis 

of RT anticyclone generating mechanism and core water masses origin. The analysis 

shows that the RT anticyclone is the result of the merging of, and sustained by, smaller 

anticyclones, generated by bottom topography-slope current interactions at intermediate 

depths along the southeast banks of the trough. High ship-board in-situ-derived salinity 

and temperature anomalies, found within the anticyclone deep core, fall within MOW 

upper and conservative lower ~750-1100 m regional depth bounds and inner 27.41-27.60 

kg m-3 density ranges. The in-situ analysis supported the model-based deductions that the 

RT anticyclone is a locally generated deep vortex, stretching throughout the water column 

and imprinting on the ocean surface between ~11-13 °W, 54-56 °N. The findings are the 

first insight on the generation and water masses origin of the RT anticyclone.  

To further check and extend previous analyses of MOW presence regionally and within 

the larger scale northeast Atlantic, GLORYS12v1 (Global Reanalysis-PHY-001-030), 

eddy-resolving (1/12 °) reanalysis data, and Ariane, a Lagrangian particle tracking tool, 

were used. The GLORYS12v1 reanalysis product, jointly with the Ariane particle tracking 

tool, allowed for investigations into MOW pathways, and further, the origin of water 

masses, encapsulated in the RT anticyclone core. The particle tracking within the MOW 

upper ~700-950 m and lower 1000-1300 m veins’ depth ranges complemented the 
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findings of the RT anticyclone generation and core water masses origins. The depth-

restricted particle tracking does not permit for tracing RT (modified) MOW beyond the 

Wyville-Thomson Ridge. However, the particle tracking analysis showed that MOW 

reaches the RT, propagates deep into the trough (≥60 °N), and further westward and 

northward (≥65 °N) towards Iceland and Irminger basin, and beyond. The particles also 

spread westward of the trough’s southern approach, into the NA subpolar gyre, 

encapsulated in (sub)mesoscale eddies, i.e., of both submesoscale (up to 50 km) and 

mesoscale (>50 km) dimensions. The presence of MOW within the RT and MOW 

extension throughout the length of the trough were confirmed and supported by Argo 

floats trajectories and Argo-based (ISAS15) water masses metrics.  

The presented findings highlight the role of interior water masses pathways, i.e., 

intermediate water currents, notably the deep MOW-rich slope current. Interior 

(sub)mesoscale dynamics in the southern and central RT domains emerged as the 

predominant mechanism influencing intermediate water masses presence in the RT. The 

results further suggest that the deep MOW-rich slope current and the regional interior 

(sub)mesoscale processes may play a role not only in the local heat, salt, biogeochemical  

(re)distribution, but also in the neighbouring northeast NA subpolar gyre and higher 

northern latitudes. 
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Preface 

 

The North Atlantic (NA) subpolar gyre (NASPG) has been undergoing distinct shifts in 

salinity since the 1960s. Recently, a notable NASPG freshening has been observed. The 

Rockall Trough (RT) is one of the key ‘exit’ regions for warm and salty upper and 

intermediate subtropical waters moving northwards and westwards into high NASPG 

latitudes and the Nordic Seas. Subtropical waters reaching the RT thus hold the capacity 

to alter water masses properties both on regional and larger scale. Mediterranean Overflow 

Water (MOW) water mass is a known source of salinity and heat in the Atlantic Ocean. 

As MOW spreads at intermediate ocean depths northward and westward into the Atlantic, 

exchanges of properties (temperature, salinity, oxygen, nutrients) with ambient upper and 

lower water masses occur. MOW could thus be viewed as a key intermediate NA water 

mass, with potentially significant influence on processes locally in the RT, the wider 

NASPG and higher latitudes. Identifying drivers of intermediate water masses presence 

in the RT, the overall study question, could thus help with postulating near-future regional 

and large-scale NA physical and biogeochemical changes. The study question is 

collectively governed by three distinct, yet complementary and interrelated aims. Three 

coherent investigations are conducted, respective to each of the three aims. Each of the 

three investigations has a dedicated chapter (chapters 2, 3 and 4), featuring introduction, 

data and methods, results, discussion and conclusion sections. Prior to the presentation of 

the investigations, overviews of the NA atmosphere-ocean system and the RT study region 

are provided, as well as the motivation for the study and individual aims (chapter 1). The 

thesis concludes with chapter 5, where an overall summary and an outlook are provided. 
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Chapter 1 

1. Introduction 

1.1. The North Atlantic atmosphere-ocean coupled system 

The physical oceanography scientific community has been captivated by the North 

Atlantic (NA) Ocean for over a century and research efforts in the NA region have derived 

many insights into the large-scale NA atmosphere-ocean coupled system, the NA oceanic 

circulation patterns, structure and variability of water masses, and various relevant 

processes regulating the overall oceanic and climate variability (e.g., Kieke and 

Yashayaev, 2015). Present day NA natural variability is governed by both atmospheric 

and oceanic systems, such as the North Atlantic oscillation (NAO), the tropical Atlantic 

variability, the Atlantic meridional overturning circulation (AMOC), with contributions 

from far afield teleconnections, such as El Niño-Southern oscillation and Asian monsoons 

(e.g., Marshall et al., 2001; Hurrell at al., 2003; Grossmann and Klotzbach, 2009; Moffa 

Sánchez, 2012). The most frequently addressed atmospheric and oceanic patterns and 

systems, shaping the complex current NA oceanic variability, are the NAO, AMOC, and 

the NA subpolar gyre (NASPG) dynamics, AMOC considered the most prominent oceanic 

driver and key feature of the NA coupled atmosphere-ocean climate system. 

The NAO is the predominant mode of winter climate variability over the NA and Eurasian 

regions (e.g., Walker and Bliss, 1932; Barnston and Livezey, 1987; Hurrell, 1995). The 

NAO is governed by the dipole sea-level pressure oscillation between subpolar low and 

subtropical high pressure systems, assigned over the Icelandic and Azores regions 

respectively (Saunders and Qian, 2002). The NAO is represented by the NAO index, a 

standardized sea-level pressure difference between the Azores high and Icelandic low 

pressure systems, where a positive winter NAO index is indicative of severe winters, and 

negative NAO index signifies milder winters. It has been deduced that changes in the 

NAO (on both inter-annual to decadal time scales) are the predominant controlling 

mechanisms on the strength and path of the mid-latitude westerlies and NA climate 

(Hurrell, 1995). NAO related changes in the NASPG atmospheric forcing and oceanic 

circulation, as well as atmosphere-ocean heat fluxes have been linked to upper ocean 

thermohaline properties changes during convection events, leading to properties changes 

in intermediate and deep waters (e.g., Dickson et al., 1996; Bersch, 2002; Sarafanov et al., 

2008). 

Further functioning of the coupled atmosphere-ocean system is translated to interactions 

between the NAO and the AMOC, where positive AMOC phase results in a weakening of 

the NAO and vice-versa (Gastineau and Frankignoul, 2012; Gastineau et al., 2016). The 

large-scale global meridional circulation is a complex ensemble of minor and major 

currents, driven by various forces, where heat and fresh water fluxes dominate across the 

sea surface and tidal forces being the predominant driver of the oceanic mass flow (Munk, 

1966). The most common simplification of the Atlantic and the global meridional 

overturning circulation is that of a two dimensional ‘conveyor belt’ system (Broecker, 
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1987; Broecker, 1991), consisting of upper and lower limbs, the former carrying light and 

warm waters towards high latitudes, and the latter, dense and cold waters towards lower 

latitudes, thus redistributing heat globally (Fig. 1.1). The Atlantic circulation, as part of 

the global oceanic meridional circulation, is often termed the thermohaline circulation. 

Thermohaline refers to the part of the circulation, driven by density gradients, and 

consequent water masses transformation/formation, whereas the AMOC, and the global 

overturning circulation, capture both the thermohaline and wind-driven circulation 

components (Rahmstorf, 2006). The thermohaline and wind-driven driving mechanisms 

(Fig. 1.2) are interlinked and not independent of each other (Rahmstorf, 2006). 

 

Fig. 1.1 Schematic representation of the global thermohaline circulation, where surface currents 

represented in red, deep waters in light blue, bottom waters in dark blue, main deep water formation regions 

shown in orange (after Rahmstorf, 2006). 

The global meridional circulation has few key features, such as 1) convectively driven 

deep/intermediate water masses formation in the Greenland-Norwegian Sea, the Labrador, 

Mediterranean, the Weddell and Ross Seas, 2) spreading of deep water masses, such as 

the North Atlantic Deep Water (NADW), Antarctic Bottom Water (AABW), 3) forming 

deep western boundary currents, 4) upwelling of deep waters, aided by wind induced 

Ekman divergence, 5) near-surface, wind generated currents, which ultimately close the 

global circulation ‘loop’ of water masses movement (Rahmstorf, 2006).  
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Fig. 1.2 Schematics of the two driving components on the Atlantic meridional overturning circulation, where 

a) thermohaline component, b) wind driven component (after Rahmstorf, 2006). 
 

The AMOC is a fundamental part of the atmosphere-ocean coupled system and plays a 

critical role in regulating the global climate, as it redistributes water masses from 

lower/subtropical latitudes to higher/subpolar latitudes, and thus heat poleward (e.g., 

Bryden et al., 2005; Cheng et al., 2013).  The circulation in the Atlantic basin, as part of 

the global meridional overturning circulation, redistributes up to 25% of the global 

combined atmosphere-ocean heat flux, and at some latitudes, at 26.5 °N for example, more 

than 90% of the heat transport is accomplished by the AMOC (Johns et al., 2011). It has 

to be pointed out however, that even though the AMOC contribution to the Atlantic 

meridional heat flux at some latitudes is dominant, the contribution of the horizontal, wind 

driven circulation to the overall net heat flux is of important consideration (Bryden et al., 

2005). For example, at 30 °S, overturning and horizontal heat fluxes contributions have 

been estimated at 0.55x10¹⁵ W and -0.3x10¹⁵ W respectively, and at 36 °N, those 

contributions (in the same order) are estimated at 0.86x10¹⁵ W and 0.39x10¹⁵ W 

respectively (McDonagh and King, 2005; McDonagh et al., 2010). 

The heat exchange between the ocean and the atmosphere prompts transformation of water 

masses, mainly converting warm and saline water masses to less saline and cold water 

masses at high latitudes (Rudels 1995), a process driving forward the Atlantic 

thermohaline circulation. During such water masses transformation and formation, large 

amounts of oceanic heat interact with colder air masses (McCartney and Talley, 1982), 

preconditioning the convection event. AMOC variability is largely governed by 

convection events, i.e., deep and intermediate water formation events, in specific regions, 

noted earlier, such as the Nordic (Greenland, Iceland, Norwegian), Labrador and 

Mediterranean Seas (Marshall et al., 2001; Marsh et al., 2005). Intermediate and deep 

water masses are an essential integral part of the AMOC and changes in productions 

and/or volumes of water masses could have significant impacts on the circulation. For 

example, estimations show that recently observed large decrease in Labrador Sea Water 

(LSW) could lead to AMOC reduction of approximately 6 Sv (1 Sv = 10⁶ m³ s⁻¹) (Robson 

et al., 2014), and the variability of AMOC transport at 26.5 °N has been directly linked to 

the variability of NADW below 3000 m (Frajka-Williams et al., 2016). 
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The NASPG is often taken as a proxy of the state of the NA and its role in the global 

climate system. Over the 1990-2004 time period, the upper ocean, particularly the NASPG 

region (60-10 °W, 50-65 °N) have warmed up significantly, accompanied with increase 

in salinity, consistent with an increase in the AMOC and related heat and salt transports 

(Robson et al., 2012). This warming up and salinification of the NASPG was seen as a 

weakening of the gyre, allowing for warmer waters to enter the Nordic Seas (e.g., Hátún 

et al., 2009). Following Häkkinen and Rhines (2004) and using altimetry-derived sea 

surface height as a proxy, Hátún et al. (2005) devised a subpolar gyre index, a metric, 

which has been wildly used ever since to describe the state of the NASPG. 

The circulation in the Atlantic basin is complex, driven by several fundamental factors, 

such as winds, cooling/heating at high latitudes/tropics respectively, water masses 

transformation and formation, the hydrological cycle, tides, internal waves (Wunsch and 

Ferrari, 2004; Kuhlbrodt et al., 2007). The central role of atmosphere-ocean interactions 

in the northern domain of the Atlantic resonates in the northern NA circulation, and the 

water masses formed as a result of these interactions. 

1.2. Major water masses in the NA 

Water masses are an integral part of circulation patterns, where denser waters form 

intermediate and deep flowing currents, and lighter waters contributing to upper ocean 

currents systems. Water masses are set apart based on their thermohaline (and chemical) 

properties. A water mass is defined to be a volume of water with a common region of 

formation and distinct physical and chemical properties (Tomczak, 1999). 

Water mass formation is a process, where densification of surface waters prompts their 

sinking into the ocean interior. Three physical processes can lead to production of water 

masses, these being convection, subduction and subsurface mixing (Fig. 1.3). Convection 

and subduction often act together and are very much dependent on atmospheric forcing, 

whereas subsurface mixing is independent of atmosphere-ocean exchanges and 

interactions. 

 Convection 

Triggering of a convection event is due to the occurrence of several conditions, notably 

excessive heat loss to the atmosphere, cyclonic circulation, which results in the 

outcropping of isopycnals, weakened stratification and strong surface buoyancy loss 

(Marshall and Schott, 1998). These criteria are met in both high and low latitude NA 

oceanic regions, such as the Labrador, Irminger, Iceland and Mediterranean basins, 

making these regions prime locations for water masses formation in the northern 

hemisphere. Deep convection events undergo three distinct phases, 1) preconditioning 

phase, 2) vigorous mixing phase and 3) re-stratification phase (Arata, 1994). During the 

preconditioning phase (Fig. 1.3b), the stratified water column stability is disturbed by 

negative buoyancy, due to strong atmosphere-ocean heat flux, leading to doming of 

isopycnals, bringing interior waters upwards, prompting the erosion of the seasonal 

pycnocline (McCartney and Talley, 1982). Once the convective induced instability occurs, 
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the vigorous mixing phase (Fig. 1.3c) begins, where large downward vertical velocities 

are observed, reaching deep levels (Arata, 1994). As the water column slowly returns to a 

new stable state, the re-stratification stage sets (Fig. 1.3d), where the newly formed and 

subducted water mass is being advected away from its formation area (Arata, 1994). It has 

been proposed that convective eddies, formed as a result of the instability of the large 

density gradients between the convective patch and the surrounding interior (Jones and 

Marshall, 1993) play a vital role in the re-stratification of the water column (Katsman et 

al., 2004; Chanut et al., 2008). 

 

 

 

 

 

 

Fig. 1.3 Schematics of density profile evolution during a deep convection event, where a) initial 

stratification state, b) preconditioning phase, c) vigorous mixing phase and d) re-stratification phase (after 

Arata, 1994). 

 Subduction 

Subduction is a process, where mixed layer waters are being incorporated within the main 

thermocline (Stommel, 1979; Luyten et al., 1983). Thereby, subduction is a process, by 

which ventilation of the thermocline occurs through downwards Ekman pumping, a 

mechanism, for which most favourable conditions are met in regions, where wind stress 

curl is negative (Pedlosky, 1998), with substantial horizontal tilt of near surface 

isopycnals, promoting isopycnic downward motion (Bashmachnikov et al., 2015). In the 

northeast NA, such conditions occur along frontal zones along (sub)branches of the NA 

current (NAC) (Cianca et al., 2007; Bashmachnikov et al., 2015). Subduction is most 

pronounced during winter, as the internal water structure lacks stability by the seasonal 

pycnocline (Bashmachnikov et al., 2015). 

 Subsurface mixing 

Subsurface mixing is a process, which affects water masses below the seasonal 

pycnocline, and upon interactions and mixing between waters with different properties, 

new water mass could be formed (e.g., Bashmachnikov et al., 2015). For example, 

isopycnal mixing of LSW and Mediterranean Overflow Water (MOW) contributes to the 

formation of NADW (Talley and McCartney, 1982). Interior mixing plays a crucial role 

in water masses transformation, such is its role in water masses transformation in the 

Nordic Seas overflow waters during their decent over the Greenland-Scotland Ridge and 

in the rising of deep water masses in the tropics (Munk and Wunsch, 1998).  Interior 

z 

ρ ρ ρ ρ 

z z z 

a) b) c) d) 
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mixing is of importance to maintaining the steady-state of the AMOC (Fig. 1.2), as if there 

were no interior mixing processes, the global ocean would eventually fill with dense 

waters after ~1000 years at current deep water formation rates, bringing the thermohaline 

circulation at a standstill (Rahmstorf, 2006). 

The NA hosts a large variety of water masses. The vertical and meridional distributions 

of the major NA water masses is shown in Fig. 1.4, as represented by Daniault et al. 

(2016). Further summary of NA water masses vertical occupancy and thermohaline 

properties is presented in Table 1.1. 

 

 

Fig. 1.4 Mean 2002-2012 salinity (upper panel) and potential temperature (°C) (lower panel) along the 

OVIDE transect (see insert in lower panel). Vertical and horizontal continuous grey lines delimit regions 

and isopycnal layers, used by Daniault et al. (2016) for transport computations. Topographic features 

acronyms from west to east as follows: RR-Reykjanes Ridge, ESM-Eriador Seamount, ABR-Azores-Biscay 

Ridge (after Daniault et al., 2016). 
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Depth (m) Water mass Temperature 

[°C] 

Salinity 

 

Upper waters 

(0-500) 

Atlantic Subarctic Upper Water 

(ASUW) 

0.0 - 4.0 34.0 - 35.0 

Western North Atlantic Central Water 

(WNACW) 

7.0 - 20.0 35.2 - 36.7 

Eastern North Atlantic Central Water 

(ENACW) 

8.0 - 18.0 35.2 - 36.7 

Intermediate 

waters 

(500-1500) 

Western Atlantic Subarctic 

Intermediate Water (WASIW) 

3.0 - 9.0 34.0 - 35.1 

Eastern Atlantic Subarctic 

Intermediate Water 

(EASIW) 

3.0 - 9.0 34.4 - 35.3 

Antarctic Intermediate Water (AAIW) 2.6 33.8 - 34.8 

Mediterranean Water (MW) 2.6 - 11.0 35.0 - 36.2 

Arctic Intermediate Water (AIW) (-1.5) - 3.0 34.7 - 34.9 

Subpolar Mode Water (SPMW) 7 - 13 35.1 - 35.8 

Subarctic Intermediate Water (SAIW) 4 - 6.5 35.45 - 35.82 

Labrador Sea Water (LSW)  

(extending > 1600 m) 

<3.4 <34.86 

Wyville-Thomson Overflow Water 

(WTOW) 

0.5 - 8.0 34.85 - 35.25 

Deep and abyssal 

waters 

(1500-bottom) 

North East Atlantic Deep Water 

(NEADW) 

1.5 - 4.0 34.8 - 34.5 

Upper North East Atlantic Deep 

Water (UNEADW) 

2.0 - 3.0 34.87 - 35.01 

Lower North East Atlantic Deep 

Water (LNEADW) 

1.95 - 2.01 34.89 - 34.9 

Iceland-Scotland Overflow Water 

(ISOW) 

<3 34.96 - 35.0 

Denmark Strait Overflow Water 

(DSOW) 

1.3 34.9 

* Antarctic Bottom Water (AABW) -0.9 - 1.7 34.64 - 34.72 

Arctic Bottom Water (ABW) -1.8 - (-0.5) 34.88 - 34.94 
Table 1.1 Summary of North Atlantic (NA) water masses depth distributions and in-situ thermohaline 

characteristics, as found in literature. Table 1.1 compiled from information within Emery and Meincke 

(1986), Wade et al. (1997), Johnson and Gruber (2007), Yashayaev and Loder (2009), Johnson et al., 

(2010), McGrath et al. (2012) and García-Ibáñez et al. (2018). In literature, Mediterranean Water (MW), 

Mediterranean Overflow Water (MOW) and Mediterranean Outflow Water (MOW) are interchangeably 

used. * The presence of AABW in higher NA latitudes is controversial. In this thesis, the view of McCartney 

(1992), Frew et al. (2000), García-Ibáñez et al. (2018) and Liu and Tanhua (2021), that AABW does not 

reach higher northern NA latitudes, notably the Rockall Trough (RT) region, is shared (please see text in 

section 1.4.1).  

NA water masses most commonly associated with the Rockall Trough (RT) study region 

are the ENACW, SAIW, MOW and LSW (Table 1.1). 

ENACW is an upper water mass, considered a North Atlantic Central Water (NACW) 

sub-class, the other sub-class being the western NACW (WNACW). ENACW 

thermohaline properties (as all other water masses temperature and salinity properties) are 
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gradually and progressively modified further away from their formation region (Pollard 

and Pu, 1985). ENACW reported temperature, salinity and density ranges are 10.5-11.5 

°C, 35.55-35.60, and 27.15-27.25 kg m⁻³ respectively (OSPAR commission, 2000). Other 

studies list temperature and salinity respective ranges of 11-13 °C and 35.53-35.74, and 

mean density of 27.10 kg m⁻³ (Botas et al., 1989; Pollard et al., 1996). ENACW has been 

further subdivided into subtropical ENACW (ENACWst) and subpolar ENACW 

(ENACWsp) respectively (Bashmachnikov et al., 2015). Thermohaline ENACWst 

characteristics are defined to fall within the 18.0-19.0 °C and 36.5-36.7 temperature and 

salinity ranges respectively, whereas ENACWsp properties are defined to fall within the 

8.5-9.5 °C and 35.2-35.3 temperature and salinity respective ranges (Bashmachnikov et 

al., 2015). ENACWst forms within the Azores current, in a westward recirculation path 

near the Iberian Peninsula (Perez et al., 1993; Pollard et al., 1996; Bashmachnikov et al., 

2015), whereas ENACWsp forms by subduction, within the 40-50 °N, 10-20 °W region 

(McCartney and Talley, 1982; Bashmachnikov et al., 2015). The small region between 43 

°N and 44 °N has been proposed as a zone of permanent, somewhat superficial 

convergence between the two ENACW varieties (Ríos et al., 1992). Studies performed by 

Harvey (1982) and Harvey and Arhan (1988) deduce that the 20 °W meridian is an 

important region, where SAIW (Table 1.1) waters are being replaced by the warmer, more 

saline ENACW. More recent studies (e.g., Hátún et al., 2005) have put forward NASPG 

dynamics as the triggering mechanisms for such replacements and water masses 

dominance. 

SAIW properties, i.e., thermohaline characteristics, are variable and strongly dependent 

on its spreading and subduction along the LSW (Table 1.1) pathway(s), a region defined 

with complex circulation, horizontal and vertical mixing, recirculation processes, high 

mesoscale variability (Bubnov, 1968; Arhan, 1990). Originating from the western 

NASPG, SAIW temperature and salinity are 4-7 °C and below 34.9 respectively (Bubnov, 

1968). More recent studies deduce that SAIW spreads south along both slopes of the Mid-

Atlantic Ridge (McCartney and Talley, 1982; Bashmachnikov et al., 2015). East of the 

Mid-Atlantic Ridge, SAIW mixes with the upper and lower MOW cores (see paragraph 

below), and SAIW flowing southeast gradually mixes with NACW and LSW, increasing 

the temperature and depth ranges to 9-10 °C and 700-1000 m respectively, forming a 

‘heavy’ density core between 27.70 kg m⁻³ and 27.75 kg m⁻³ (McCartney and Talley, 

1982; Bashmachnikov et al., 2015). 

MOW forms by the mixing of relatively fresh modified Atlantic waters entering the Strait 

of Gibraltar at approximately 36 °N (Roether and Weiss, 1975; Zenk, 1975; Candela, 

2001). This MOW mixture bears its main characteristics (13 °C, 38.4 and density of 

approximately 28.95 kg m⁻³) from the Levantine Intermediate Water (Millot et al., 2006). 

Properties of the outflow however change and evolve over time, with variations of up to 

0.5 °C and 0.1 temperature and salinity respectively (Millot et al., 2006). Estimates of the 

MOW net outflow in the Gibraltar region are in the order of 0.5-1 Sv (Baringer and Price, 

1997). Embedded within the gravity driven boundary current along the northern 

continental slope of the Gulf of Cádiz, i.e., the continental slope current, and entrapping 
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more Atlantic waters, the MOW transport nearly doubles, and thermohaline characteristics 

are altered to 12 °C and 35.5 for temperature and salinity respectively (Baringer and Price, 

1997). Within the Gulf of Cádiz, the MOW splits into two distinct cores, along the 27.5 

and 27.8 kg m⁻3 isopycnals (Iorga and Lozier, 1999), where the shallower, i.e., less dense 

core occupying the 700-800 m depth range and the denser core settling within the 1000-

1200 m depth range (Baringer and Price, 1999; Ambar et al., 2002). More recent studies 

pinpoint three main MOW cores, upper, main and lower cores, with respective neutral 

densities of 27.65-27.70 kg m⁻³, 27.75 kg m⁻³ and 27.80 kg m⁻³ (e.g., Bashmachnikov et 

al., 2015). The upper core is confined within depth of 900-1000 m, the main core 

occupying 1000-1100 m depths and the lower core flowing within the 1250-1350 m depth 

range (e.g., Bashmachnikov et al., 2015). Part of the MOW travels northward along the 

European continental slope, and part of the outflow diverges westward across the Atlantic 

interior (Bower et al., 2002). The northward pathway has been observationally traced to 

at least 50 °N (Iorga and Lozier, 1999; Lozier and Stewart, 2008), and the strength of 

pulses of MOW propagating within the RT channel have been linked to NAO phase and 

NASPG dynamics (e.g., Lozier and Stewart, 2008). The propagation of MOW to higher 

northern latitudes has been the focus of numerous studies (e.g., Reid, 1979; Iorga and 

Lozier, 1999; McCartney and Mauritzen, 2001; New et al., 2001; Jia et al., 2007). 

LSW is formed in the Labrador Sea through intense deep convection events during severe 

winters (e.g., Clarke and Gascard, 1983; Yashayaev et al., 2007).  Deep convection events 

in the NA are largely controlled by the phase and intensity of the NAO (Dickson et al., 

1996). LSW is believed to influence NA large-scale dynamics in three ways, 1) changes 

in LSW properties and volume impact mid-depth circulation, mixing and signal 

propagation in NA subpolar region, 2) variability in LSW production is a controlling 

intermediate depth exchange mechanism between subtropical and subpolar gyres and 3) 

LSW overall dominance of the northern NA intermediate properties domain (Curry and 

McCartney, 2001; Dickson et al. 2002; Yashayaev et al., 2007). LSW is characterized by 

low salinity and potential vorticity (PV) minimum (Talley and McCartney, 1982). Using 

PV as a mapping tool, three major pathways for LSW spreading have been defined, 1) 

southward, in the Deep Western Boundary Current (DWBC), 2) north-eastward into the 

Irminger Sea and 3) eastward, across the Mid-Atlantic Ridge towards Iceland and the RT 

(Talley and McCartney, 1982). LSW temperature and salinity within the PV minimum are 

2-3.2 °C and 34.83-34.86 respectively, and its density range between 27.90-28.0 kg m⁻³ 

(Faure and Speer, 2005). The thermohaline properties of LSW are hugely variable from 

year to year, as the conditions during the convections events vary, prompting the 

emergence of the vintage classification, where LSW is classified based on the year of 

production (e.g., Yashayaev, 2007; Yashayaev and Loder, 2009). LSW production, LSW 

inter-annual and inter-decadal changes in thickness and themodynamic properties are 

strongly influenced by the persistence and phase of the NAO (Yashayaev et al., 2007).  

LSW formation rates are highly variable, alternating between 2 and 8.6 Sv (1 Sv = 10⁶ m³ 

s⁻¹) (Haine et al., 2008). Two major classes of north-western LSW are widely referred to 

in the literature, upper LSW and classical LSW, with respective density ranges 27.68-

27.74 kg m⁻³ and 27.74-27.8 kg m⁻³ (Kieke et al., 2007; Yashayaev, 2007; Rhein et al., 
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2011). Mechanisms and formation locations of the upper LSW have been debated, as some 

studies put forward the Irminger Sea as a likely formation region, where deep mixed layers 

would form as a consequence of a low-level, seasonal atmospheric jet at the southern tip 

of Greenland (Doyle and Shapiro, 1999; Pickart et al., 2003). The seasonal Greenland 

atmospheric jet would induce a localized recirculation cell (Moore and Renfew, 2005), 

similar to those found in the north-western and southern Labrador Sea basin, providing 

the necessary conditions for large heat losses and convective mixing to take place 

(Lavender et al., 2000). Model studies have confirmed that such conditions could be met, 

where mixed layers within the Irminger Sea could reach depths of 1700 m, sufficient to 

promote the development of low PV outcropping, observed within the 600-1000 m depth 

layer in the region (Pickart et al., 2003; Våge et al., 2008). A consensus is being reached, 

where upper LSW region of formation shifts between the Irminger Sea and the Labrador 

Sea, depending on the severity of convection event(s) occurring in the Labrador basin 

(Stramma et al., 2004; Våge et al., 2011). 

1.2.1. MOW and the AMOC 

The spreading of MOW in the Atlantic and the MOW dominance throughout the NA basin 

at 1000 m intermediate depths are clearly depicted in the salinity horizontal filed (Fig. 1.5, 

world ocean atlas 2018 (WOA18)). As MOW propagates westward and northward into 

the NA basin, salinity enhancements would lead to density amplifications, adding to the 

momentum of the AMOC (Rahmstorf, 1998; Bigg et al., 2003). It is well established that 

the AMOC have a strong impact on the distribution of water masses and atmosphere-

ocean heat exchanges. Deep water formation could be considered the engine of the 

AMOC, which in turn sustains habitable conditions on the planet. If deep water formation 

were to cease, it could trigger a slow-down, or a shut-down of the AMOC. Number of 

factors could contribute to a possible weakening of the AMOC. The freshening of near-

surface water due to ice melt, precipitation and mid-latitude warming are all considered 

factors that could decrease deep water formation, and consequently, weakening the 

AMOC (IPCC, 2013).  

Proxy-based (Rogerson et al., 2006; Voelker et al., 2006; Penaud et al., 2010) and model-

based (Bigg and Wadley, 2001; Rogerson et al., 2010) studies find that strengthen MOW 

outflow counteracts freshwater capping, serving as a boost to a reduced or inactive 

AMOC. MOW could have been the trigger for the phasing out of stadial (cold) climates, 

and the transitioning into interstadial (warmer) climate (Penaud et al., 2011). Proxy-based 

findings (van Dijk et al. 2018) support the hypothesis that MOW acts as a negative 

feedback mechanism to NA freshening events across the last deglaciation. Nowadays, 

reduction of MOW salt inputs into the NA could slow down the AMOC by up to 15 % 

(Rahmstorf, 1998; Wu et al., 2007). MOW could therefore be placed as a prime 

contributor to the NA thermohaline circulation and integral part of the AMOC. 
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Fig. 1.5 Annual salinity at 1000 m depth, 1/4 ° spatial resolution, covering the 2005-2017 time period 

(source: WOA18 (https://www.nodc.noaa.gov )). 

1.3. Overview of the NA circulation with respect to major water masses pathways 

The NA circulation can be separated into the large-scale diapycnal AMOC and the wind-

driven circulation, forming the NA subtropical gyre (NASTG) and NASPG, flowing 

mainly along isopycnal surfaces (Xu et al., 2016), where the line of zero wind stress curl 

is often presented as the boundary between the NASPG and NASTG circulation cells. 

 

Fig. 1.6 Schematic representation of the large-scale NA circulation. Main topographic features labelled as 

follows: Azores-Biscay Rise (ABR), Bigh fracture zone (BFZ), Charlie-Gibbs fracture zone (CGFZ), 

Faraday fracture zone (FFZ), Maxwell fracture zone (MFZ), Mid-Atlantic Ridge (MAR), Iberian abyssal 

plain (IAP), Northwest corener (NWC), Rockall Trough (RT), Rockall Plateau (RP), Maury Channel (MC). 

Main water masses labelled as: Denmark Strait Overflow Water (DSOW), Iceland-Scotland Overflow Water 

(ISOW), Labrador Sea Water (LSW), Mediterranean Water (MW), Lower North East Atlantic Deep Water 

(LNEADW) (after García-Ibáñez et al., 2015 and Daniault et al., 2016). 

https://www.nodc.noaa.gov/
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The NA current system is composed of many currents (Fig. 1.6), the NAC being the most 

prominent upper ocean current. The NAC tends to be highly variable in both its intensity 

and pathways, largely attributed to high eddy kinetic energy (EKE), with EKE in excess 

of 500 cm² s⁻² noted in the western Atlantic and Newfoundland regions (White and 

Heywood, 1995; Fratantoni, 2001). The NAC is the result of the bifurcation of the Gulf 

Stream near 40 °N, 50 °W into two main (sub)branches, the NAC itself in the northern 

part of the NASTG domain, and the zonal Azores current within the central NASTG 

(Juliano and Alves, 2007). The Azores current, connected to its source region through a 

cyclonic meander and centred at approximately 35 °N, 47.5 °W, flows eastward through 

the NASTG, reaching the Gulf of Cádiz (Juliano and Alves, 2007). 

After its continuation north-eastward into the NA and the NASPG, the NAC pathways 

(Fig. 1.6) and its dynamics are strongly dictated by bathymetry, particularly as the current 

reaches the Mid-Atlantic Ridge (Daniault et al., 2016). At the Mid-Atlantic Ridge, the 

NAC separates into further three (sub)branches at 1) the Charlie-Gibbs fracture zone at 

52-53 °N, 2) the Faraday fracture zone at 50-51 °N and 3) the Maxwell fracture zone at 

48 °N (Våge et al., 2011; Daniault et al., 2016). The Charlie-Gibbs and Faraday fracture 

zones (sub)branches are reported to flow north-eastward into the central Iceland basin, the 

Hatton-Rockall Plateau and the RT, while the Maxwell fracture zone (sub)branch veers 

southward and back into the eastern NASPG. 

The NAC northern Charlie-Gibbs fracture zone and Faraday fracture zone (sub)branches 

are associated with the position of the subpolar front, in turn associated with SAIW 

formation (Arhan, 1990; Bower et al., 2002). 

Waters carried by the NAC (sub)branches entering the Iceland basin undergo atmosphere-

ocean convectively induced modifications, forming Subpolar Mode Water (SPMW). Once 

within the ocean interior, SPMW settles in the layer between the seasonal and permanent 

thermocline (van Aken and Becker, 1996). Similarly to LSW, SPMW is identifiable by 

low, or lowest, PV values observed within the vicinity of the north-western Reykjanes 

Ridge (Brambilla and Talley, 2008). 

In the eastern NA, the European continental slope current follows the slopes of the western 

European continental plate. The slope current carries warm and salty waters at both upper 

and intermediate water levels, notably the ENACW and MOW. 

In the deeper levels of the NA, the DWBC is found on the western side of the basin, 

feeding the cold, deep Atlantic, and global, thermohaline circulation (Gordon, 1986). The 

DWBC is fed and composed by the dense, cold, bottom following outflows from the 

Denmark Strait and the Faroe Bank Channel, travelling cyclonically around the Labrador 

Sea edge (Fischer et al., 2010). The densest layer of the DWBC is the Denmark Strait 

Overflow Water (DSOW) (Daniault et al., 2016) (Fig. 1.6). Another overflow water is the 

Iceland-Scotland Overflow water (ISOW) (Fig. 1.6), which recirculates around the 

Reykjanes Ridge and over the Charlie-Gibbs fracture zone, before entering the Irminger 

basin (Daniault et al., 2016). ISOW thermohaline properties vary closely with the 

thermohaline properties of the upper waters in the Iceland basin, as well as LSW (Daniault 
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et al., 2016; Larsen et al., 2016).  The volume transport of the ISOW and DSWO overflow 

waters is thought to increase due to entrainment of thermocline waters (Mauritzen and 

Häkkinen, 1999). The LSW, ISOW and DSWO water masses, once entrapped within the 

DWBC, contribute to the formation of the NADW water mass, which is subsequently 

transported southward, i.e., towards the equator, within the DWBC. NADW temperature 

and salinity properties have exhibited strong inter-annual variability during the 80s, 

reaching their minimum values in 1998 and 1997 respectively, followed by positive trend 

in temperature until 2014, salinity being stagnant during the 2007-2014 period (Daniault 

et al., 2016; Larsen et al., 2016). AABW water mass is found in the eastern side of the 

basin. A derivation from AABW is the Lower Deep Water (LDW) water mass, resulting 

from AABW modification, due to mixing with warmer bottom waters directed towards 

the eastern subpolar Atlantic via the Vema fracture zone at 11 °N (McCartney, 1992). 

DWBC and NADW are fed by cold, dense overflow waters. DSOW, originating from 

Greenland and Iceland, is the deepest and densest of all DWBC water masses composites, 

and it entrains ambient water in the Labrador Sea, where intermediate LSW marks its 

upper boundary within the water column (Daniault et al., 2016; Larsen et al., 2016). The 

middle layer of the deep, cold water DWBC export is represented by the ISOW water 

mass, originating from Arctic Intermediate Water (AIW) and Norwegian Sea Deep Water 

(NSDW) water masses, formed in the Nordic Seas (Daniault et al., 2016; Larsen et al., 

2016). At deeper NA levels, AABW enters the basin in the western side, and AABW 

signature and presence is also notable in the eastern Atlantic abyssal plains (Daniault et 

al., 2016; Larsen et al., 2016). At intermediate levels, the MOW water mass, formed in 

the Gulf of Cádiz by vigorous mixing with Atlantic waters, spreads in all directions at 

~1000 m average depth, main vein travelling northwards along the western European 

continental shelf and slope (Daniault et al., 2016; Larsen et al., 2016). 

1.4. RT water masses, general regional circulation and mesoscale activity 

1.4.1. RT water masses 

Temperature and salinity properties description of the water masses most commonly 

associated with the RT region, ENACW, SAIW, MOW, and LSW water masses is given 

in section 1.2. The characterics and depth distrubituions of water masses found in the RT, 

as presented by McGrath et al. (2012) and references therein, are summarised in Table 1.2 

below. The presence of AABW in the RT (both southern and northern domains) is 

controversial (Table 1.2), so is AABW presence in higher NA latitudes. Here it is worth 

noting that McGrath et al. (2012) base the presence of AABW in the RT on the much 

earlier study by Ellett and Martin (1973). McCartney (1992), Frew et al. (2000), García-

Ibáñez et al. (2018) and Liu and Tanhua (2021), for instance, are of the opinion that ‘pure’ 

AABW does not reach higher NA latitudes, as AABW properties change significantly 

during its slow propagation northward. This view is shared here. With respect to northeast 

NA deep/bottom water masses, the following nomenclatures can be found: Lower Deep 

Water (McCartney, 1992; Frew et al., 2000), Lower North East Atlantic Deep Water 

(LNEADW) (García-Ibáñez et al., 2018) and North East Atlantic Bottom Water 
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(NEABW) (Liu and Tanhua, 2021), where LDW, LDNEAW and NEABW water masses 

considered derivations of AABW (McCartney, 1992; Frew et al., 2000; García-Ibáñez et 

al., 2018; Liu and Tanhua, 2021).  

Section Depth (m) Water mass Temperature 

[°C] 

Salinity 

 

South 

Rockall 

0-700 East North Atlantic Water (ENAW) 6.4 - 11.8 35.1 - 35.6 

700-1000 Subarctic Intermediate Water 

(SAIW) 

5.7 - 6.1 ~35.10  

700-1000 Mediterranean Water (MW) 9.1 - 9.3 35.3 - 35.4 

800-1100 Wyville-Thomson Overflow Water 5.0 - 9.5 35.0 - 35.4 

1500-2000 Labrador Sea Water (LSW) 3.70 34.9 

2500-2600 

 

* Upper North East Atlantic Deep 

Water (UNEADW) 

2.0 - 3.0 34.87-35.01 

>2900/3000  

 

* Lower North East Atlantic Deep 

Water (LNEADW) 

1.95 - 2.01 34.89 - 34.9 

>2990 * Antarctic Bottom Water (AABW) 2.5 - 2.6 34.9 

North 

Rockall 

0-700 East North Atlantic Water (ENAW) 7.6 - 11.3 35.2 - 35.6 

1500-2000 Labrador Sea Water (LSW) 3.8 - 3.9 34.9 

2500-2600 * Upper North East Atlantic Deep 

Water (UNEADW) 

2.9 - 3.0 34.87-35.01 

>2900/3000  

 

* Lower North East Atlantic Deep 

Water (LNEADW) 

1.95 - 2.01 34.89 - 34.9 

>2800 * Antarctic Bottom Water (AABW) 2.6 - 2.8 34.9 
Table 1.2 Depth distributions and in-situ thermohaline characteristics of water masses in the Rockall 

Trough (RT), as found in literature. Table 1.2 compiled from information within McGrath et al. (2012) and 

references therein. In literature, Mediterranean Water (MW), Mediterranean Overflow Water (MOW) and 

Mediterranean Outflow Water (MOW) are interchangeably used. * Property values of Upper North East 

Atlantic Deep Water (UNEADW) and Lower North East Atlantic Deep Water (LNEADW) are based on 

García-Ibáñez et al. (2018). In literature, LNEADW is also termed North East Atlantic Bottom Water 

(NEABW) (e.g., Liu and Tanhua, 2021). * The presence of Antarctic Bottom Water (AABW) in the RT (both 

southern and northern domains) is controversial (please see text above, and Table 1.1).   

1.4.2. RT general circulation 

The northern NA is governed by the basin’s wide three-dimensional cyclonic wind and 

thermohaline driven upper ocean circulation (Häkkinen and Rhines, 2009; Sherwin et al., 

2015), encapsulated in the dynamics of the NASPG. The strongest, convectively driven 

currents occupy deeper Labrador Sea and Irminger basin in the west, but the NASPG 

influence is also prominent in the east, across the Iceland basin and into the RT (Hátún et 

al., 2005; Sherwin et al., 2015). The strongest surface velocities and associated EKE are 

observed along NAC pathways, and along the western and northern boundaries of the 

NASPG (e.g., White and Heywood, 1995). The contrasting properties between the water 

masses in the northeast NA and those introduced by the NAC are thought to mark the 

sharp hydrographic subpolar front, its location and properties are associated with the main 

northern NAC (sub)branch within the NASPG (Belkin and Levitus, 1996). However, both 

the subpolar front’s location and thermohaline properties remain elusive, as the front 

exhibits significant meridional displacements (up to 300 km within few months) and 
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coherent at the 500 km scale (Belkin and Levitus, 1996). Salinity characteristics related 

to manifestation of basin scale salinity anomalies are thought to be advected along the 

front (Belkin and Levitus, 1996), with salinity value of 35.2 found at the front’s centre 

(Bersch, 2002). In the north-eastern NA, the north-eastward flowing NAC separates into 

three paths, or (sub)branches, two of which more predominant (Fig. 1.7a). The two 

predominant (sub)branches are located on either sides of the Hatton-Rockall Plateau, 

flowing into the Iceland basin and the RT respectively, with the intermediate (sub)branch 

flowing through the Hatton-Rockall basin (Fratantoni, 2001; Bower et al., 2002; Holliday 

et al., 2015). 

 

Fig. 1.7 Schematics of primary upper ocean (0-1000 m) and deep current pathways in the norteast North 

Atlantic (NA) (after Holliday et al., 2015), b) schematics of major current in the (northern) Rockall Trough 

(RT) (after Sherwin et al., 2015). 

The general distribution of currents, water masses and circulation in the northern Rockall 

region (Fig. 1.7b) has been a focus of investigations for more than 45 years (e.g., Ellett 

and Martin, 1973; Ellett et al., 1986; McCartney and Mauritzen, 2001; Holliday et al., 

2003; Holliday, 2003; Johnson et al., 2013; Holliday et al., 2015; Sherwin et al., 2015; 

Johnson et al., 2017). A slow north-eastward flow in the order of 0.7 Sv is observed in the 

upper 0-600 m upper layers, carrying relatively cool NA water, originating from the NAC 

(Fig. 1.7), with SAIW masses contributions from the subpolar front in the north-western 

NA (Holliday et al., 2000; Sherwin et al., 2015). Within the channel, this flow is enhanced 

along the eastern boundary by the continental slope current (Fig. 1.7), with width of ~50 

km, mean velocity of up to 20 cm s⁻¹ (Sherwin et al., 2015). The slope current is a wind 

and oceanic density driven current, following the western edge of the European 

continental shelf and slope, extending from the coast of the Iberian Peninsula, via the Bay 

of Biscay to the western edge of Ireland and further north to Scotland (Hackett and Røed, 

1998; Xu et al., 2015). During upwelling season, in the Iberian region, the slope current 

extends from the bottom of the MOW layer depth (1600 m) to the lower boundary of the 

surface layer (Coelho et al., 1998). Along the Scottish slopes, where the bathymetry shoals 

a) b) 
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to 1000 m, the current’s core is found centred along the 500 m isobaths (Souza et al., 

2001). West of Ireland, average slope current velocities have been found to range between 

10-21 cm s⁻¹, with some cross stream meandering above the 660 m isobath (White and 

Bowyer, 1997). Further into the northern RT, the slope current reaches mean velocities of 

10 cm s⁻¹, with highest velocities of 20 cm s⁻¹ observed over the Shetland slope (Burrows 

and Thorpe, 1999; Huthnance, 1987; Xu et al., 2015). The slope current transports are 

estimated to be in the order of 2 Sv and 5-8 Sv over the Celtic slope and further north in 

the Faroe-Shetland Channel respectively (Huthnance, 1987; Pingree and Le Cann, 1989; 

Xu et al., 2015). Approximately 3 Sv of warmer and salty ENACW are being carried with 

the slope current northward through the trough (Booth and Ellett, 1983; Holliday et al., 

2000; Souza et al., 2001; Sherwin et al., 2015). At intermediate depths, down to 1000 m, 

SAIW mixes with MOW transported northward within the slope current (Lozier and 

Stewart, 2008; Sherwin et al., 2015). Low salinity LSW is found at deeper levels, 1800 m, 

coming through from the southwest, and remaining part of the water column being 

occupied by Wyville Thomson Ridge Overflow Water (WTOW) and AABW (Holliday et 

al., 2000; Johnson et al., 2013; Sherwin et al., 2015). In this thesis, however, the view of 

McCartney (1992), Frew et al. (2000), García-Ibáñez et al. (2018) and Liu and Tanhua 

(2021), that AABW does not reach higher northern NA latitudes, notably the Rockall 

Trough (RT) region, is shared (please see section 1.4.1). The upper water masses in the 

northern RT, falling within the 27.20-27.50 kg m⁻³ density range, have undergone overall 

cooling and freshening during the 1997-2001 period, followed by warming and increase 

in salinity between 2001 and 2006, and more recently, cooling and freshening during the 

2006-2014 time period (Fig. 1.8a, b) (Holliday et al., 2015; Larsen et al., 2016). At 

intermediate depths, LSW in particular (27.70-27.85 kg m⁻³), a freshening is observed 

during the 1975-1995 period, then a general warming and small stable salinification, most 

notable in between 2005 and 2010 (Holliday et al., 2015). Highest temperature (4.60°C) 

and salinity (35.04) have been recorded in the 70s (1979), with respective anomalies of 

0.43 and 0.05, lowest temperature (3.97 °C) and salinity (34.95) measured in the in the 

early 90s (1990), with respective anomalies of -0.20 and -0.04 (Fig. 1.8c, d) (Larsen et al., 

2016). 

Temperature and salinity changes in the northern RT have been described to have 

multiyear variability (Holliday et al., 2000), with a significant increase, expressed in upper 

waters, since the mid-1990s (Fig. 8) (Holliday et al., 2008; Hughes et al., 2012; Holliday 

et al., 2015; Larsen et al., 2016). Highest temperature (9.79 °C) has been measured in 2007 

and highest salinity (35.41) measured in 2003 (respective anomalies of 0.44 and 0.06), 

whereas lowest temperature (8.88 °C, 8.85 °C) observed in 1977, 1994 (respective 

anomalies of -0.47 and -0.50), and lowest salinity (35.27, 35.28, 35.28) observed in 1976, 

1996 and 2016 (respective anomalies of -0.09, -0.07 and -0.07) (Larsen et al., 2016). It 

has been proposed that these changes of water properties within the eastern margin of the 

NASPG are influenced by the intrusions of subtropical waters as the NASPG slowed and 

the subpolar front retreated westward (e.g., Holliday, 2003; Hátún et al., 2005; Häkkinen 

and Rhines, 2004; Holliday et al., 2015). A regional study, focusing on nutrient 

concentrations changes, suggested that the NASPG dynamics biggest influence, and 
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consequent subtropical waters influence were at maximum around mid-2000s (Johnson et 

al., 2013), with the possibility that other drivers of variability have become more 

influential thereafter (Holliday et al., 2015). 

 

 

Fig. 1.8 Temperature and salinity anomalies, measured in the Rockall Trough (RT) between the 1975-2016 

time period, where a) temperature anomalies b) salinity anomalies in the upper ocean layer (30-800 m), c) 

and d) temperature and salinity anomalies in the intermediate ocean layer (1500-2300 m) (after Larsen et 

al., 2016). 

1.4.3. RT mesoscale activity 

Quantifying and observing circulation changes in the northeast NA proves challenging, 

due to obstacles, most notably due to mesoscale currents and eddies (Sherwin et al., 2015). 

Ellett et al. (1983) identified a cyclonic mesoscale eddy (at approximately 59 °N), with a 

diameter of some 100 km, internal velocities reaching 10 cm s⁻¹, and extending down to 

1000 m depth (Sherwin et al., 2015). Booth (1988) identified a large anticyclonic eddy 

within the 54 °N, 15 °W area, with a radius of approximately 60 km and speed, reaching 

upper limits of 80 cm s⁻¹. Booth (1988) describes further two anticyclonic eddies, orbital 

speed of up to 35 cm s⁻¹, attributing their generation to instabilities within the slope current 

in the vicinity of the Porcupine Bank and seamounts thereby. It has been suggested that 

anticyclonic eddies, travelling southward of Porcupine Seabight, could have been 

decaying meddies, shed from the northward propagation of the slope current carrying 

MOW (Shoosmith et al., 2005). Ullgren and White (2012) also find the presence of both 

cyclonic and anticyclonic eddies within the southern section of the RT, with a mean yearly 

EKE of over 65 cm² s⁻² (based on 2002-2007 time period). Sherwin et al. (2015) have 

revealed similar results in the northern section of the trough, with mean EKE of 66 cm² 

s⁻² over the May, 2009 to April, 2010 time period. Enhanced EKE within the RT region 

has been noted in earlier satellite based studies, reporting EKE in the order of 100 cm² s⁻² 

a) b) 

c) d) 
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(Heywood et al., 1994; White and Heywood, 1995; Volkov, 2005). However, the interior 

(sub)mesoscale eddy field (of both mesoscale and submesoscale dimensions) in the 

southern and central RT and the possible impact on intermediate water masses presence 

have not been previously investigated.  

1.5. Motivation and aims 

1.5.1. Motivation 

The general conception of the effect of the large-scale NA oceanic circulation on the 

physical oceanographic conditions within the RT is that a weakening of the NASPG would 

allow for water masses of subtropical origin, such as subtropical NACW and MOW to 

extend further north and in larger volumes, whereas a strong gyre circulation would 

prevent subtropical waters to travel northward, allowing for subpolar waters, such as the 

SAIW and LSW to be the predominant water bodies (Fig. 1.9). 

 

Fig. 1.9 Schematic representation of subpolar gyre influence on waters in the RT region, a) strong gyre 

results in subpolar waters dominance, while b) weak gyre allows for subtropical waters influence. RP- 

Rockall Plateau, PB-Porcupine Bank (after Hátún et al., 2009). 

The (likely) causal effect of the NAO on intermediate water masses properties and 

transports in the larger northeast Atlantic has been deduced (e.g., Dickson et al., 1996; 

Krahmann and Schott, 1998; Koltermann et al., 1999; Lozier and Stuart, 2008). Also 

established is the effect of NAO on larger scale NA circulation in relation to NASPG 

dynamcis, i.e., NASPG domain expansion and retraction, further impacting water masses 

pathways and reaches (Lozier and Stewart, 2008; Hátún et al., 2009). Observational 

studies have deduced that circulation of water masses within the northeast NA has a 

pronounced influence on global climate due to the northward transport of warm 

subtropical water to high latitudes (e.g., Bower et al., 2002). Early modelling studies on 

the effect of salinity changes on the AMOC suggest that rapid salinity decrease in the NA 

could have dramatic consequences, from shutting down of the AMOC (Rahmstorf 1995; 

Vellinga and Wood 2002) to a more likely scenario of slowing down (IPCC, 2007). It has 

been further noted that salinity changes in the NA are highly dependent on properties and 

a) b) 
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volume of MOW (Curry et al., 2003; Lozier and Stewart, 2008), further prompting the 

role of MOW in the global oceanic circulation (please see section 1.2.1).  

The oceanography of the RT, in particular the northward propagation of saline water 

masses of southern origin into the Nordic Seas, potentially affecting deep convection and 

consequently influencing the northern limb of the NA thermohaline overturning 

circulation, have been of a considerable scientific interest (e.g., Reid, 1979; Iorga and 

Lozier, 1999; McCartney and Mauritzen, 2001; New et al., 2001; New and Smythe-

Wright, 2001; Jia et al., 2007; Lozier and Stewart, 2008; Häkkinen and Rhines, 2009; 

Burkholder and Lozier, 2011). 

 

Fig. 1.10 Schematic composite representation of Mediterranean Overflow Water (MOW), as presented by 

Iorga and Lozier (1999) and reproduced by Bower et al. (2002) (after Bower et al., 2002). 

The northward propagation of MOW up to ~51-53 °N, transported poleward by the 

European slope current is undisputed by the scientific community. However, MOW 

propagation beyond 53 °N remains highly questionable. Based on (limited temporal and 

spatial distributions) mooring, CTD and Argo float data, Ullgren and White (2010) do not 

find any distinct MOW influence north of 53 °N. Based on a Lagrangian modelling 

analysis of MOW spreading in the NA basin, Jia et al. (2007) deduce a direct northward 

MOW pathway, following the European continental slopes and propagating into the RT 
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beyond 60 °N (Fig. 19, Jia et al., 2007). However, Jia et al. (2007) do not incorporate 

support from in-situ-derived trajectories. To deduce MOW pathways in the NA, 

Burkholder and Lozier (2011) use in-situ-based (Rafos floats) and model-based 

Lagrangian trajectories, where within the RT, Rafos floats appear to congregate ~55 °N, 

but do not travel further, and one synthetic float reaching ~57 °N (Figs. 2 and 4, 

Burkholder and Lozier, 2011).  

Thus, to date, MOW propagation into the RT beyond 53-55 °N has not been confirmed 

by in-situ derived water masses metrics, and/or Lagrangian pathways of autonomous 

floating instruments, such as RAFOS or Argo floats, where RAFOS float maximum 

lifetime is up to two years, and Argo float maximum lifetime extends beyond 5 years.   

It is thought that water masses in the RT contribute about 50 % of the warm inflow to the 

Nordic Seas (Johnson et al., 2010). The European slope current is the main source of warm 

and salty waters at intermediate depth, i.e., MOW, into the RT, the other being interior 

(sub)mesoscale eddies (of both mesoscale and submesoscale dimensions).  

The regional (sub)mesoscale field at depth carry the potential to induce modifications and 

transformations of water masses present within the study region and further afield into the 

NASPG, which will have an effect on physical, biochemical budgets and the overall 

marine environment (further details in section 1.5.2 below). The interior (sub)mesoscale 

eddy field in the southern and central RT has not been previously investigated, 

consequently, the potential impact on intermediate water masses presence not considered.  

The role of the slope current in the delivery of warm and salty waters to higher northern 

latitudes is however often dismissed, as consensus on a direct MOW pathway into the RT, 

extending to the northern domain of the RT, is yet to be reached. Exploration of European 

slope current pathway(s) along the northeast NA boundary, and interior (sub)mesoscale 

eddies occurrence on regional and larger northeast NA scale, would ultimately aid with 

better understanding of the global meridional circulation as a whole. 

1.5.2. Why address interior (sub)mesoscale processes in the RT region: large-scale NA 

circulation links and local marine ecosystems implications 

The oceanic circulation is a combination of features (eddies, fronts, currents), which can 

be generalised as large-scale (>500 km), mesoscale (~50-500 km) and submesoscale (~1-

50 km), all of which resulting from direct forcing and nonlinear scale interactions, 

triggered by energy exchanges (Ajayi et al., 2019). The oceanic (sub)mesoscale, 

generalised with horizontal scales between ~1 and 100 km and temporal scales from days 

to months, to years,  captures both submesocale and mesoscale dynamical features and 

processes, such as meanders, fronts, and vortices/eddies (Della Penna and Gaube, 2019). 

Mesoscale and submesoscale features and processes are not independent from each other, 

such that submesoscale features could be induced by the stirring caused by mesoscale 

eddies (Hernández-Carrasco et al., 2012) and submesoscale features and processes being 

the conduit for transferring energy and properties from the largely adiabatic mesoscale 

flow field to scales where prominent mixing occurs (Thomas et al., 2008). Further, 

Siegelman (2020) finds that submesoscale fronts act as dynamical barriers that prevent 
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mesoscale eddies getting destroyed due to interactions with neighbouring eddies, leading 

to enhanced coherence, energy and lifetime of the mesoscale eddies. Hence, where the 

occurrence of mesoscale features and processes is observed, the occurrence of 

submesoscale features and processes is expected, and vice versa.  

 

In the absence of strong meridional currents in the ocean, (sub)mesoscale eddy induced 

transports are considered the primary mechanism for the transfer of heat, salts, 

macronutrients (nitrate (NO3), phosphate (PO4), silicic acid (Si(OH4), ammonium (NH4) 

and nitrite (NO2)), micronutrients (trace metals, e.g., cadmium (Cd), copper (Cu), 

manganese (Mn), iron (Fe), zinc (Zn)), carbon (C), oxygen (O2), and the main contributor 

to the mixing of water masses through tracers diffusion (e.g., Sallée et al., 2008; Ito et al., 

2007). Vertical exchanges, induced by the (sub)mesoscale, i.e., of both submesoscale and 

mesoscale dimensions, play crucial role in maintaining primary production as they 

promote and sustain nutrients fluxes between the nutrient-depleted mixed layer and the 

nutrient-rich thermocline (e.g., Capet et al., 2008; Lévy et al., 2012). (Sub)mesoscale 

dynamics carry the potential to change not only the primary and export production, but 

also the functioning and structure of planktonic ecosystems (Lévy et al., 2012), which 

would have impacts on higher marine ecosystems levels. Hence, both physical and 

biogeochemical (sub)mesoscale induced impacts and changes prove important, where 

relative amounts of water masses, their variability and mixing, particularly in the upper 

water column, further pose an impact on gas and nutrient concentrations, consequently, 

phytoplankton species composition, succession and blooms occurrence.  

 

The impact of interior (sub)mesoscale processes on temperature and salinity properties of 

various water masses, on nutrients, carbon and oxygen budgets, primary and export 

productions, would impose further impact on higher trophic levels in the marine 

ecosystem. Exploring interior (sub)mesoscale dynamics in the RT has the potential to 

contribute to understanding of the distribution of local marine habitats, such as cold-water 

corals grounds, or fishes, such as blue whiting, as the RT is found to be their preferential 

spawning grounds (e.g., Miesner and Payne, 2017). 

1.5.2.1. Note on the submesoscale scale and the terms eddy and vortex 

The advances in the understanding of upper ocean, surface-intensified circulation 

(velocity, horizontal extent and scales), including surface-intensified eddies, have been 

enabled by altimetry-derived observations. The horizontal scale for many important 

oceanic (and atmospheric) processes and features, and consequently atmosphere-ocean 

dynamics, is the first internal baroclinic Rossby radius of deformation (Fig. 1.11) (Holt et 

al., 2014), hereafter referred to as the Rossby radius for short. The Rossby radius (equation 

1.1) represents the horizontal scale at which rotation effects become as significant as 

buoyancy effects, i.e., the horizontal scale of perturbation over which vortex stretching 

and relative vorticity associated with sloping isopycnals contribute approximately equally 

to potential vorticity (Nurser and Bacon, 2014).  

The scale of the submesoscale could also be approximated by the non-dimensional Rossby 

number (and Richardson number, water column turbulence and stability indicator). The 
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Rossby number estimates the importance of the relative vorticity with respect to the 

planetary vorticity, i.e., the Coriolis term, such that submesoscale features are 

characterised with Rossby and Richardson numbers in the order of unity (e.g., Thomas et 

al., 2008). The submesoscale could be taken as ~1 km (e.g., Thomas et al., 2008), or 

submesoscale features often generalised with spatial scales up to 10 km (e.g., Skákala et 

al., 2019), or up to 20 km (Uchida et al., 2019), time scales of hours to a day (e.g., Skákala 

et al., 2019 and references therein). A distinction should be made when scaling the 

submesoscale by the Rossby number (and Richardson number), as geostrophy or quasi-

geostrophy here does not apply (geostrophic balance holds when Rossby number <<1, and 

the flow is statically stable if Richardson number >>1). As noted by Wunsch and Ferrari 

(2018), the strongly inhomogeneous, time-dependent nature of the physics of oceanic 

circulation, and features, is beginning to emerge, such that balanced, or geostrophic, 

submesoscale oceanic eddies can be defined as features with horizontal scales of 100 km 

and shorter, and short-lived submesoscale eddies can be defined as features with 

horizontal scales between 100 m and 10 km where geostrophic balance no longer holds, 

but rotation and stratification remain important, to eventually transition into submesoscale 

turbulent flows.  

Quasi-geostrophy is approximated by the Rossby radius, the horizontal scale of 

geostrophic relaxation, and the scale to which baroclinic currents, fronts and eddies are 

approximated to (Nurser and Bacon, 2014). A magnitude estimation of the Rossby radius 

can be derived by following Chelton et al. (1998), such that:  

Rossby radius = (│𝑓│𝜋)−1 ∫ 𝑁
0

−𝐻
𝑑𝑧                            (1.1) 

, where N, the buoyancy frequency, i.e., Brunt-Väisälä frequency (s-1), H, ocean depth 

(m), f, Coriolis parameter (s-1) (f = 2Ωsin(θ), Ω, earth rotation rate (s-1) , θ, latitude (°)). 

Hence, the Rossby radius is dependent on the ocean depth, stratification and latitude. As 

all three parameters vary globally, and upper ocean stratification further seasonally, 

eddies’ scales, both mesoscale and submesoscale, will thus be variable both spatially and 

temporarily, most notably, seasonally. Further, the eddy scale variability is dependent on 

the nature of the flow, as defined by the Rhines scale, such that in a region of anisotropic 

turbulence, where flow variability is affected by flow direction, the eddy length scale is 

linearly related to the Rhines scales (Eden, 2007). In a region of isotropic turbulence, 

where the flow variability is independent of flow direction, the eddy scale will follow 

linear relation to the Rossby radius (Eden, 2007). Therefore, the eddy scale could be scaled 

as per the Rossby radius and the Rhines scale (Ajayi et al., 2020). Eddies are nonlinear, 

and the spread of eddy nonlinearity is found to increase with latitude, consistent with the 

latitudinal dependence of the Rossby radius, such that eddies north of 30 °N in the NA 

could be linearly scaled in accordance to the Rossby radius (Eden, 2007; Ajayi et al., 

2020), and south of 30 °N the eddy scale is more closely linearly related to the Rhines 

scale, notably anisotropic flow, where zonal scales are larger than meridional ones (Eden, 

2007).  
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Fig. 1.11 First baroclinic Rossby radius of deformation (log10 (km)), as produced by Holt et al. (2014). 

Calculations derived from the NEMO-ORCA083 model (1/12 °) and based on averaged annual cycles of 

monthly mean density values. Note that the presented Rossby radius is model-derived, hence only indicative.  

Eddy length scales are taken to vary linearly with the first Rossby radius, which has 

accommodated approximations of eddy length scales with the application of various 

simplified relations, such as: eddy length ~1.7 x Rossby Radius + 86 km (Stammer and 

Böning, 1996; Holt et al., 2014), eddy length ~ 0.8 x Rossby radius + 74 km (Eden, 2007), 

eddy length ~π x Rossby radius (Griffiths and Linden, 1982; Holt et al., 2014), eddy length 

~2π x Rossby radius (Qiu et al., 2014).  

Given the variety of eddy length scales formulas and the variability of the Rossby radius, 

both spatially and temporally, it is expected that the scales of both mesoscale and 

submesoscale features and processes to be highly variable, and defining specific, or 

‘umbrella’ scale ranges, difficult.  

More recently, Ajayi et al. (2020) deduce upper ocean submesoscale eddy scales by 

estimating the enstrophy-containing scale from the vorticity wave number spectral 

density. Ajayi et al. (2020) also explore how the eddy scales compare with the Rossby 

radius (Fig. 1.12), where the analysis shows that the eddy scales undergo strong 

seasonality, driven by increased population of submesoscale eddies, between 10 and 50 

km, due to mixed layer instabilities. Similar strong seasonality has been established for 

submesoscale flows and currents, defined as flows with horizontal scales in the order of 

1-100 km (e.g., Callies et al., 2020).  
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Fig. 1.12 Submesoscale eddy length scale (km) versus first baroclinic Rossby radius (km) in a) NATL60 

(1/60 °) model and b) HYCOM50 (1/50 °) model. Dash line representing estimated regression line and each 

circle corresponds to a mean eddy scale in a 10 ° box in the North Atlantic (NA). Red circles representing 

eddy length scales averaged over the months of July, August and September (JAS), blue circles representing 

eddy length scales averaged over the months of January, February, March (JFM), and black circles showing 

annual averages of eddy length scales (after Ajayi et al., 2020). Note that both Rossby radius and eddy 

length scales are model-derived, therefore only indicative. 

Due to deficient number of interior in-situ observations, much less is known about 

subsurface, interior eddies, submesoscale subsurface eddies in particular (Gula et al., 

2019). Subsurface submesoscale eddies, also known as submesoscale coherent vortices 

(SCV), are usually defined as energetic structures localised in the vertical, with a radius 

smaller than the Rossby radius of deformation, holding the interior velocity maximum 

(McWilliams, 1985; Gula et al., 2019). SCV are long lived (>1 year) interior structures, 

i.e., usually below the pycnocline, travelling far from their place of origin, retaining much 

of their core water mass during their lifetime, transporting waters with anomalous 

properties, with respect to ambient waters, over long distances (e.g., Gula et al., 2019). 

Interior mesoscale and submesoscale features are found to be strongly heterogeneous 

(Siegelman, 2020), and since they are scaled to the Rossby radius, the scale heterogeneity 

will arise from the differences in depth, stratification and latitude. Often, stratification in 

the ocean interior is taken as uniform. However, studies by Yu et al. (2019), Siegelman et 

al. (2020) and Siegelman (2020) find the presence of intensified oceanic restrafication at 

depth, therefore, implying non-uniform interior stratification. Hence, assigning a single 

dimensional estimate for interior submesoscale features, notably coherent vortices/eddies, 

be it 10 km, or 50 km, or even providing a given range as an estimate of the scale of the 

submesoscale, could be misleading. For example, meddies (oceanic eddies containing 

MOW), the most widely known SCV, have an average radius of ~20 km (McWilliams, 

2019), but meddies with radius up to 30 km (Barbosa Aguiar et al., 2013), and up to 50 

km (translating into the mesoscale) (Bower et al., 1997) have been observed and 

registered.  
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Accounting for the above raised points, in the majority of the thesis, and similarly to Capet 

et al. (2008), the scale of the submesoscale is provisionally taken as the spatial scale just 

smaller than the mesoscale, but as scaled by the Rossby radius of deformation and not the 

Rossby and Richardson numbers. Allowance for an overlap between the submesoscale 

and mesoscale regimes is given, hence permitting ‘smooth’ transitioning. In the chapters 

that follow, and particularly with respect to coherent features, a preference to a smooth 

transition between the submesoscale and mesoscale scales, and vice versa, is given. 

Further, in the majority of the thesis, time scales of both submesoscale and mesoscale, i.e., 

(sub)mesoscale features and processes, are taken as long-lived, i.e., in the order of weeks, 

months, years, as such, exceeding the inertial period (2π/f), lasting between a day and few 

days, depending on latitude. The terms eddy and vortex are taken synonymously, 

similarly, the plural forms eddies and vortices. For the remainder of the thesis, the terms 

are used to infer and indicate the presence and the variability of coherent features at scales 

up to ~100 km, i.e., both the submesoscale and mesoscale, termed in this thesis 

collectively (sub)mesoscale.  

1.5.3. Why investigate intermediate water masses? 

The long-term changes in the oceanic carbonate chemistry due to industrial and 

agricultural human activities have resulted in elevated carbon dioxide (CO2) uptake by the 

ocean in the form of dissolved inorganic carbon (DIC), a process the marine scientific 

community refers to as ocean acidification. The excesses CO2 leads to a decrease in the 

oceanic pH, reduction in saturation of aragonite and calcite minerals (CaCO3), exerting 

pressure on calcifying marine organisms (e.g., García-Ibáñez et al., 2016). Convection and 

subduction sites provide a direct pathway for DIC within the surface mixed layer to pass 

into intermediate and deep layers. Although increase of DIC in intermediate water masses 

will be affected by the aging of the water mass (organic matter oxidation/ecosystem 

respiration/DIC accumulation over time), it has been estimated that effect of DIC increase 

on lowering pH in upper LSW and MOW is generally dominated by the anthropogenic 

CO2 (García-Ibáñez et al., 2016; Merlivat et al., 2018). Intermediate, and deep, water 

masses therefore hold the capacity to alter upper ocean carbonate chemistry and CO2 

exchange dynamics at the atmosphere-ocean interface during upwelling events and 

interior mixing.  

Further to having a direct impact on calcifying organisms, ocean acidification induced 

changes in oceanic chemistry can affect the solubility, speciation and distribution of 

metals, present in the water and sediments, potentially inducing metal toxicity to marine 

organisms (Ivanina and Sokolova, 2015).  

In addition to having an influence on carbon budgets at depth, LSW and MOW will also 

exert an impact on oxygen levels at intermediate depth, as LSW is a water mass with high 

oxygen concentrations, and MOW is a water mass with low oxygen concentrations (e.g., 

Tonnard et al., 2020).  

Amongst the NA water masses, MOW is found to exhibit highest zinc (Zn) concentrations 

(Roshan and Wu, 2015). Zn is a trace metal and a micronutrient, which phytoplankton 
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species need in CO2 acquisition and in Si(OH4) uptake (Baeyens et al., 2018), important 

for diatom growth for example. Zn is a cofactor of more than 300 enzymes, and it can 

rapidly become very toxic to aquatic organisms, from bacteria to vertebrates, including 

corals (Fel et al., 2019). Large quantities of Zn will enhance bacteria growth, which may 

impair and disrupt symbiotic relations with corals (Fel et al., 2019). MOW is further 

highly enriched in dissolved aluminium (dAl), making MOW a major source of dAl to 

mid-depth NA waters (Menzel Barraqueta et al., 2018). It has been found that via active 

scavenging dAl gets incorporated into the atomic structure of opaline diatom frustules 

(Menzel Barraqueta et al., 2018 and references therein). Iron (Fe) is considered a vital 

micronutrient for phytoplankton metabolism, as it is needed in carbon fixation, nitrogen 

fixation, and organic nitrogen utilization (Baeyens et al., 2018). With respect to dissolved 

Fe (dFe), MOW is found to hold average concentrations with respect to ambient waters, 

whereas LSW is found to hold elevated dFe concentrations (Tonnard et al., 2020).  

Intermediate water masses in the RT, notably LSW and MOW, will have a direct impact 

on the biogeochemistry and biology of the region, translating into the overall marine 

environment functioning.  

The hypothesis that the expansion/contraction of the NASPG drives the presence of 

subpolar/subtropical water masses in the RT (e.g., Hátún et al., 2005; Hátún et al., 2009) 

was largely initiated by Hátún et al. (2005), where the dynamics of the NASPG 

circulation, as expressed by an altimetry SSH-based subpolar gyre index, were pinpointed 

as the controlling mechanism of salinity input to high latitudes. Hátún et al. (2005) 

suggested that a more detailed understanding of the effect of NASPG dynamics may be 

obtained by focusing on the RT region, a main passage way for Atlantic waters to high 

latitudes. Hátún et al. (2005) note that RT upper waters are sourced from waters from the 

NAC, following the boundary of the subpolar and subtropical NA gyres, and waters from 

the eastern NA boundary region.  

Distinguishing between NAC-origin subtropical waters and eastern NA subtropical 

waters, ENACW, poses a challenge even before the waters reach the RT. The transition 

zone between the subtropical and subpolar latitudes/gyres is an area of intensified eddy 

variability, which amplifies the mixing between western and eastern upper NA sources of 

warm and saline waters (Häkkinen et al., 2013). Hence, the Lagrangian circulation of NA 

subpolar waters originates both from the Gulf Stream/NAC and the eastern Atlantic 

(Häkkinen et al., 2013). Mid-depth water properties changes within the RT have been 

attributed to the presence of MOW (Lozier and Stewart, 2008; Burkholder and Lozier, 

2011), with plausible MOW influence detected at latitudes as far as 60 °N (Sarafanov et 

al., 2008).  

Taking into account that NASPG dynamics are not confined to the surface/upper ocean, 

but extending further into intermediate ocean depth (e.g., Born and Stocker, 2014; Roque 

et al., 2019) and to minimise uncertainties, the hypothesis that the expansion/contraction 

of the NASPG determines the presence of subpolar/subtropical water masses in the RT, 

was tested with respect to intermediate RT water masses, i.e., the SAIW, MOW, and LSW. 
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Considering that the atmospheric signal imprints on intermediate water masses formation 

during convection and subduction events, atmospheric influences were also tested with 

respect to SAIW, MOW and LSW intermediate RT water masses. Diving into the 

investigations, we discovered that locally driven processes, deep (sub)mesoscale 

processes in particular (of both submesocale and mesoscale regimes), potentially carry the 

predominant role in determining the RT oceanic dynamics and water masses presence. 

The investigations further shed light on what could be the governing driving mechanism(s) 

of the deep (≥1000 m) (sub)mesoscale activity. This led to further considerations 

regarding the role of the continental slope current, also referred to in recent literature as 

the eastern NA boundary current, as a conduit of MOW into the RT region, towards the 

Nordic Seas and into the neighbouring north-eastern NASPG. 

1.5.4. Aims  

The outlined in sections 1.2.1 and 1.5.1 formed the basis for the analyses and 

interpretations, presented in the thesis. Three coherent and complementary investigations 

emerged, which were prompted by the following research questions and related sub-

questions: 

1) Do NASPG dynamics and/or large-scale atmospheric patterns govern the presence of 

intermediate water masses in the RT?  

2) Is the local interior (sub)mesoscale eddy field the hidden dominant driver of 

intermediate water masses presence in the RT and does the continental slope current exert 

an effect on the eddy field dynamics at depth?  

3) Do Argo floats Lagrangian trajectories support simulated MOW Lagrangian pathways 

propagation in the larger northeast NA domain, do they support or dismiss MOW 

propagation in the RT further north than 53-55 °N, and does the local interior 

(sub)mesoscale field affect MOW propagation within the RT?  

Investigations related to research questions 1, 2 and 3 shape chapters 2, 3 and 4 

respectively. The three distinct studies maintain a particular focus, while interrelating with 

respect to the overall RT oceanic environment, further translating into the larger NASPG 

oceanic system. The first of the three investigations, the influence of NASPG dynamics 

and large-scale atmospheric patterns on water masses presence in the RT, chapter 2, 

follows.
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Chapter 2 

2. Impact of large-scale North Atlantic atmospheric and oceanic 

patterns on intermediate water masses presence in the Rockall 

Trough 

2.1. Introduction  

The North Atlantic subpolar gyre (NASPG) has been undergoing transition since the 

1950s (Häkkinen and Rhines, 2004; Lozier et al., 2010) and there is evidence that some 

of this observed transition is the manifestation of changing buoyancy forcing and wind 

stress curl, in turn associated and driven by atmospheric climate variability patterns, such 

as the North Atlantic oscillation (NAO) and the East Atlantic (EA) pattern (Häkkinen and 

Rhines, 2004; Hátún et al., 2005; Lozier et al., 2010; Born and Mignot, 2012; Foukal and 

Lozier, 2017).  

Following relatively cold and fresh periods during the 1980s and early 1990s, the eastern 

NASPG has undergone sharp warming and increase in salinity, mostly prevailing in the 

2000s (Holliday et al., 2008; Desbruyères et al., 2014). During the 1996-2005 period, the 

upper subpolar NA has exhibited higher sea level and greater ocean heat content (Robson 

et al., 2018). However, since 2006, the eastern NA has been cooling significantly (Robson 

et al., 2016; Robson et al., 2018). Some of the recent surface and upper ocean cooling 

(e.g., 2008, 2014, 2015) could be explained by unusually cold winters with high heat loss 

from the ocean to the atmosphere (Josey et al, 2015; de Jong and de Steur, 2016; Duchez 

at al., 2016; Robson et al., 2018). However, in earlier studies, local buoyancy fluxes due 

to atmosphere-ocean interactions were deduced insufficient to be the cause of observed 

changes within the eastern NASPG periphery, which posed a question for the 

(predominant) role played by the large-scale oceanic circulation (e.g., Holliday, 2003; 

Hátún et al., 2005; Holliday et al., 2008; Thierry et al., 2008; Häkkinen and Rhines, 2009; 

de Boisséson et al., 2012). It was proposed that the noted changes of water properties 

within the eastern margin of the NASPG are influenced by subtropical/subpolar waters 

intrusions as the NASPG spins down/up and retreats westward/expands eastward 

(Holliday, 2003; Hátún et al., 2005; Häkkinen and Rhines, 2004; Holliday et al., 2015).  

Investigating the role of large-scale NA oceanic circulation, NASPG dynamics in 

particular, has been enabled with the employment of a subpolar gyre index. The subpolar 

gyre index is based on an empirical orthogonal function (EOF) derivation, following EOF 

analysis of sea surface height (SSH) altimetry measurements (Häkkinen and Rhines, 2004; 

Hátún et al., 2005; Berx and Payne, 2017; Foukal and Lozier, 2017; Hátún and Chafik, 

2018). Connection between subpolar SSH and strength in subpolar circulation was first 

noted by Häkkinen and Rhines (2004), where the decline of the NASPG circulation 

strength during the 1992-2003 period was attributed to the steady increase of subpolar 

SSH (Häkkinen et al., 2013). It could be said that the work of Häkkinen and Rhines (2004) 

laid the foundations for the defining of a SSH-based NASPG index, formalized by the 
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work of Hátún et al. (2005), and further extended and revised by Häkkinen et al. (2011), 

Häkkinen et al. (2013), and more recently, Berx and Payne (2017), Foukal and Lozier 

(2017), and Hátún and Chafik (2018).  

In some of these studies (Häkkinen and Rhines, 2004; Hátún et al., 2005; Berx and Payne, 

2017), the leading EOF mode of the wind stress curl is taken as synonymous to the 

altimetry SSH-based metric of the gyre’s size and strength. Employing the altimetry SSH-

based subpolar gyre index, as derived by Hátún et al. (2005), has led to the deduction that 

decadal hydrographic changes in the eastern NASPG were controlled by the NASPG 

dynamics. Hátún et al. (2005) also presented opposing transport variability of subpolar 

and subtropical waters, closely mimicking the gyre index fluctuations. A northern Rockall 

Through (RT) study, focusing on nutrient concentrations changes (Johnson et al., 2013), 

employed the use of the gyre index (as derived by Häkkinen and Rhines, 2004; Häkkinen 

and Rhines, 2009) in relation to large-scale NA oceanic forcing, concluding that the 

NASPG dynamics control subtropical waters inflow into the region, influencing water 

masses chemical and physical properties. This and other studies (e.g., Hátún et al., 2005; 

Johnson et al., 2013; Hátún et al., 2017) have put forward the general perception of large-

scale NA circulation influence on hydrographic changes in the north-eastern NASPG and 

within the northern RT, i.e., NASPG dynamics control the inflows of cold, fresh subpolar 

and warm, salty subtropical waters during ‘strong’ and ‘weak’ NASPG phases 

respectively.  

However, discrepancies appear between the various NASPG SSH-based gyre indices, 

depending on the time period of SSH data used, NASPG area over which the EOF analysis 

was performed, or which mode of variability to be considered the most representative one. 

For example, Häkkinen et al. (2013) have revisited their initial SSH time series analysis 

(Häkkinen and Rhines, 2004), consequently reforming the gyre index definition as the 

second wind stress curl mode of the SSH time series EOF analysis, rather than the first 

mode, used in the initial analysis. This is of importance, as the initial NASPG index time 

series, associated with the first leading mode of wind stress curl, would have camouflaged 

any changes in the eastern region of the NA subpolar/subtropical gyre, caused by high 

eddy activity and fluctuations of the Gulf Stream-North Atlantic Current (NAC) system 

(Häkkinen et al., 2013). Additionally, the Häkkinen et al., 2013 index, as it resonates with 

the second wind stress curl mode, is expected to capture a simple relationship with the 

average sea level pressure, associated with the EA pattern (Häkkinen et al., 2011; 

Häkkinen et al., 2013). This leads to new interpretations, where the revised gyre index 

could be associated with fluctuations in storm track position, relative to atmospheric 

blocking (Häkkinen et al., 2013). The aforementioned revisions are therefore not captured 

in the gyre index, derived by Berx and Payne (2017), due to following Häkkinen and 

Rhines (2004) methodology.  

In their in-depth study regarding the assessment of the variability in the size and strength 

of the NASPG, Foukal and Lozier (2017) address some of the aforementioned 

discrepancies and contrasting assessments of the gyre’s spatial and temporal variability. 

Foukal and Lozier (2017) find previously identified sharp decline in the NASPG 
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circulation to be the result of shorter SSH time series datasets, used in other studies. 

Additionally, Foukal and Lozier (2017) find that properties in the eastern NASPG do not 

vary with the size of the NASPG, i.e., its expansion/contraction, they show the size of the 

gyre area to be quite stable over the 1993-2015 time period. Foukal and Lozier (2017) 

deduce that the property variability in the eastern NASPG varies independently and 

beyond an integral and/or space scale of the direct NASPG dilations. 

Relations between the large-scale NA oceanic and atmospheric dynamics, as depicted by 

the NASPG index and NAO, EA pattern indices respectively, and water masses presence 

in the southern RT, and the RT as a whole, have not been previously investigated. The 

objective of this study is to explore, with the use of statistical analysis, RT intermediate 

water masses relations to large-scale NA atmospheric and oceanographic processes and 

features. Attention is also given to other possible sources and mechanisms for water 

masses presence in the RT region. To address the main objective, Argo-based monthly 

temperature and salinity gridded fields, monthly NASPG, NAO and EA pattern indices 

time series are used.  

2.2. Data 

2.2.1. Argo-based in-situ temperature and salinity data 

The global Argo network of profiling floats has been set up to aid the measurements of 

temperature and salinity of the upper 2000 m of the oceans, and more recently, down to 

4000 m. This permits for the continuous monitoring and detection of variability and 

changes in upper ocean thermohaline properties and velocities. Argo data are transmitted 

in real time and made publicly available by the two global data assembly centres (GDAC) 

in Brest, France, Europe and Monterey, California, USA within 24 hours. In the NA, the 

temperature and salinity conditions of the upper 2000 m have been consistently registered 

since 2002.  

In this study, monthly gridded fields of temperature and salinity are utilised, obtained from 

‘In Situ Analysis System’ (ISAS), an optimal interpolation tool (Bretherton, 1976), 

specifically designed for synthesis of the Argo global dataset (Gaillard et al., 2009; 

Gaillard et al., 2016; Kolodziejczyk et al. 2017; Kolodziejczyk et al., 2019). The latest 

ISAS15 version is employed here, where only delayed mode, i.e., quality controlled Argo 

data over the 2002-2015 time period are considered (Kolodziejczyk et al., 2017). Only 

quality controlled data with quality control (QC) QC = 1 or 2 are used, where QC = 1 

considered good data, and QC = 2 considered probably good data. To eliminate any 

potentially erroneous data, the delayed mode, quality controlled Argo data are further 

subjected to a three step processing cycle, involving pre-processing, analysis, post-

processing stages (Gaillard et al., 2016). Since version 5, all ISAS datasets undergo pre-

processing tests, where each profile is compared to reference climatology, either 

climatology derived from World Ocean Atlas, or a climatology constructed from a 

previous ISAS analysis (Gaillard, 2012). ISAS15 analysis uses climatology based on 

ISAS13 over the 2004-2012 time period (Kolodziejczyk et al. 2017; Kolodziejczyk et al., 

2019). Profiles showing data values more than 6 standard deviations away from 
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climatology are checked visually, as often perfectly good sections of profiles in strong 

eddies or fronts will fall outside the climatic range, and their automatic flagging as bad 

data will deprive the analysis of important piece of data and further impact the variances 

(Gaillard, 2012; Gaillard et al., 2016). The temperature and salinity fields are interpolated 

on 152 vertical levels, from the surface (0 m) to 2000 m depth, with a 5 to 10 m resolution 

within the top 500 m depth, and 20 m resolution thereafter (Gaillard, 2013; Kolodziejczyk 

et al. 2017; Kolodziejczyk et al., 2019). ISAS15 is set by two correlation spatial scales, a 

large spatial scales of 300 km and a small spatial scale of the order of the first deformation 

radius with affiliated latitudinal dependency and zonal elongation (600 km) at the equator 

(Kolodziejczyk et al. 2017; Kolodziejczyk et al., 2019). The horizontal resolution follows 

Mercator projection, such that dy = radius(Earth)cos(θ)dθ0, where θ is the latitude 

(Gaillard et al., 2016). The horizontal resolution is equivalent to 0.5 degree at the 

equator, where dx = dy = ~56 km, and the resolution increases towards higher latitudes, 

i.e., becoming finer, bounded to 22 km north of 66.5 °N (Gaillard et al., 2016). Thus, 

interior (sub)mesoscale activity and features, i.e., of both mesoscale ( >50 km) and 

submesoscale (up to 50 km) dimensions, could be captured.  

The total number of delayed mode, quality controlled (QC = 1 or 2) available Argo profiles 

for the study region (5-20 °W; 50-60 °N) during the 2002-2015 period is 5913. After 

further ISAS quality procedures, 122 profiles are dismissed, reducing the total number of 

available Argo profiles to 4791 available profiles. To assess the spatial and temporal 

distribution of Argo data within the study region, over the 2002-2015 period, mean and 

maximum number of Argo profiles per 1° x 1° grid cell per month are presented (Fig. 2.1). 

As evident from Fig. 2.1a, the spatial distribution of Argo profiles is not homogeneous, 

with most profiles concentrated within the vicinity of Porcupine Bank (PB), the central 

RT and roughly following a diagonal axis along the trough, where on average, there would 

be up to 1 profile per grid cell every 2 to 3 months. The overall ground mean is 0.26, 

yielding one profile per grid cell every ~4 months. The maximum number of profiles, up 

to 31 per grid cell in a single month, are found in the central RT (Fig. 2.1b). The noticeable 

congregation of profiles within certain sub-regions is expected to be due to floats captured 

within (sub)mesoscale eddies, or following the faster flowing slope current. The number 

of Argo profiles is also not homogeneous in time, as depicted in the temporal distribution 

of profiles per grid cell per month (Fig. 2c). Where the spatial distribution is dependent 

on interior (sub)mesoscale features and current velocities and fluctuations, the temporal 

distribution is highly dependent on deployment efforts and locations. Given that the 

largest dataset of systematic, i.e., continuous, observations in the southern and central RT 

are ship-based and collected on surveys conducted during January/February months 

during 2006-2013 along 51-53 °N and 54-56 °N transect lines (the latter discontinued in 

2013), thus synoptic, the ISAS15 dataset remains best suited for exploring the temporal 

and spatial characteristics of water masses in the overall RT region.  

The ISAS15 dataset is freely available from the Coriolis Argo GDAC at 

http://www.coriolis.eu.org. For analysis presented here, the ISAS15 gridded temperature 

http://www.coriolis.eu.org/
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and salinity fields are used to derive water masses fractions/percentages as per 

methodology outlined in section 2.3.1. 

  

 

Fig. 2.1 Spatial distribution of a) mean number of Argo profiles per 1° x 1° grid cell per month over the 

2002-2015 period, b) maximum number of Argo profiles per 1° x 1° grid cell per month over the 2002-2015 

period and c) temporal distribution of mean number of Argo profiles per 1° x 1° grid cell per month over 

the 2002-2015 period. Minimum number of profiles are not presented per grid cell per month not displayed, 

as it yields to zero.  

2.2.2. Atmospheric and oceanic patterns and indices  

The atmospheric and oceanic patterns/indices used here are based on Empirical orthogonal 

function (EOF) analysis, which is widely employed in studies investigating temporal and 

spatial variability of oceanic parameters, such as temperature and salinity. Further details 

on EOF analysis are outlined in section 2.3.2.  

2.2.2.1. Atmospheric patterns and indices 

To detect the effect of atmospheric forcing on water masses presence within the RT, 

representative indices of the NAO and EA pattern are employed. Indices used herein are 

standardised. Standardized indices express observed value of the respective variable in 

terms of standard normal deviate, which allows for a rapid and effective identification and 

quantification of anomalies with respect to a ‘normal’ condition (Vergni et al., 2016). The 

main advantage of standardization therefore lies in the possibility of comparing anomalies 

both in space and time, independently of any climatic or seasonal difference (Vergni et 

al., 2016). The NAO and EA indices (Fig. 2.2) are monthly values dating back to 1950, 

a) b) 

c) 
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standardized by the 1981-2010 climatology. Indices are maintained by NOAA Climate 

Prediction Centre (available at www.cpc.ncep.noaa.gov/data/teledoc). The NAO is the 

principal component (PC) time series of the first EOF of the low frequency variability of 

sea level pressure anomalies in the NA (Moore et al., 2013), where a positive/negative 

NAO state is associated with stronger/weaker than average westerly winds throughout 

mid-latitude Atlantic and Europe (Comas-Bru and McDermott, 2014). For an in-depth 

account of NAO relations and influence on NA oceanic climate, the reader is directed to 

Hurrell (1995) and Visbeck et al. (2003). The EA is the PC time series of the second EOF 

of the low frequency variability in the NA (Barnston and Livezey, 1987; Iglesias et al., 

2014). It is found that the EA, particularly in southern Europe, is as important as the NAO 

for accounting for inter-annual variations of atmospheric and oceanic surface temperatures 

(Barnston and Livezey, 1987; Comas-Bru and McDermott, 2014).  

 

 

Fig. 2.2 a) North Atlantic Oscillation (NAO) index time series, b) East Atlantic (EA) index time series. Both 

time series spanning the 1950-2016 time period, where black dashed lines denote monthly values, red lines 

denote 4 months moving average. 4 months moving average employed for visualisation purpose. Indices 

standardized by the 1981-2010 climatology. Data source: NOAA Climate Prediction Centre, 

www.cpc.ncep.noaa.gov/data/teledoc). 

2.2.2.2. Oceanic index  

Following discrepancies and contrasting assessments of the gyre index, Hátún and Chafik 

(2018) revised the gyre index methodology employed by Hátún et al. (2005), where the 

authors use DUACS2014 altimetry dataset (1993-2016), in order to re-evaluate the 

usefulness of the gyre index. Regarding noted discrepancies between gyre indices, derived 

in different studies, Hátún and Chafik (2018) pinpoint some of the same causes, as those 

a) 

b) 

http://www.cpc.ncep.noaa.gov/data/teledoc
http://www.cpc.ncep.noaa.gov/data/teledoc
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mentioned by Berx and Payne (2017) and Foukal and Lozier (2017): the gyre index 

depends on the altimetry data sources used and their time span, the spatial domain 

boundaries and area, and data handling techniques, such as data normalization. Hátún and 

Chafik (2018) reach the conclusion that the concept of a single gyre index does not hold 

strictly anymore, and the NASPG dynamics can no longer be captured as a whole. Hátún 

and Chafik (2018) deduce that the revised SSH EOF analysis now segregates the trend-

like and the characteristic inter-annual NASPG variability into two separate modes, 

respectively captured by PC1 and PC2 components of the EOF analysis, where PC1 

explains 18.5 % of the total variance, and PC2 explains 7 % of the total variance. PC1 is 

now thought to represent moderate and gradual changes in the western NASPG, notably 

the Labrador Sea and the western side of the Irminger Sea, and their respective adjacent 

continental margins (Hátún and Chafik, 2018). PC2 in turn is ultimately linked to the 

region between Greenland and the Rockall Plateau, and to the Gulf Stream/subtropical 

region (Hátún and Chafik, 2018). Consequently, to investigate NASPG dynamics 

variability and the possible influence and relations on the settings and water masses 

present in the eastern NASPG oceanic variability, Hátún and Chafik (2018) recommend 

the use of PC2. To test the hypothesis that intermediate water masses presence in the RT, 

as represented by respective water masses fractions, are linked to changes within the 

NASPG dynamics, as depicted by the NASPG index, we use the second PC component, 

PC2 (Fig. 2.3), of the recently revised gyre index by Hátún and Chafik (2018). Here it is 

important to note that establishing statistical links is a prerequisite to demonstrate 

causation, but it is not a sufficient criterion by itself. The updated NASPG index and 

related PCs are available upon request from Hjálmar Hátún (Faroe Marine Research 

Institute, Faroe Islands) and Léon Chafik (Stockholm University, Sweden).  

 

Fig. 2.3 The second leading EOF mode of SSH variability (total variance explained, 7 %), derived from the 

DUACS 2014 altimetry dataset, spanning the 1993-2016 time period, over the 0-75 °W, 30-64 °N North 

Atlantic (NA) domain. Black dashed line denotes monthly values, red line denote 4 months moving average. 

4 months moving average employed for visualisation purpose.  

2.3. Methods 

2.3.1. Water masses analysis: mixing triangle approach 

Before addressing the methodology employed in water masses analysis presented here, it 

is important to (re)introduce the reader to differences between water type, source water 
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type and water mass definitions. Within this study, water type is taken to be representative 

of a considerable amount of water with a common formation history, which hydrographic 

parameters have very limited variations (de Boer and van Aken, 1995). Source water type 

is an idealisation of a real water type; source water type holds single values of its 

hydrographic characteristics (de Boer and van Aken, 1995). A water mass herein is 

considered an amount of water with continually varying parameter values, represented by 

a  coherent sub-set of respective parameters’ space; a water mass is formed by mixing of 

at least two different water types (de Boer and van Aken, 1995).  

For the purpose of quantifying water masses (in terms of fractions/percentages), the 

mixing triangle method (Mamayev, 1975) is adapted and employed, where three water 

masses are examined at any one time. More sophisticated methods exist, such as the 

Optimum Multiparameter (OMP) and extended OMP (Tomczak and Large, 1989; 

Karstensen and Tomczak, 1998). However, these employ nutrients and oxygen data in 

addition to physical data parameters. Although there is nutrient and oxygen data available 

for the transects used in this study, those were collected in years 2008, 2009, and 2010 

only (McGrath et al., 2012). To prevent potential bias, the OMP parameter analysis was 

not used here. Furthermore, omitting the use of nutrient and oxygen data allows for 

calculations along full vertical resolution, rather than being limited to discrete nutrient and 

oxygen sample depths. Such nutrient and oxygen omissions have been successfully 

undertaken in previous water masses mixing approaches (e.g., Langehaug and Falck, 

2012).  

Another, perhaps more restraining side of the OMP analysis is that it is based on water 

type’s properties, i.e., single values for each parameter of interest. This in turn does not 

take into account the position dependent variation of the source water, which means that 

mixing fractions for a given point will only depend on the data associated with this point, 

hence, restrictive in the physical space and further prone and influenced by both stochastic 

and systematic errors in that point (de Brauwere et al., 2007). Regarding the mixing model 

developed here, the first step was to recognise that in the study region, waters are defined 

as water masses, as opposed to water type. Water masses undergo modifications along 

their pathways through various interactions with neighbouring water masses and 

furthermore, their properties strongly depend on the characteristics of winter surface 

waters in respective convective (formation) zones (Thierry et al., 2008). This winter 

surface variability is further dependent on local atmosphere-ocean heat fluxes, as well as 

horizontal advection (Thierry et al., 2008), thereby imposing embedded ‘yearly’ signal 

variability within a respective water type/water mass (Yashayev, 2007). This gives rise to 

defining water mass classes, based on the year of water mass formation (Yashayev, 2007). 

Keeping in mind aforementioned factors affecting water mass properties in their region of 

formation and en-route, characteristics of water masses considered in the mixing triangle 

approach here, East North Atlantic Central Water (ENACW), Subarctic Intermediate 

Water (SAIW), Mediterranean Overflow Water (MOW) and Labrador Sea Water (LSW), 

and additional Upper North East Atlantic Deep Water (UNEADW) and Lower North East 

Atlantic Deep Water (NEADW) water masses, are defined within their respective ranges 
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in local/regional context, as opposed to defining a single point for any one parameter. 

Defining, or choosing source water types characteristics when employing OMP analysis, 

is proven to be one of the most critical steps, and one that holds greatest uncertainty (de 

Brauwere et al., 2007). Defining ranges of characteristics is therefore justified and 

employed with the intention to reduce error in water masses fractions calculations 

undertaken here.   

The selection criteria, imposed on conservative temperature, CT (°C), absolute salinity, 

AS (g kg⁻¹) and potential density, σ𝜃 (kg m⁻³) ranges in this study are based on and derived 

from observations, i.e., defined locally, based on wintertime conductivity-temperature-

depth (CTD) data (2006-2013), collected along a 51-53 °N transect line (Fig. 2.4a). 

Characteristic ranges of respective (source) water masses are specified from temperature-

salinity (T/S) parameter-parameter diagram (density contours superimposed) (Fig. 2.4b), 

encompassing all CTD cast measurements. Using T/S diagrams as a tool for 

differentiating water masses is a well-established approach, initiated by the work of 

Helland-Hansen (1916). The use of the T/S diagram is an integral part of the mixing 

triangle method approach, as it is the first stepping stone in the water masses analysis here 

by providing visual representation of data points’ distribution, hence, water masses in 

parameter space (de Boer and van Aken, 1995). The T/S diagram (or any other parameter-

parameter plot) could be thought of as an orthogonal projection of data points (arranged 

in data vectors) on a two dimensional parameter-parameter space (de Boer and van Aken, 

1995), which allows for parameterization of data and unknown water masses fractions and 

addressed later in the section. The ranges of characteristics for the different water masses 

are presented in Table 2.1.  

Once water masses ranges are defined, four respective mixing triangles are formed, with 

the following respective vertices: 1) ENACW-SAIW-MOW, 2) SAIW-MOW-LSW, 3) 

MOW-LSW-UNEADW and 4) LSW-UNEADW-LNEADW (Fig. 2.3b). The ranges of 

characteristics for the various water masses (Table 2.1) are fixed in time, i.e. unchanged 

throughout the study period. As outlined previously in the text, ranges are applied, rather 

than single point characteristics, as water ‘bodies’ within the study region are 

representative of water masses, not water types. Furthermore, ranges allow for inclusion 

and coverage of all observations/data points, by allowing triangle vertices to change in 

accordance with boundary conditions as specified by CT, AS and σ𝜃 ranges (Fig. 2.4b, 

Table 2.1). Hence, vertices can move in accordance of data point values and ranges 

criteria, (dashed triangle, Fig. 2.4b), in order to satisfy all three (temperature, salinity, 

density) boundary conditions. A data point within any one triangle becomes a barycentre 

(centre of mass), B (Fig. 2.4b). Graphically represented, contributions from water mass 

X1, X2 and X3 at point B could be found by means of ratios, where  

X1 : X2 : X3 = [d2/(d1 + d2)] : [a2/(a1 + a2)] : [c2/(c1 + c2)].       (2.1) 

In terms of area, contributions (fractions/percentages) of source waters X1, X2, X3 in 

equation 2.1 could be expressed as follows:  

X1 (%) = Area (X2, X3, B)/Area (X1, X2, X3)        (2.2) 
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X2 (%) = Area (X1, X3, B)/Area (X1, X2, X3)        (2.3) 

X3 (%) = Area (X1, X2, B)/Area (X1, X2, X3)        (2.4) 

with ∑ = 1𝑖𝑋𝑖  , and  

B = [(Area (X2, X3, B) x X1 + Area (X1,X3, B) x X2 + Area (X1, X2, B) x X3)]/Area (X1, 

X2, X3)             (2.5) 

Should a data point not fall into any given triangle (boundary conditions), it is assigned to 

the closest mixing line between two corresponding /water masses (point X4, Fig. 2.4b). 

Thus, calculations are performed on mixing between two water masses only (points X1, 

X2, Fig. 2.4b). Should a data point not satisfy a minimum distance, i.e., threshold of 0.05% 

to barycentre of any one triangle, it is not included in the overall calculations, and 

registered an outlier. This accounts for, and may alleviate, the bias introduced, in the 

vicinity of the triangle edges, by the assumption that mixing occurs along straight lines, 

while the thermodynamic equation of state is nonlinear by nature. However, it does not 

correct for the (non-estimated) bias in three-way mixing, or two-way mixing at the 

interface between mixing triangles (Fig. 2.4b).  

The parameterization of the fractions/percentage employed here, in order to facilitate 

water masses fractions calculations, is based on linear algebra and in that respect, follows 

the OMP analysis. Data vectors are constructed, where each data point Xi (i = 1, …, N), is 

represented by a series of M parameter values, Xij (i = 1, …, N, j = 1, …, M), compiling a 

vector Xi (data/sample vector) in M-dimensional parameter space (de Boer and van Aken, 

1995). A linear mixing equation, such as (2.6) with salinity parameter as an example, can 

be formed for each parameter/variable, in conjunction with data points (observations) at a 

certain position k, where X1, X2, X3 representative of source water masses fractions, AS1, 

AS2, AS3, representative of absolute salinity (g kg⁻¹), and CT (obs) holding the parameter 

measurement value.  

X1(k) x AS1 + X2(k) x AS2 + X3(k) x AS3 = AS (obs)      (2.6)  

In matrix form, equation 2.6 could be expressed as:  

Xk
 . S = Yk            (2.7) 

, where Xk is the (Xi x 1) fractions vector for position k, S is the (Xj x Xi) matrix, holding 

characteristics of the source water masses, which is independent of position, and Yk is the 

(Xj) vector, holding measurements/observations at position k.  

As properties of water masses within each triangle represent a mixture between the 

properties of a respective triangle’s water masses, i.e., vertices, and their respective 

fractions can be solved from linear system of equations (equations 2.8 to 2.11), imposing 

and including the mass conservation condition, equation 2.4 for source water mass 

fractions to sum up to 1 (or 100%). The linear system of equations to be solved is as 

follows:   
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X1 x AS1 + X2 x AS2 + X3 x AS3 = AS (obs)        (2.8) 

X1 x CT1 + X2 x CT2 + X3 x CT3 = CT (obs)        (2.9) 

X1 x D1 + X2 x D2 + X3 x D3 = D (obs)      (2.10) 

X1 + X2 + X3 = 1 (or 100%)        (2.11) 

, where X1, X2, X3 (as in equation 2.6) are representative of source water masses fractions, 

AS1, AS2, AS3, CT1, CT2, CT3, D1, D2, D3 representative of absolute salinity (g kg⁻¹), 

conservative temperature (°C), and density (kg m⁻³) values of source water masses 1, 2 

and 3 respectively. AS (obs), CT (obs) and D (obs) are respectively absolute salinity (g 

kg⁻¹), conservative temperature (°C) and potential density (kg m⁻³) values of a data point. 

In matrix form, for all observations, this could be expressed as S . X = Y, where S is still 

representative of the (Xj x Xi) matrix, holding characteristics of the source water masses, 

and independent of position, X, is the (Xj x N) fractions matrix and Y is the (Xj x N) 

measurement matrix.  

As noted, the selection criteria in this study are based on CT (°C), AS (g kg⁻¹) and σθ (kg 

m⁻³) ranges (Fig. 2.4b and Table 2.1), derived from in-situ observations. Generally 

speaking, the stability of the water column in the vertical is dependent upon density 

gradient changes, and ultimately, upon the water column temperature and salinity 

characteristics (Wade et al., 1997). Hence, temperature and salinity criteria for data point’s 

selection in relation to the domain specified by mixing triangle vertices, i.e., water masses, 

should be sufficient for calculating water masses fractions/percentages. However, in order 

to account for processes by which water masses are preserved along isopycnals and 

transformed across isopycnals (Marsh and Megann, 2002), the mixing triangle method 

needs to be placed into an isopycnal framework. To achieve this, density range criterion 

is incorporated within the prerequisites of boundary conditions. This is also performed in 

order to add reliability and robustness to the mixing triangle approach adopted here.  

The mixing triangle approach was extended by integrating it in a non-parametric bootstap 

methodology, which provides robust estimates of the various water masses fractions and 

associated uncertainties. For non-parametric approaches to (re)sampling, the reader is 

referred Thomson and Emery (2014). In each of the 1000 iterations of the random 

sampling process, one out of the data point falling in the temperature, salinity and density 

range of a given water mass, is randomly drawn from the whole CTD dataset, for each 

vertex, i.e., water mass. AS and CT values are then used as values for the corresponding 

vertex for its corresponding iteration. All water mass fractions are then calculated, using 

the mixing triangle approach, for all data point along the CTD profiles, based on the 

randomly drawn characteristics of the various water masses. This way, each data point 

along the depth profiles is attributed a set of 1000 water masses fraction values, which 

altogether define a probability distribution, reflecting the variability in characteristics of 

the source water masses. A data point, located close to the limit between several triangles, 

may fall in one or another triangle, depending on the random values drawn for the vertices. 
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The method is therefore also expected to resolve, to some extent, the uncertainty in 

determining which set of source water masses are involved in the mixing.  

The same randomised method, also based on 1000 iterations, was further used to estimate 

water masses fractions, corresponding to each cell of the ISAS15 monthly gridded 

temperature and salinity fields, converted to CT and AS fields. Here again, the 

characteristics of water masses, i.e., vertices, are randomly drawn from the CTD data 

points, falling in the AS, CT and potential density ranges, assigned to the water masses 

(Table 2.1).   

 

Water mass Conservative 

temperature [°C] 

Absolute salinity  

[g kg⁻¹] 

Potential density (σθ) 

[kg m⁻³] 

Lower 

limit 

Upper 

limit 

Lower 

limit 

Upper 

limit 

Lower 

limit 

Upper 

limit 

ENACW 11.000 12.000 35.510 35.760 27.020 27.200 

SAIW 5.020 8.450 35.115 35.260 27.250 27.650 

MOW 7.900 9.400 35.560 35.650 27.410 27.600 

LSW 3.000 3.900 35.065 35.075 27.730 27.810 

UNEADW 2.550 2.750 35.106 35.120 27.870 27.887 

LNEADW 2.100 2.250 35.075 35.095 27.880 27.900 
Table 2.1 Ranges of conservative temperature (CT) (°C), absolute salinity (AS) (g kg⁻¹) and potential density 

(σθ) (kg m⁻³) of source water masses, considered for the mixing triangle approach. All ranges based on 

wintertime 2006-2013 CTD data, collected along the 51-53 °N transect line (Fig. 2.4b), thus defined in local 

context. Potential density (σθ) referenced to 0 dbar. Note that the characteristics of water masses, presented 

in Table 2.1, are defined in local context and as such, they will reflect water masses spatial and temporal 

variability, resulting in differences with literature-based characteristics of water masses, presented in Table 

1.1 and Table 1.2.  
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Fig. 2.4 a) Study area bathymetry with CTD data used for determining water masses characteristics ranges; 

CTD data collected along ~51-53° N transect line  (white circles). Subarctic Intermediate Water (SAIW) 

and Labrador Sea Water (LSW) subpolar waters, entering the Rockall Trough (RT) from the west, East 

North Atlantic Water (ENACW) and Mediterranean Overflow Water (MOW) subtropical waters, flowing 

into the channel from the south. HB-Hatton Bank, RB-Rockall Bank, PB-Porcupine Bank, IR-Ireland. 

Bathymetry data source in a) from the USA National Geophysical Data Centre: 

http://www.ngdc.noaa.gov/mgg/global/relief/ETOPO2/ETOPO2v2-2006/ETOPO2v2g/) b) Schematic 

representation of mixed triangle method (Mamayev, 1975), adopted here; with source water masses 

indicated, triangles formed and geometrical representations of water masses fractions/percentages 

calculations; further details explained in text. TS diagram incorporates all wintertime 2006-2013 CTD data, 

collected along the 51-53 °N transect line (white circles in a). 
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2.3.2. EOF analysis 

To extract the relevant modes of variability from multidimensional parameter fields with 

temporal changes, regional correlation variability patterns are accounted for by the 

application of EOF analysis (e.g., Preisendorfer and Mobley, 1988; Mathis et al., 2015) 

on spatially and temporally resolved water masses fractions, derived from Argo data, 

ISAS15 dataset. It has to be noted that EOF analysis is not based on physical principles 

and therefore EOF analysis does not guarantee that the resulting structures are physically 

meaningful (Hannachi et al., 2007). No direct physical or mathematical relationship 

(necessarily) exists between the statistical EOFs and any related dynamical patterns 

(Thomson and Emery, 2014). Dynamical patterns reflect physical constraints through the 

governing equations and respective boundary conditions, whereas EOFs simply provide 

partitioning of the variance of a spatially distributed group of concurrent time series 

(Thomson and Emery, 2014). The orthogonal functions are called empirical, as they are 

defined by the covariance structure of each specific dataset (Thomson and Emery, 2014). 

Nevertheless, EOFs, by means of statistical patterns, provide a compact description of the 

spatial and temporal variability within data series (Thomson and Emery, 2014). EOF 

analysis in climate studies is predominantly used for the investigations of spatial 

patterns/modes of variability and their net change response with respect to time (Thomas 

and Emery, 2014).  

EOF analysis involves the following: a three-dimensional variable (latitude x longitude x 

time) is taken, transformed orthogonally, converting it into eigenvalues and eigenvectors 

which describe the variance in data. The first EOF mode is the eigenvector capturing the 

largest amount of variance, the second EOF mode is the function describing as much of 

the remaining variance as possible, and so on. For each mode, EOF analysis produces 

three variables, a two-dimensional field accounting for the spatial pattern of variability, a 

dimensionless EOF index, i.e., PC, for each time segment, and the explained variability 

fraction for the corresponding mode. Each time segment represents the sum of the mean 

spatial pattern of the variable/parameter of interest and the spatial pattern for each EOF 

mode multiplied by its respective EOF index/PC for that time segment (Kelly et al., 2019). 

For example, for a spatial variable X, recorded at t points in time, t-1 EOF modes are 

derived, such that 

X(t) = <X> + Σ EOFn x EOF indexn/PCn(t)      (2.12) 

, where <X> is the mean of X over all time, t, EOFn and EOF indexn/PCn are the spatial 

fields and EOF indices/PCs for each EOF (Kelly et al., 2019).  

EOF analysis of oceanographic data for the RT has not been previously utilised. In this 

study, EOF analysis is applied to intermediate water masses present in the RT, as 

represented by calculated water masses fractions/percentages. For the analysis, the 

geographical region limited within the 8-20 °W, 50-60 °N respective longitudinal and 

latitudinal bounds. The analysis is applied to multi-year time series of monthly water 

masses fractions, derived from ISAS15 monthly gridded temperature and salinity fields 

over the 2002-2015 time period. As the derived water masses fractions are depth-
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integrated, the EOF analysis is applied on depth averaged water masses fractions. The 

resulting EOF modes and respective PCs are capturing the spatial and temporal variability 

of the respective water mass. The PCs are dimensionless, the EOF patterns represent 

variabilities of one standard variation of the corresponding PCs. To derive an 

understanding of the physical processes which could be associated with the different EOF 

patterns, correlations between the PCs and the time series indices considered here, the 

NASPG-PC2, NAO  and EA pattern, are performed. Prior to correlation analysis, each 

time series indices, individual water masses fractions, NASPG-PC2, NAO and EA pattern, 

are examined to deduce if they are stationary or non-stationary. Non-stationary time series 

exhibit external trends, therefore, the strength of cross-correlation among variables/time 

series is often overestimated or underestimated, as the linear cross-correlation analysis 

applicable to stationary variables/time series does not hold (Cheng et al., 2015). To test 

for non-stationarity, we employ the augmented Dickey-Fuller test, where essentially the 

null hypothesis asserts non-stationarity (Fuller, 1996). Should time series be found to be 

non-stationary (p value > 0.05), they undergo secondary detrending before correlation 

analysis between water masses fraction PC and oceanic/atmospheric index PC. 

Correlation analysis is performed at 95 % confidence level.  

2.4. Results 

To pre-set the EOF analysis of water masses fractions, the spatial distributions of the long-

term (2002-2015), depth-integrated mean of each of the three intermediate water masses, 

SAIW, MOW and LSW, are presented in Fig. 2.5. The overall average SAIW presence 

within the 450-750 m depth layer, as captured by the water masses fractions/percentages 

calculations, is ~34 %, MOW overall presence within the 800-1200 m depth range is ~44 

%, and LSW average presence within the 1250-2000 m depth layer is ~0.77 %. SAIW is 

present in higher quantities, up to ~65 %, west of 17.5 °W. Highest MOW quantities, up 

to ~ 85 %, are found south of the PB. LSW highest quantities, up to 90 %, are found west 

of the HB. As there are no clear, definitive boundaries within the various water masses, 

the depth ranges of the water masses are thus arbitrary separated by a conservative 50 m, 

where interactions between neighbouring water masses are assumed.     
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Fig. 2.5 Spatial distributions of the mean fraction of Rockall Trough (RT) intermediate water masses over 

the 2002-2015 time period, as captured by EOF analyis, where a) Subarctic Intermediate Water (SAIW), b) 

Mediterranean Overflow Water (MOW) and c) Labrador Sea Water (LSW). HB-Hatton Bank, RB-Rockall 

Bank, PB-Porcupine Bank.   

2.4.1. EOF analysis of water masses fractions 

Most of the analysis that follows is restricted to the employment of the first two leading 

modes of variability, EOF 1, EOF2 and their respective PCs, PC1 and PC2, for each of 

the three water masses. The top ten modes of variability for the SAIW, MOW and LSW 

water masses are presented in Table 2.2, also provided are the cumulative variance 

explained for each of the corresponding modes. 

The first and second EOF modes for the SAIW mass fraction, and their corresponding 

PC1 and PC2 components, are presented in Fig. 2.6. The first spatial EOF indicates the 

strongest variability of SAIW water masses presence and explains 50 % of the total 

variance of SAIW in the RT. Most of the variability is depicted to appear within the 

southern entrance of the trough (Fig. 2.6a), within the 16-20 °W, 50-54 °N region, with a 

south-eastward orientation, extending further into the central RT. Within the first part of 

the time series, from 2002 to 2008, the variability is undergoing gentle changes, with weak 

reductions and increases of SAIW in 2004 and 2008 respectively (Fig. 2.6b). Between 

2008 and 2011, SAIW appears in decline, to start picking up in 2012 to 2015, with two 

dips 2013 and the beginning of 2015. The second spatial mode of SAIW (Fig. 2.6c) 

accounts for 11 % of the total variance of the water mass in the region between January 

2002 and December 2015. Spatially, the variance is confined within the small region 

delimited within the 18-20 °W, 50-52 °N box. PC2 (Fig. 2.6d) reveals a more uniform, 

cyclic pattern of variability, with most prolonged reduction in 2012/2013, followed by an 

increased presence in 2014. Note the inversion of PC2 time series, as the strongest spatial 

pattern is negative. The SAIW-EOF1 captures the SAIW water mass, as it approaches the 

RT from the west, via a northward NAC (sub)branch. Together, SAIW EOF1 and EOF2 

modes represent ~62 % of the total variability of the water mass in the region (Table 2.2).  

RB RB RB 

HB 

PB PB PB 

a) b) c) 
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Fig. 2.6 a) First EOF pattern of SAIW water mass fractions over the 2002-2015 time period (explained 

variance, 50 %), b) corresponding PC1, c) second EOF pattern of SAIW (explained variance, 11 %) and d) 

corresponding PC2. RB-Rockall Bank, PB-Porcupine Bank. 

MOW water mass fraction EOF1 and EOF2, and their corresponding PC1 and PC2 

components, are presented in Fig. 2.7. MOW-EOF1 depicts 51 % of the total variance of 

the water mass in the region. Within the 16-20 °W, 50-54 °N region, the spatial pattern of 

MOW-EOF1 (Fig. 2.7a), is remarkably similar to the spatial pattern of SAIW-EOF1 (Fig. 

2.6a). However, the MOW approach appears much wider, filling up the southern entrance, 

with an apparent variance along the Porcupine slopes. This variance could be expressing 

MOW undercurrent and slope current variabilities, prompted by volume transports 

variability, and related flow-bottom topography interactions. The first mode MOW time 

series, PC1 (Fig. 2.7b), follows similar temporal pattern variability as that of SAIW PC1 

(Fig. 2.6b), but in the opposite direction. This observation temptingly directs towards the 

subpolar/subtropical alternations of water masses in the northeast NASPG, notably the 

RT, as the NASPG expands/contracts. However, this apparent alteration of SAIW and 

MOW variability at the entrance of the trough could be highly influenced by the dynamics 

of the intergyre gyre, an anomalous circulation, which crosses from the subtropical to the 

subpolar gyre, and vice versa, enabled by prolonged periods of NAO in either high, or low 

phases (Marshall et al., 2001). MOW-EOF2 mode accounts for 9 % of the total variance 

in the region, mostly confined along the PB slopes, and 18-20 °W, 50-52 °N region (Fig. 

2.7c). The time series of MOW-EOF2 mode (Fig. 2.7d) resemble the temporal variability 

of SAIW-EOF2 mode (Fig. 2.6d), in the opposite direction, i.e., when SAIW water mass 

fractions are peaking up, MOW water mass fractions are in reduction phase, and vice-

a) c) 

b) d) 

RB RB 

PB PB 
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versa. Collectively, MOW EOF1 and EOF2 modes represent ~60 % of the total MOW 

water mass variability it the RT region.  

  

Fig. 2.7 a) First EOF pattern of MOW water mass fractions over the 2002-2015 time period (explained 

variance, 51 %), b) corresponding PC1, c) second EOF pattern of MOW (explained variance, 9 %) and d) 

corresponding PC2. RB-Rockall bank, PB-Porcupine Bank. 

The first and second EOF modes for LSW mass fraction, and their corresponding PC1 and 

PC2 components, are presented in Fig. 2.8. The LSW-EOF1 mode captures 26 % of the 

total variability, and it is predominantly within the central RT, within the 11.5-15 °W, 54-

56 °N region (Fig. 2.8a). The spatial pattern of LSW-EOF1 remarkably coincided with 

the newly described deep anticyclonic vortex, located in the central RT, stretching 

throughout the water column, its core located at intermediate depths, imprinting on the 

surface (chapter 3; Smilenova et al. 2020). The first PC component of the LSW fractions 

(Fig. 2.8b) shows a steady, be it fluctuating, increase from the beginning of the time series, 

2002, peaking around 2009, to start declining, sharpest decline around 2011, to begin 

increasing again, in a see-saw fashion until the end of the time series in December 2015. 

LSW-EOF2 mode accounts for 17 % of the variability of the LSW in the region. LSW-

EOF2 appears somewhat monotonic, with opposing trends between the southern and the 

northern RT approaches (Fig. 2.8c). This could be due to more vigorous mixing of the 

LSW and/or deep dense overflows in the northern RT. The regularity observed in the 

second spatial mode (Fig. 8c), is depicted in the temporal variability, as reproduced by 

LSW-PC2 (Fig. 2.8d). This mode seemingly captures the seasonal variability. Slight, 

continuous decrease in LSW fractions is detectable throughout the 2002-2015 time series 

a) c) 

b) d) 
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period. Together, LSW EOF1 and EOF2 account for ~43 % of the total LSW water mass 

fraction variability.  

  

Fig. 2.8 a) First EOF pattern of LSW water mass fractions over the 2002-2015 time period (explained 

variance, 26 %), b) corresponding PC1, c) second EOF pattern of LSW (explained variance, 17 %) and d) 

corresponding PC2. HB-Hatton Bank, RB-Rockall bank, PB-Porcupine Bank. 

 

EOF mode of 

variability 

SAIW MOW LSW 

Mode 1 50 % (50 %) 51 % (51 %) 26 % (26 %) 

Mode 2 11 % (62 %) 9 % (60 %) 17 % (43 %) 

Mode 3 9 % (68 %) 7 % (68%) 11 % (54 %) 

Mode 4 7 % (71 %) 6 % (74%) 9 % (63 %) 

Mode 5 6 % (78 %) 5 % (79%) 6 % (69 %) 

Mode 6 4% (87 %) 5 % (84 %) 6 % (75 %) 

Mode 7 2 % (89 %) 4 % (88 %) 5 % (80 %) 

Mode 8 2 % (91 %) 3 % (90 %) 3 % (83 %) 

Mode 9 2 % (93 %) 2 % (92 %) 3 % (86 %) 

Mode 10 1 % (94 %) 1 % (93 %) 2 % (88 %) 
Table 2.2 Summary of the total variance explained for first 10 leading EOF modes for SAIW, MOW and 

LSW water masses, with cumulative variance explained presented in brackets. Note that on occasions 

cumulative values do not add up accordingly, due to rounding up to significant figure of individual EOF 

modes of variability. 

 

a) c) 

b) d) 

PB PB 
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2.4.2. Cross-correlation analysis 

Undertaking the augmented Dickey-Fuller test (Fuller, 1996) was necessary in order to 

detect which of the time series indices exhibit non-stationarity, i.e., resultant p value > 

0.05. The results are outlined in Tables 2.3 and 2.4. Indices found to be non-stationary in 

nature are SAIW-PC1, LSW-P1C, and the NASPG-PC2. To aid with the detection of 

intrinsic relations between the water masses fractions and the oceanic and atmospheric 

indices, non-stationary time series were detrended prior the cross-correlation analysis.    

 SAIW MOW LSW 

EOF Mode 1 p= 0.60 (non-stationary) p = 0.02 (stationary) p = 0.08 (non-stationary) 

EOF Mode 2 p = 0.02 (stationary) p = 0.01 (stationary) p = 0.01 (stationary) 
Table 2.3 Summary of augmented Dickey-Fuller test, performed on SAIW, MOW, LSW water masses 

fractions first and second EOF modes of variability in order to determine stationarity or non-stationarity 

of time series. 

NASPG PC2  NAO EA pattern 

p = 0.52 (non-stationary) p = 0.01 (stationary) p = 0.01 (stationary) 
Table 2.4 Summary of augmented Dickey-Fuller test, performed on NASPG, NAO, EA pattern indices in 

order to determine stationarity or non-stationarity of time series. 

We started with investigating relations between PC1 and PC2 components of SAIW, 

MOW and LSW water masses fractions and the NAO, EA atmospheric indices, followed 

by cross-correlation examinations between PC1 and PC2 respective water masses 

fractions and the NASPG PC2. All respective figures, Figs. A.1-A.9, presented in 

appendix A. 

The cross-correlation analysis between SAIW PC1 and PC2 and the NAO index yields 

weak correlations, capturing the seasonal signal imbedded within the NAO index. SAIW-

PC1 and the NAO exhibit weak correlations during the 2002-2015 time period. Weaker 

correlations are observed between the detrended SAIW-PC2 and the NAO for the mid-

1999 to mid-2012 time period. The strongest correlation between SAIW-PC1 and NAO 

(Fig. A.1a, c) is 0.25 (out of the 95 % confidence interval of correlations obtained by 

chance), when the SAIW-PC1 is lagging the NAO by 1 year and 2 months. The cyclic 

pattern in correlations with an approximate one-year period is a clear indication that the 

two series reflect seasonal patterns. The strongest correlation between SAIW-PC2 and 

NAO is 0.71, when the SAIW PC2 is lagging by 2 years and 3 months. No significant 

correlations are detected between the detrended non-stationary SAIW-PC1 and the EA 

pattern (Fig. A.1c). Weak correlations at the 95 % confidence level are detected between 

the SAIW-PC2 and the EA pattern for the 2001-2014 time period (Fig. A.1e). Seasonality 

is also well captured by these observed weak correlations. The strongest correlation of 

0.29 between SAIW-PC2 and EA patterns occurs when the SAIW-PC2 is lagging the 

NAO by a year. No significant correlations are detected between SAIW PC1 and PC2 and 

the NASPG-PC2 (Fig. A.2). Weak correlations detected between MOW-PC1 and NAO 

during the 2002-2015 time period (Fig. A.4b), also weak correlations between MOW-PC2 

and NAO during the mid-2001 to mid-2014 period (Fig. A.4d). The strongest correlation 

between MOW-PC1 and NAO, 0.17, occurs at a lag of 1 year and 11 months. The 
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strongest correlation between the MOW-PC2 and NAO, 0.23, occurs with a lag of 5 

months. Weak correlations between MOC-PC1 and EA pattern (2002-2015 period) (Fig. 

A.5b), weak correlations between MOW-PC2 and EA pattern during the 2001-2014 time 

period (Fig. A.5d). The strongest correlation between MOW-PC1 and the EA pattern, 

0.18, occurs with a lag 0. The strongest correlation between MOW-PC2 and EA pattern, 

0.21, occurs with a lag of 11 months. No correlations were detected between MOW PC1 

and PC2 and NASPG-PC2 time series during the 2002-2015 time period (Fig. A.6c, f). 

Weak correlations between LSW-PC1 and NAO, and LSW-PC2 and NAO for the period 

May, 2001 to May 2014 (Fig. A.7c, e). The strongest correlation between LSW-PC1 and 

NAO, 0.20, occurs with a lag of 1 year and 9 months. The strongest correlation between 

the MOW-PC2 and NAO, 0.20, occurs with a lag of 1 year and 10 months. No detectable 

correlations between LSW-PC1 and EA pattern, LSW-PC2 and EA pattern (Fig. A.8c, e). 

The same holds for cross-correlation analysis for the LSW PC1 and PC2 correlations with 

the NASPG-PC2, i.e., no detectable correlations (Fig. A.9c, f).  

2.5. Discussion 

Analysis presented here reveals that clear and definitive relations between NAO, EA, as 

depicted by their representative indices and water masses fractions in the RT is difficult 

to establish. A reason could be that perhaps in the study region, various atmospheric 

patterns could not be clearly separated and would work in conjunction, forming regimes. 

Atmospheric studies (e.g., Moore et al., 2013) showed that during winters characterized 

by different combinations of the NAO-EA and NAO-Scandinavian phases, the movement 

of NAO pattern is dependent on EA and Scandinavian pattern (primary atmospheric 

circulation centre over Scandinavia). Moore et al. (2013) deduced that NAO pattern moves 

along northeast-southwest axis, as driven by the state of EA, and furthermore, NAO 

pattern exhibits clockwise/anticlockwise movement in association with the Scandinavian 

pattern. Thus, the interplay between the various atmospheric modes could be obscuring 

the extraction of a leading atmospheric driver. 

No clear and definitive relation between the NASPG-PC2 and water masses fractions was 

depicted. The NASPG index is based on deconstructing SSH field in the subpolar 

northeast NA, which in turn is affected and strongly influenced by the NA wind field, 

largely governed by the NAO and EA. To add, the SSH field displays variability on 

different temporal and spatial scales, from long term trends, associated with large scale 

thermohaline forcing to seasonal cycle, driven by cumulative shifts in wind stress curl and 

surface induced thermohaline changes as consequence of surface heating and cooling 

(Gelderloos et al., 2013). Important aspects of bias in SSH and sea surface height anomaly 

fields is introduced by eddies. Their effect is imposed on small scale SSH field, but it 

should not be regarded as negligible, as eddies detected in the Irminger region (~25 km 

radius) induce alterations in SSH anomaly signal in the order of 10 cm (Lilly et al., 2003). 

In addition to the external driving mechanisms, the variability in the dynamics of the 

NASPG have been attributed to internal oceanic processes, such as changes in Atlantic 

meridional overturning circulation (AMOC) (Robson et al., 2012). As established earlier, 

the correlation analysis of NASPG-PC2 and selected water masses did not provide 
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sufficient grounds for supporting the strong western subpolar influence in the vicinity of 

the RT region. It is possible that a subpolar gyre index derived from SSH data 

measurements may not be the best metric for estimating changes in the eastern boundary 

of the NASPG.  Gelderloos et al. (2013) point out that there are various biases hidden 

within SSH, due to various variabilities, such as 1) long-term trend variability, 2) seasonal 

cycle variability and as mentioned previously 3) eddies, being predominantly 

anticyclonic, adding a positive bias to SSH anomaly.  

The debate within the physical oceanography community on most suitable subpolar gyre 

index to measure the strength and extent of the NASPG is ongoing. Hátún and Chafik 

(2018), after revising Hátún et al. (2005) index, suggest that discrepancies in Foukal and 

Lozier (2016) investigations into the connections between northeast NASPG dynamics 

are due to choice of satellite data, the spatial domain, or that EOF1, PC1 are being treated 

as the gyre index. Upon their revisions, Hátún and Chafik (2018) segregated the gyre index 

into two leading EOF modes. They further point out that although the concept of one 

single gyre index is strictly not meaningful anymore, the new second PC (PC2) carries 

most of the heritage of the gyre index, as derived by Hátún et al. (2005). We followed 

Hátún and Chafik (2018) recommendation to use PC2, as it is intimately linked to the 

marine climate in the north-eastern subpolar NA. However, we did not find any clear and 

definitive connection between any of the respective water masses PCs and the NASPG-

PC2.  

An altimetry SSH-based subpolar gyre index could be ‘flawed’ due to the basis of the data 

measurements. The variability of SSH has a barotropic component (e.g., sea level 

fluctuations with no immediate density signature, such as additional ocean mass from 

melting glaciers) and a baroclinic component, which arises from changes in temperature 

and salinity (Behnisch et al., 2013), consequently, density. However, altimetry-derived 

measurements of SSH cannot distinguish between the barotropic and baroclinic 

components of ocean flow (Behnisch et al., 2013). Furthermore, the barotropic and 

baroclinic components of NA circulation variability are not in phase (Eden and 

Willebrand, 2001), where baroclinic and barotropic signals appear on different time scale, 

changing with latitude and time (Behnisch et al., 2013). The proposed atmospheric forcing 

mechanisms for inducing SSH variability (e.g., NAO, EA pattern, wind stress curl) are 

not independent of each other, and this interdependence will present difficulties in 

decomposing the effect of the individual signals on both time and space scales (Sterlini et 

al., 2016). The variability in wind stress, which resonates in the altimetry SSH-based 

subpolar gyre index, is not the only factor affecting the subpolar gyre strength and 

dynamics. The local surface buoyancy could exert greater effect than the local wind stress 

curl (Häkkinen and Rhines, 2004).  

Additional factors affecting SSH variability on regional level are the basin shape, 

bathymetry and vicinity of the coastal boundary (Sterlini et al., 2016). In a region in 

proximity to shallow bottom topography, such as the RT region, degradation in altimetry 

data due to corruption of the altimeter instrument wave forms by land and inaccurate 

geophysical correction will occur (Sterlini et al., 2016).  
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While addressing the choice of a NASPG index, Koul et al. (2020) explore annual mean 

upper 500 m depth averaged geostrophic currents (≥ 0.5 m s⁻¹), presented as composite 

difference between strong and weak NASPG states (Fig. 2, Koul et al., 2020). The 

southern entrance of the RT remains unaffected, which indicates that the shift between 

strong and weak NASPG phases, as presented by an altimetry SSH-based index, does not 

affect the direction/velocity, nor the mean position of currents in the vicinity of the 

southern RT entrance, or within the RT itself. The geostrophic currents in the vicinity of 

the RT region are following the edges of the Iceland basin, i.e., western RT boundary, 

along the western Hatton Bank, as such, bypassing the southern RT entrance. The salinity 

composites (strong-weak NASPG states) of the annual mean top 500 m depth, as presented 

by isohalines, remain very similar for the altimetry SSH-based indices (Fig. 2, Koul et al., 

2020). With respect to their revised altimetry SSH-based index, Hátún and Chafik (2018) 

indeed point out that the PC2 is intimately linked to the marine climate in the highly 

energetic and changeable waters enclosed between Greenland and the Rockall Plateau. 

Hence, the revised altimetry SSH-based index would be representative of the north-eastern 

NASPG area neighbouring the RT region, but not the RT, notably the southern entrance.  

It is also possible that the subpolar gyre index, as derived from EOF analysis, lacks the 

dynamical component needed to capture the physical component of the NA oceanic 

dynamics. As Loose et al. (2020) state, a dynamical proxy, which identifies the physical 

origins of covariability would be a better proxy in comparison to a statistically derived 

proxy (such as the currently used subpolar gyre index), as a statistically derived proxy 

may establish and show variability without establishing and pinpointing causality.   

Decoupling the large-scale atmosphere-oces system is a heavy task, as both parts of the 

system are governed by complex non-linear geophysical fluid dynamics processes, 

continuously interacting and providing feedbacks to the system on various spatial and 

temporal scales (Vallis, 2017). Furthermore, atmospheric variability cannot be accounted 

for by a single (positive or negative) NAO index (Barrier et al., 2014), which presents 

additional complexity to interpretation of results in relation to large-scale atmospheric and 

oceanic forcing on water masses presence in the RT.  

The weak correlations observed between the water masses fractions respective PCs and 

the atmospheric NAO and EA pattern indices, and the lack of correlation between the 

water masses fractions PCs and the NASPG-PC2 could be due to other or additional 

drivers.  

2.5.1. Other potential driving mechanisms and causes 

2.5.1.1. The NAC and the intergyre gyre  

The NAC redistributes warm, saline western North Atlantic Central Water from the 

western NA into the eastern NA as it crosses the Mid-Atlantic Ridge (Read et al., 2010). 

Once over the Mid-Atlantic Ridge, the NAC splits into series of (sub)branches, the eastern 

of which on occasions flows into the RT (New and Smythe-Wright, 2001), while at other 

times follows the western side of Rockall Bank (Bacon, 1997). This is supported by the 
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study of Xu et al. (2015) who define, based on satellite altimetry, four NAC (sub)branches 

in proximity to and within the Rockall domain. These are (sub)branch 1, through the 

Iceland basin, (sub)branch 2, through the Hatton-Rockall basin, (sub)branch 3, through 

the RT, with (sub)branches 2 and 3 on occasions joining further west, and (sub)branch 4, 

west of the Bay of Biscay (Xu et al., 2015). In order to access the role of the NAC in 

hydrographic and volume transport changes in the eastern NASPG, de Boisséson et al. 

(2012) and Desbruyères et al. (2013) applied Lagrangian decomposition of the NAC 

transport into a subtropical component, originating from the Gulf Stream and a subpolar 

component, originating from the Labrador Sea. Desbruyères et al. (2013) showed that 

hydrographic criteria were not suitable to extract ‘signatures’ of the subtropical and 

subpolar gyres from the NAC variability, and that the decadal NAC variability in the 

eastern NASPG is accompanied by opposed transport changes of its northern and southern 

(sub)branches, respectively feeding the Iceland basin and RT regions. This horizontal 

reorganization of the NAC is important to note, as it was shown to reflect primarily a 

signal of subtropical origin, rather than a weakening/strengthening of the NASPG 

circulation (Desbruyères et al., 2013). Desbruyères et al. (2013) found that the variability 

in shifting of Lagrangian NAC pathways coincided with three episodes of expansion of 

the subtropical gyre into subpolar latitudes, when volume transports from both subtropical 

and subpolar origin components were in decline. This finding is in support to that there is 

no causal relationship with the strength and shape of the NASPG (Herbaut and Houssais, 

2009; Desbruyères et al., 2013). Marshall et al. (2001) introduced the idea of an intergyre 

gyre, a gyre anomaly which absorbs the climatological subtropical and subpolar 

confluence, an anomaly driven by the meridional shifts in the wind pattern. On decadal 

timescale, the intergyre gyre control the transfer of heat and fluid properties across the 

climatological wind stress curl (Marshall et al., 2001). During positive (negative) NAO 

phase, the zero wind curl is poleward (equatorward) of the climatological position, turning 

the intergyre gyre direction anticyclonic (cyclonic), consequently moving the NAC 

trajectory poleward (zonal) with the respect to the mean, leading to transporting more 

(less) heat meridionally (Marshall et al., 2001).  

2.5.1.2. Water masses transit times 

Results present myriad points for discussions and complication in interpretation. One such 

complication is due to the wide range of water masses transit times, found in literature. 

For example, spreading time estimates of LSW from its basin of origin, the Labrador Sea, 

to the Icelandic and west European basins vary from 4-5 years, based on temperature and 

salinity anomalies (Sy et al., 1997), tracer modelling studies estimate LSW residence time 

to be on the order of 4-5 years (Straneo et al., 2003), to more than 10 years, based on 

chlorofluorocarbons analysis (Doney et al., 1997; Fine et al., 2002), whereas some results 

from subsurface float deployments present transit time of only 2 years (Fischer and Schott, 

2002). Furthermore, LSW recirculates within the Labrador basin (Bower et al., 2011), 

which provides an explanation as to why volume exports of LSW further eastward within 

the subpolar NA are variable between years and not necessarily increasing during years 

with strong convection events. Additionally, local exchanges, detrainment and re-
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entrainment of fluid parcels between the deep western boundary current and the overlying 

LSW (Bower et al., 2011) would also have additional impact on eastward LSW volume 

exports. The difficulty to pinpoint timescales with certainty arises due to the advective-

diffusive nature of oceanic flows, where a single transit time from one location to another 

could not be put forward, but rather a distribution of transit times between locations in 

question (Beining and Roether, 1996; Khatiwala et al., 2001; Waugh et al., 2004). 

Furthermore, effect of eddies on spreading pathways should be taken into account in any 

observational or model study. Bower at al. (2011) show that the impact of eddies on LSW 

spreading is immediate when expanding cloud of virtual floats in their time-dependent 

model velocity fields. The interactions between the subpolar and subtropical gyres are not 

as simple as the cyclonic and anticyclonic respective surface circulation patterns that 

govern them. Mid-depth potential vorticity maps (McCartney and Talley, 1982) outline 

southward flow along density surfaces 27.3 to 27.6 kg m⁻³ from the subpolar gyre into the 

subtropical gyre, backing up Iselin’s (1936) proposal for southward flow and ventilation 

of the eastern boundary of the subtropical gyre by Subpolar Mode Water (SPMW). 

Additional potential vorticity distributions along the 27.3-27.6 kg m⁻³ isopycnals  show 

southward movement flow underneath the NAC from south of Iceland into the subtropical 

gyre to approximately 30 °N (McDowell et al., 1982; Keffer, 1985; Levitus, 1989).  

2.5.1.3. SPMW 

Paleoclimate studies point that relative thermocline warming recorded in the north-eastern 

NASPG may be representative of a seasonal response pattern of the subpolar gyre (Morley 

et al., 2011) warming, which is  dominant during early and mid-summer, and strongest 

from June to August (Richter et al., 2009; Thornalley et al., 2009). Therefore, the reported 

link between thermohaline and nutrient properties of upper waters in the northern section 

of the RT and NASPG dynamics (Johnson et al., 2013), could be reflective of such 

seasonal NASPG changes, as their analysis is based predominantly on data collected 

throughout late spring, early summertime months. Addressing correlations between 

subpolar gyre dynamics and silicate concentrations, Hátún et al. (2017) note that silicate 

variability in the subpolar NA (Reykjanes Ridge, Iceland and Rockall-Hatton areas) is 

partly driven by winter convection, therefore, atmosphere-ocean heat exchanges. This 

deduction, along with the SPMW influence along 27.3-27.6 kg m⁻³ density surfaces in the 

eastern boundary of the subpolar gyre (McDowell et al., 1982; Keffer, 1985; Levitus, 

1989), put SPMW formation of importance to the overall eastern subpolar NA 

thermohaline structure and its changes. As noted by Marsh et al. (2017), recent major 

reversal of temperature in the eastern subpolar gyre have been associated with the 

formation of particularly dense SPMW, due to the extreme winter cooling in 2013-2014 

(Grist et al., 2014). The role of SPMW formation extends further to maintaining, restoring 

and reinforcing strong meridional density gradients along the north-eastern NA boundary, 

imposing influence and control on the strength of the slope current (Marsh et al., 2017). 

Stronger slope current will bring more high-salinity Atlantic Water into the northeast 

Atlantic (Marsh et al., 2017). Hence, SPMW formation and pathways, along with the role 

of the slope current, should be considered when addressing thermohaline changes in the 
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eastern NASPG region. Another frequently dismissed driver in upper water column 

thermohaline changes is the net effect of fresh water fluxes (e.g., sea ice melting), 

precipitation (P) and precipitation-evaporation (P-E) fluxes specifically (Josey and Marsh, 

2005).   

2.5.1.4. RT interior (sub)mesoscale processes  

Locally induced mixing due to the presence of eddies and internal waves within the RT is 

another mechanism that should be considered. Internal waves could be tidally generated 

(Carter and Gregg, 2006), or developed due to interactions between water layers with 

different densities, or within layers where vertical density gradients are present (St. 

Laurent et al., 2012). Internal waves could also be generated and intensified through 

energy draining of the mesoscale field, promoting dissipation and diapycnal mixing 

(Clément at al., 2016). The submesoscales, with spatial scales of ~1-100 km wavelengths, 

as defined by Callies et al. (2020), encompass the dynamical transition from energetic 

mesoscale eddies, with scales of a few hundred kilometres, to high-frequency internal 

waves and mixed layer turbulence at scales smaller than 1 km. Observations further show 

that submesoscale energy levels undergo a large seasonal cycle in the mixed layer (Callies 

et al., 2020). Strong winter mixing in the RT could deepen the mixed layer to depth >800 

m depth. Internal waves and eddy propagation could thus be a major candidate for the 

observed variability of water masses. Häkkinen et al. (2013) highlight that the occurrence 

of eddy intensity variability along the subtropical/subpolar latitudes transition zone 

facilitates mixing between western and eastern Atlantic source waters, a variable process, 

which contributes to introducing warm waters at higher latitudes. Further support for the 

influence of deep regional mesoscale activity on water masses spatial variability comes 

from additional EOF analysis of MOW and LSW water masses fractions (Figs. 2.9 and 

Fig. 2.10), where attention is directed to the lower EOF modes. A striking pattern emerges, 

where both MOW and LSW spatial variability is strongly pronounced and localised along 

the PB slopes and the central RT (areas enclosed in red ellipses in Fig. 2.9 and Fig. 2.10). 

The overlapping of water masses spatial variability, as captured by the MOW and LSW 

EOF modes is indicative of areas of enhanced deep mesoscale dynamics (Fig. 2.9 and Fig. 

2.10). It shows further that local/regional processes and settings are undoubtedly a driver 

of intermediate water masses spatial variability. Collectively, the MOW modes EOF2, 

EOF3, EOF4, EOF5 and EOF6 (Fig. 2.9) account for 32 % of the total variance MOW 

variability detected. MOW-EOF4 is shown in Fig. A.10 as MOW-PC4 (Fig. A.11b) shows 

very similar temporal pattern with MOW-PC2 (2.5d) and MOW-PC3 (Fig. A.11a), but 

smaller amplitude. Hence, only the strongest MOW-EOFs indicating regions of localised 

variability are included in Fig. 2.9. Similarly, only the strongest LSW-EOFs are taken, 

when considering the strongest localised variability. LSW modes EOF1, EOF5, EOF8 and 

EOF10 amount to 39 % of the total variance exhibited by LSW water masses fractions. 

These results bring forward, and highlight, the role of interior water masses pathways, i.e., 

intermediate and deep water currents, and interior mesoscale dynamics, further explored 

in chapter 3 and Smilenova et al. (2020). 
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To illustrate the localised variability of MOW, as captured by the spatial (EOFs) and 

temporal (PCs) analysis, we present MOW spatial distribution (fractions (%)) at 800, 1000 

and 1200 m depth, based on Argo ISAS15 data. The displayed MOW spatial distributions 

(fractions (%)) correspond to time periods (month and year) during high and low temporal 

variability, as summarised in Table 2.5. Concentrating on MOW, as the basis of the study 

lies with the propagation of subtropical waters into the RT, and what could be the 

governing process. Displayed are MOW spatial distributions (fractions (%)) (Fig. 2.11-

2.16) for all periods displayed in Table 2.5.  The overall MOW inter-annual variability 

does not show any clear pattern, as high MOW proportions are detected in autumn and 

winter months, and low MOW proportions in summer, autumn, and winter months (Fig. 

2.7b, d and Fig. A.11). 

 

PC value/PC PC1 PC2 PC3 PC4 PC5 PC6 

High  Aug-2014 

4.97 

Oct-2011 

4.68 

Nov-2013 

1.07 

Nov-2002 

1.96 

Oct-2012 

4.45 

Sep-2014 

3.72 

Low Jan-2004 

-4.35 

Feb-2011 

-3.79 

Jan-2014 

-5.99 

Jan-2003 

-0.74 

Jul-2012 

-2.56 

Dec-2014 

-4.68 
Table 2.5 Month and year of high and low temporal variability of Mediterranean Overflow Water (MOW), 

as captured by principal components (PCs) 1-6 amplitude (values given in table). Month and year displayed 

in blue correspond to low MOW presence, as captured by derived fractions (%). Month and year displayed 

in red correspond to high MOW presence (fractions (%)). The opposite direction (high/low) between a PC 

and MOW fractions reflects inversion of the PC (the inversion based on the direction of the spatial 

variability). MOW-PC1 and MOW-PC2, shown in Fig. 2.7b and Fig. 2.7d. MOW PCs 3-6 shown in Fig. 

A.11. 
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Fig. 2.9 MOW EOF spatial modes capturing the influence of regional deep mesoscale activity and settings 

on MOW water mass fractions variability, a) MOW-EOF2, b) MOW-EOF3, c) MOW-EOF5, d) MOW-

EOF6. Red ellipses/circles pinpoint areas of deep mesoscale activity influencing and imprinting on 

respective water masses spatial variability. EOF4 presented in Fig. A.10. RB-Rockall Bank, PB-Porcupine 

Bank. 

a) b) 

c) d) 

PB PB 

RB RB 

PB PB 

RB RB 
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Fig. 2.10 LSW EOF spatial modes capturing the influence of regional deep mesoscale activity and settings 

on LSW water mass fractions variability, a) LSW-EOF1; b) LSW-EOF5; g) LSW-EOF8, h) LSW-EOF10. 

Red ellipses/circles pinpoint areas of deep mesoscale activity influencing and imprinting on respective water 

mass spatial variability. HB-Hatton Bank, RB-Rockall Bank, PB-Porcupine Bank. 

 

a) b) 

c) d) 
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Fig. 2.11 MOW spatial distribution (fractions) at 800, 1000 and 1200 m depth during a), b), c) January 

2004 and d), e), f) August 2014. Top panels showing a period of high MOW presence (fractions), low panels 

show a period of low MOW presence (fractions). Months/years deduced from MOW-PC1 (Table 2.5). Black 

ellipses/circles pinpoint areas of deep mesoscale activity, based on MOW-EOF1, influencing and imprinting 

on MOW spatial variability. Any white marine areas over 50 °N signify that MOW properties are out of 

properties ranges, as defined in Table 2.1, i.e., much warmer and saltier. Letter annotations as in Fig. 2.10. 

 

 

 

 

 

 

a) b) c) 
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Fig. 2.12 MOW spatial distribution (fractions) at 800, 1000 and 1200 m depth during a), b), c) November 

2011 and d), e), f) February 2011. Top panels showing a period of high MOW presence (fractions), low 

panels show a period of low MOW presence (fractions). Months/years deduced from MOW-PC2 (Table 

2.5). Black ellipses/circles pinpoint areas of deep mesoscale activity, MOW-EOF2, influencing and 

imprinting on MOW spatial variability. Any white marine areas over 50 °N signify that MOW properties 

are out of properties ranges, as defined in Table 2.1, i.e., much warmer and saltier. Letter annotations as 

in Fig. 2.10. 

 

 

 

 

 

 

a) b) c) 

d) e) f) 
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Fig. 2.13 MOW spatial distribution (fractions) at 800, 1000 and 1200 m depth during a), b), c) January 

2014 and d), e), f) November 2013. Top panels showing a period of high MOW presence (fractions), low 

panels show a period of low MOW presence (fractions). Months/years deduced from MOW-PC3 (Table 

2.5). Black ellipses/circles pinpoint areas of deep mesoscale activity, MOW-EOF3, influencing and 

imprinting on MOW spatial variability. Any white marine areas over 50 °N signify that MOW properties 

are out of properties ranges, as defined in Table 2.1, i.e., much warmer and saltier. Letter annotations as 

in Fig. 2.10. 
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Fig. 2.14 MOW spatial distribution (fractions) at 800, 1000 and 1200 m depth during a), b), c) January 

2003 and d), e), f) October 2002. Top panels showing a period of high MOW presence (fractions), low 

panels show a period of low MOW presence (fractions). Months/years deduced from MOW-PC4 (Table 

2.5). Black ellipses/circles pinpoint areas of deep mesoscale activity, MOW-EOF4, influencing and 

imprinting on MOW spatial variability. Any white marine areas over 50 °N signify that MOW properties 

are out of properties ranges, as defined in Table 2.1, i.e., much warmer and saltier. Letter annotations as 

in Fig. 2.10. 
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Fig. 2.15 MOW spatial distribution (fractions) at 800, 1000 and 1200 m depth during a), b), c) October 

2012 and d), e), f) July 2012. Top panels showing a period of high MOW presence (fractions), low panels 

show a period of low MOW presence (fractions). Months/years deduced from MOW-PC5 (Table 2.5). Black 

ellipses/circles pinpoint areas of deep mesoscale activity, MOW-EOF5, influencing and imprinting on MOW 

spatial variability. Any white marine areas over 50 °N signify that MOW properties are out of properties 

ranges, as defined in Table 2.1, i.e., much warmer and saltier. Letter annotations as in Fig. 2.10. 
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d) e) f) 



2. Impact of large-scale North Atlantic atmospheric and oceanic patterns on intermediate water 
masses presence in the Rockall Trough  62 

 

 

Fig. 2.16 MOW spatial distribution (fractions) at 800, 1000 and 1200 m depth during a), b), c) December 

2014 and d), e), f) September 2014. Top panels showing a period of high MOW presence (fractions), low 

panels show a period of low MOW presence (fractions). Months/years deduced from MOW-PC6 (Table 

2.5). Black ellipses/circles pinpoint areas of deep mesoscale activity, MOW-EOF6, influencing and 

imprinting on MOW spatial variability. Any white marine areas over 50 °N signify that MOW properties 

are out of properties ranges, as defined in Table 2.1, i.e., much warmer and saltier. Letter annotations as 

in Fig. 2.10. 

The spatial distribution of MOW (fractions (%)) (Fig. 2.11-2.16) at 800, 1000 and 1200 

m during opposing temporal variability (high/low, Table 2.5) clearly shows that the 

majority of the strongest and localised spatial variability is concentrated along the 

Porcupine slopes and the central RT (Fig. 2.8). This is indicative of the influence of the 

slope current at depth. The most unexpected and striking results emerge from the MOW 

spatial distribution (fractions (%)) (Fig. 2.11), based on MOW-EOF1/PC1. MOW-EOF1 

(Fig. 2.7a) accounts for 51 % of MOW variance. MOW-EOF1 shows that the area most 

influenced by the first mode of variability is the area at the southern entrance of the trough, 

enclosed between ~15-20 °W and ~50-54.5 °N. During periods of expected high MOW 

presence (Fig. 2.11a, b, c), MOW fractions spatial distributions show strong meandering 

of the slope current at 800, 1000 and 1200 m depth, directed westward away from the 

Porcupine slopes. Between ~51 and ~54 °N, MOW fractions are smaller than in the central 

and northern RT areas. This reduction and ‘loss’ of MOW suggests that the Porcupine 

slope along ~51-54 °N could be an area of active interior (sub)mesoscale activity, i.e., 

both mesoscale (>50 km) and submesoscale (up to 50 km) dimensions. Hence, by eddy 

a) b) c) 

d) e) f) 
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generation, MOW could be re-distributed westward or northward/north-eastward from the 

pinch-off location. The central RT is another area depicted as an area of persistent and 

pronounced variability. The MOW presence, as depicted by fractions, is evident at all 

three depths, 800, 1000 and 1200 m, and stretching all the way northward to 60 °N, which 

is the northward latitude limit of the water masses analysis. The above is observed in all 

MOW fractions spatial distributions (Fig. 2.11-2.16). If (sub)mesoscale processes are the 

mechanism generating the highest MOW spatial and temporal variability, then the total 

variability, if added to the variability of EOF 2-6, would account for ~84 % of the overall 

EOF deduced variability. This would have bigger implications for water properties within 

the northern RT, and further northward into higher latitudes. The RT shallows toward its 

northward exit/entry, which implies enhanced mixing processes (e.g., wind, tides), and 

mixing processes to be taking a more prominent role. Hence, the proportion of MOW 

reaching the northern RT would be influencing the water column properties, where higher 

proportion of MOW could boost salinity and temperature values. The proportion of MOW 

reaching the RT would be dependent on the strength and variability of the slope current, 

and the amount of MOW produced in the Mediterranean basin. The volume of MOW 

produced would be influenced by the severity of convection events, which in turn will be 

influenced by regional atmospheric/meteorological conditions. The quantity of MOW 

reaching the RT, and its northward propagation within the trough, will be further 

dependent on the eddy shedding from the slope current. It is thus probable that the 

presence of MOW in the RT, i.e., warm and salty subtropical water, is governed by several 

interlinked processes, local and remote. However, local interior (sub)mesoscale processes 

occurring in the southern and central RT appear to be the determinant process of MOW 

spatial and temporal variability in the region.  

2.6. Conclusions 

SAIW, MOW and LSW water masses fractions in the RT were derived by employing and 

adapting the mixing triangle method (Mamayev, 1975). The derived water masses 

fractions were subjected to EOF analysis in order to pinpoint spatial and temporal patterns, 

and to address those with respect to large-scale atmospheric and oceanic processes and 

dynamics, as captured by NAO, EA pattern and NASPG PC2 indices. Non-parametric 

bootstrap method was employed during analysis to compensate for the limited data 

availability. It was found that detecting large-scale subpolar NA oceanic and atmospheric 

signals in the RT is not as straightforward, as presented by other studies, undertaken in 

the northern and north-eastern areas of the NA basin.  

The interplay between atmospheric modes of variability exerts a strong impact on climate 

at different spatial and temporal scales, therefore, the impacts of the various atmospheric 

modes should be investigated in conjunction, as proposed by Comas-Bru and Hernández 

(2018). Hence, individual atmospheric patterns could be combined in order to investigate 

regime-regime influences, which is likely to present a better description of changes within 

the RT marine system, and particularly shed light on timescales of impact. Here, the 

opinion of Häkkinen et al. (2011) that the determination of RT source waters is indeed 

complicated by the fact that water masses undergo significant long-term changes in both 
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temperature and salinity thought atmosphere-ocean interactions in winter and lateral 

mixing with prolonged circulation, is reinforced.  

In relation to the investigations presented here, it is proposed that water masses presence 

within the RT is most likely to be substantially influenced by locally induced 

(sub)mesoscale processes and consequential mixing. This was supported by the 

explorations of the additional water masses EOF/PC modes of variability. Individual 

EOFs are statistical constructs, which do not (necessarily) represent a physically 

independent phenomenon linked to a variable in a robust manner (Comas-Bru and 

Hernández, 2018). Obtaining a better, if not full, characterisation of regional dynamics 

requires multiple EOFs to be taken into consideration (Roundy, 2015; Comas-Bru and 

Hernández, 2018). The extension of EOF analysis beyond the first and second EOF/PC 

modes of variability is also a recommendation from this study.  

As ‘new’ water parcels/masses are introduced into the region, characteristics of water 

masses, present and new, are continually modified. Mixing by internal waves (tidally 

induces and generate along water masses boundaries) cannot be dismissed and it is put 

forward as a possible factor. Strength of convection events within Labrador and 

Mediterranean seas, as well as volume transport and pulse export rates, are suggested as 

another major candidates for influencing water masses presence in the RT.  

The impact of local atmosphere-ocean fluxes on ventilation and modifications of water 

masses, formation of water masses (e.g., SPMW) and interior pathways should not be 

dismissed when analysing thermohaline structure and changes within the eastern NASPG 

region and the RT region. The non-unidirectional interpretations of analysis shows that 

atmospheric patterns regimes, NA atmosphere-ocean coupling, subpolar NA mid-depth 

circulation and overall subpolar-subtropical gyres dynamics are more complex than 

sometimes assumed in the literature, and it may not be possible to present NASPG 

dynamics as the controlling mechanism for observed changes in its eastern NA boundary 

by the means of only one metric, such as the subpolar gyre index.  

This study highlights the importance of understanding local processes within the larger 

scale atmospheric and oceanic settings. Given current climate change, an important 

question that forms is how and to what extent hydrographic changes in the southern and 

central RT will impact the hydrology in the northern RT, consequently the Nordic Seas 

and thermohaline circulation source areas. As noted in other studies (e.g., Pollard at al., 

2004; Hátún et al., 2005; Holliday et al., 2008), changes in the circulation in the north-

eastern NA occur due to changes in temperature and salinity over time, highlighting the 

importance of investigations of water masses changes. Further, such changes in water 

masses (properties and volumes) could have a substantial impact on the large, 

economically important mackerel and blue whiting fish stocks that spawn in the Rockall 

area, before migrating northward into the Nordic Seas (Larsen et al., 2012). As various 

water masses undergo changes, so will the nutrients and carbon budgets, as the water 

masses get (re)distributed by currents and (sub)mesoscale eddies. Thus, volumes, 



2. Impact of large-scale North Atlantic atmospheric and oceanic patterns on intermediate water 
masses presence in the Rockall Trough  65 

frequency and shift of water masses passing through the trough should be addressed in 

future studies, in order to derive budgets and quantitative export rates and fluxes.  

Long-term datasets, with high spatial and temporal resolutions, are required for the better 

understating of the region’s role in the large-scale eastern NA physical oceanography 

dynamics. Reliable continued in-situ observations will further power integral numerical 

modelling component when tackling study questions on both local and large ocean scales. 
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Chapter 3 

3. A persistent deep anticyclonic vortex in the Rockall Trough 

sustained by anticyclonic vortices shed from the slope current 

Chapter 3 is the product of collaboration with Jonathan Gula (LOPS, IUEM), Mathieu Le 

Corre (LOPS, IUEM), Loïc Houpert (NOC) and Yves Reecht (IMR). Investigations were 

further refined and expanded in the article “A persistent deep anticyclonic vortex in the 

Rockall Trough sustained by anticyclonic vortices shed from the slope current and 

wintertime convection”, published in Journal of Geophysical Research: Ocean. Chapter 

3, the above mentioned article, and the thesis, would not have been written without the 

input of knowledge, expertise and encouragement from all of the authors. Apart from 

model outputs/data generations, I was largely involved in all components of the 

investigations: defining the research problem, methodology, performing analysis, 

visualisation, interpretations, writing. 

The investigations in chapter 3 follow the outcome of analyses in chapter 2, where local 

(sub)mesoscale processes emerged as prominent in shaping the spatial variability and 

intrusions of intermediate water masses, notably Mediterranean Overflow Water (MOW). 

3.1. Introduction 

The global ocean is populated by eddies with radii at the mesoscale (Chelton et al., 2007) 

and the submesoscale (McWilliams, 1985). Mesoscale eddies are usually defined by a 

radius larger or equal to the first Rossby deformation radius, which has an inverse 

relationship with latitude and varies between 40 km at mid-latitudes to about 10 km at 60 

°N (Chelton et al., 1988). (Sub)mesoscale eddies are three dimensional oceanic structures, 

which can be found at various depths within the water column (e.g., Ebbesmeyer et al., 

1986; Bosse et al., 2016). They are a common phenomenon in the deep parts of the ocean 

(Petersen et al., 2013), their role in deep and intermediate water masses dynamics 

becoming prominent (Bosse et al., 2016). Depending on the depth of their intensification, 

they can be categorised as surface-intensified or subsurface-intensified (Assassi et al., 

2016), and based on their rotation, categorised as cyclonic (counter-clockwise spin) or 

anticyclonic (clockwise spin). Vortices generating mechanisms range from large-scale 

currents instabilities to small-scale turbulence or deep convection events (e.g. Carton, 

2001; McWilliams, 1985). The eddy dynamics is profoundly nonlinear and drives energy 

fluxes between scales. Eddies can extract or provide momentum and energy to the large 

scale mean currents, as such, modifying the overall large-scale ocean circulation (e.g., 

Lozier, 1997; Morrow et al., 2004; Le Corre et al., 2020).  

The importance of mesoscale eddies on the large-scale circulation, (e.g., Chelton et al., 

2007; Zhao et al., 2018a, 2018b), as well as their significant role in the formation and 

redistribution of large-scale oceanic waters thermohaline properties and tracers (e.g., 

Treguier et al., 2012; Bashmachnikov et al., 2018; Testor et al., 2018) is well established. 

Chelton et al. (2007) estimate eddies’ contribution to the world’s ocean circulation 
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variability to be in the order of 50 %. The impact of eddies on intermediate and deep water 

masses pathways has been found to be important in both zonal and meridional circulation 

patterns (Demirov and Pinardi, 2007). Studies by Zhao et al. (2018a) and Houpert et al. 

(2018) in the subpolar northeast North Atlantic (NA) present evidence that presence or 

absence of eddies significantly impacts meridional component of velocities and 

consequently the total poleward heat transport variability on sub-seasonal to inter-annual 

timescales. Water masses trapped within eddies’ cores can retain their thermohaline 

properties while being transported unobtrusively away from their place of origin (e.g., 

Flierl, 1981; Zhang et al., 2014). Investigations of vortices, propagating or topographically 

trapped, are therefore of importance, as they form a fundamental part of the large-scale 

and regional circulation regimes and consequent heat, salt, nutrients transports and 

budgets studies. In this study, we investigate a subsurface anticyclone in the Rockall 

Trough (RT) and showcase that locally generated submesoscale eddies hold the potential 

to impact the large-scale dynamics of the northeast NA.  

The presence of relatively pronounced upper ocean mesoscale eddy activity in the 

subpolar northeast NA, particularly the RT region, has been brought to attention by earlier 

satellite-based studies (e.g., Heywood et al., 1994; White and Heywood, 1995; Volkov, 

2005). The RT basin (Fig. 3.1), part of the Irish and British continental margins, is a long 

bathymetric depression, elongating in a northeast direction from the Porcupine Abyssal 

Plain in the south to the Anton Dohrn seamount in the north. The basin consists of 

numerous deep sub-basins, segregated by basement ridges (Naylor et al., 1999), shaping 

a complex regional bottom topography, characterised by high terrain heterogeneity, as 

captured by the seafloor ruggedness (Fig. 3.1a) along the steep north-eastern RT slopes. 

The complexity of the region’s mesoscale field is further impacted by currents and 

hydrography settings (Fig. 3.1b). The strong surface-intensified mesoscale activity, as 

revealed by satellite studies (e.g., Heywood et al., 1994; White and Heywood, 1995; 

Volkov, 2005) is thought to be influenced by northward flowing (sub)branches of the 

North Atlantic Current (NAC) (Xu et al., 2015). Additional impact on the region’s 

mesoscale field and oceanographic settings is posed by the presence, strength and 

seasonality of the poleward flowing, topography steered, deep core continental slope 

current (Marsh et al., 2017; Graham et al., 2018). Furthermore, the RT southern entrance 

is in close proximity to the NA subtropical and subpolar gyres boundaries, making the 

region a key area of interplay between water masses of both subtropical (Eastern North 

Atlantic Central Water (ENACW), Mediterranean Overflow Water (MOW)) and subpolar 

(Subarctic Intermediate Water (SAIW), Labrador Sea Water (LSW)) origins.  
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Fig. 3.1 a) Study area bathymetry map (500 m level step), showing complexity of regional bottom 

topography, as captured by the terrain ruggedness index (TRI), i.e. gradient change (m per 

°longitude/latitude). TRI was calculated, following Riley et al. (1999), where TRI = sqrt [(∂z/∂x)² + 

(∂z/∂y)²], ∂z/∂y change of gradient in the east direction, ∂z/∂y change of gradient in the north direction. In 

b) survey transect line stations (white circles) and main water masses and currents: Subarctic Intermediate 

Water (SAIW) and Labrador Sea Water (LSW) subpolar waters enter the Rockall Trough (RT) from the 

west, whereas East North Atlantic Water (ENACW) and Mediterranean Overflow Water (MOW) subtropical 

waters flow into the channel from the south. Currents pathways in the area are represented by coloured 

arrows, where yellow to green pathways show pathways of North Atlantic current (NAC) (sub)branches. 

Orange and dark blue arrows represent the slope current (SC) and Wyville-Thomson Overflow Water 

(WTOW) pathways, respectively. Black clockwise arrows locate the surface expression of the central RT at 

depth, currents pathways after Holliday et al. (2015). Bathymetry data source, USA National Geophysical 

Data Centre: http://www.ngdc.noaa.gov/mgg/global/relief/ETOPO2/ETOPO2v2-2006/ETOPO2v2g/. 

The regional topographic and hydrographic settings are therefore preconditioning the 

manifestation of the high eddy kinetic energy (EKE), in the order of 100 cm² s⁻², detected 

in the RT (Heywood et al., 1994). Similar magnitudes of EKE are observed in the trough’s 

southern and northern sections, with a yearly mean EKE over 65 cm² s⁻² in the southern 

trough (Ullgren and White, 2012) and a mean EKE of 66 cm² s⁻² in the northern RT 

(Sherwin et al., 2015).  

Evidence for the RT mesoscale field is also found in observation-based studies, dating 

back to the 1980s. Ellett et al. (1983) identified a cyclonic eddy, located at approximately 

59 °N, with a diameter of 100 km, internal velocities reaching 0.10 m s⁻¹, extending down 

to 1000 m depth (Sherwin et al., 2015). Booth (1988) identified a large anticyclone within 

the 54 °N, 15 °W area, with a radius of approximately 60 km and velocity with an upper 

limits of 0.80 m s⁻¹, and two additional anticyclones with orbital velocity of up to 0.35 m 

s⁻¹. Booth (1988) attributed their generation to instabilities of the slope current in the 

vicinity of the trough’s south-eastern banks and seamounts nearby. It has been suggested 

that anticyclones, found within the larger southern RT approach, could have been 

decaying meddies, shed from the northward propagating, MOW-rich slope current 

(Shoosmith et al., 2005).  

At depth, the intense mesoscale activity in the RT is captured by eddy available potential 

energy (EAPE) estimates. The EAPE measures the energy stored in vertical isopycnal 

displacements (Lorenz, 1995; Roullet et al., 2014) and is a good proxy of the interior 

a) b) 

http://www.ngdc.noaa.gov/mgg/global/relief/ETOPO2/ETOPO2v2-2006/ETOPO2v2g/


3. A persistent deep anticyclonic vortex in the Rockall Trough sustained by anticyclonic vortices 

shed from the slope current  69 
 

mesoscale variability. A deep subsurface maximum of EAPE of approximately 0.1 m² s⁻² 

is visible at 1000 m depth in the central RT from the Argo-based atlas of Roullet et al. 

(2014), their Fig. 2d. The same hotspot of EAPE is more clearly visible in Vic et al. (2018), 

their Fig. 2b, using an updated version of the database of Roullet et al. (2014). Interestingly 

this EAPE maximum is not reproduced by their numerical model (which uses a dx ≈ 6 km 

resolution). Another recent study by Fischer et al. (2018), utilising Argo data to derive the 

mean circulation and EKE distribution at the LSW level, between 1000 and 1500 m depth, 

also provides support for an intense deep mesoscale activity in the RT (their Fig. 3b).  

The focus of the present study is on a quasi-permanent, intermediate water depth 

anticyclone in the Rockall Trough (RT anticyclone hereafter), its vertical structure, and 

generation mechanism. The deep anticyclone in question is centred, on average, at 55.1 

°N, 12.6 °W, i.e., the central RT.  

Within the central RT, an intensified anticyclone is noted in a tentative schematic of the 

upper layer circulation in the Rockall Channel in Ellett et al. (1986) (Fig. 4 in their study). 

Ellett et al. (1986) based the presence of this anticyclonic motion in the central part of the 

trough on observational studies by Tulloch and Tait (1959) and Hill (1971). Additionally, 

Ellett et al. (1986) based their annotation of the elongated anticyclonic loop in the central 

RT on a near-surface circulation study by Booth and Meldrum (1987), using the 

trajectories of drifting drogues confined in the upper 166 m. Almost four decades after the 

schematics of the surface anticyclonic circulation in the central RT, presented by Ellett et 

al. (1986), Xu et al. (2015) confirmed the presence of a surface anticyclone centred at 55 

°N, 12 °W from altimetry data. Xu et al. (2015) identified the anticyclone as a semi-

permanent feature in the central trough and attributed the generation of the altimetry-

defined anticyclone to instabilities of one of the four NAC (sub)branches flowing into the 

trough (Fig. 5, Xu et al., 2015). The presence of the anticyclone at 55 °N, 12 °W, central 

RT, at depth, has been noted, but not investigated, in an earlier regional north-eastern NA 

modelling-based study by New et al. (2001), where three models are used to explore the 

origin and pathways of saline inflow through the RT and into the Nordic Seas. As noted 

earlier, a mean anticyclonic circulation between 1000 and 1500 m depth is also visible at 

the same location in the Argo-based climatology of Fischer et al. (2018). 

Our inspection of annual ship-board in-situ Conductivity-Temperature-Depth (CTD) data, 

collected over the 2006-2013 wintertime period along a 54-56 °N transect line (Fig. 3.1b) 

within the southern RT, revealed the presence of an intermediate water depth vortex, 

positioned at ≈ 55.1 °N, 12.6 °W  in January 2007 and January 2011. The deep anticyclone 

is also manifested in the January 2012 temperature and salinity anomalies vertical 

distributions (Fig. B.1, appendix B), however only partially, as the 2012 survey did not 

achieve full transect sampling. The collocation of the intermediate water depth 

anticyclonic vortices detected in the transect ship-board data and the semi-permanent 

surface anticyclone described in Xu et al. (2015) satellite-based study prompted curiosity 

for investigations as to whether the surface anticyclone is a manifestation of the 

intermediate water depth anticyclone. 
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The study is organized as follows: The observational data, model setup, and methods are 

presented in section 3.2. In section 3.3, we use the 2007 and 2011 CTD data to describe 

the vertical structure of the subsurface-intensified anticyclone and confirm its relation 

with the surface anticyclone observed using satellite altimetry data. In section 3.4, we 

discuss the impact of the anticyclone for modifications of water masses. In section 3.5, we 

use a high-resolution numerical model to investigate the origin of the anticyclone. 

Discussion and conclusions are presented in section 3.6. 

3.2. Datasets and methods 

3.2.1. Observational data 

3.2.1.1. Ship-board data 

In-situ CTD data used here have been collected during multidisciplinary surveys, 

undertaken by Marine Institute, Ireland. Surveys were conducted in January-February 

between 2006 and 2013 along a transect line spanning approximately 54-56 °N (Fig. 3.1b). 

Individual survey periods are as follows: 2006 (26 January to 2 February), 2007 (24 

January to 2 February), 2008 (no survey), 2009 (5 February to 15 February), 2010 (5 

February to 17 February), 2011 (3 January to 12 January), 2012 (3 January to 12 January, 

partial transect survey) and 2013 (5 January to 20 January, partial transect survey). Data 

were acquired using a Sea-Bird 9/11 plus Conductivity-Temperature-Depth (CTD) probe, 

with sampling rate of 24 Hertz, temperature and conductivity accuracies of ± 0.001°C and 

±0.0003 S m⁻¹, respectively. Independent temperature and salinity calibrations have been 

performed on discrete water samples using Sea-Bird SBE-35 digital thermometer and a 

Guildline Portasal salinometer (Model 8410A) respectively (McGrath et al., 2012). 

Preliminary processing has been performed with Seabird SBE data processing software. 

Prior to analysis, all downcast data have been averaged to 1 metre bins, compiled into a 

three dimensional data array format: pressure/depth, station (latitude/longitude), and time 

(year), i.e., [min:max pressure] x [number of stations] x [number of years]. Following 

Marnela et al. (2016), we further processed the downcast data as follows, a linear 

interpolation at 1 m interval was performed to eliminate gaps in the vertical, upper cast 

missing values were extrapolated to the surface using uppermost cast observation as a 

constant value; no instabilities were removed or smoothed. In-situ ship-board salinity and 

temperature measurements here we converted to absolute salinity (AS) and conservative 

temperature (CT), from which we then derived potential density, Brunt-Väisälä buoyancy 

frequency (N), potential vorticity (PV) and geostrophic velocities (GV), available heat and 

salt content anomalies, which were collectively used to characterize the anticyclone 

vertical structure and for validation of the model output data used in our investigations.  

3.2.1.2. Satellite altimetry 

The delayed mode sea surface height (SSH) and absolute dynamic topography (ADT) data 

are produced by SSALTO/DUACS (Data Unification and Altimeter Combination 

System), processed and distributed by the Copernicus Marine and Environment 

Monitoring Service (CMEMS) (formerly by AVISO+ (Archiving, Validation and 
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Interpretation of Satellite Oceanographic)). ADT data coinciding with the ship survey 

period were used for surface eddy detection and tracking. This task was undertaken for 

inspecting the model performance in the region of interest. ADT maps, opposed to sea 

level anomaly (SLA), were further utilised for the application of a simple eddy detection 

algorithm. Similarly to Halo et al. (2014a, 2014b) and Laxenaire et al. (2018), we chose 

to use ADT maps, rather than SLA maps, as objectively mapped ADT is representative of 

the sum of SLA and mean dynamic topography maps, both referenced to over 20 year 

time period in the Ssalto/Duacs 2014 dynamic topography product (Pujol et al., 2016; 

Laxenaire et al., 2018). SSH and ADT data are freely obtainable from 

https://marine.copernicus.eu/. 

3.2.2. Model output data 

To overcome the spatial and temporal paucity of ship-board in-situ data in the region, and 

to establish the generation mechanism at play, we employ the Regional Oceanic Modeling 

System (ROMS) (Shchepetkin and McWilliams, 2005) in its Coastal and Regional Ocean 

COmmunity (CROCO) variation. CROCO is built and suitable for both basin-scale (O (10 

km)) and nearshore (O (10 m)) processes modelling (Penven et al., 2006; Marchesiello et 

al., 2015). It is a free-surface, terrain-following coordinate model, which solves the 

hydrostatic primitive equations for the velocity, potential temperature, and salinity with a 

seawater equation of state (Shchepetkin and McWilliams, 2005).  

3.2.2.1. Model setup  

A one way nesting approach is used, where two successive horizontal parent and child 

grids are defined, with respective resolutions of dx ≈ 6 km and dx ≈ 2 km. All domain 

bathymetry is based on Sandwell and Smith (1997) 1-minute resolution dataset, and 

derived from SRTM30 Plus (http://topex.ucsd.edu/WWW_htms/srtm30_plus.html), 

further incorporating higher resolution where available. A Gaussian smoothing kernel, 

four times the topographic grid spacing, is used to avoid aliasing and achieve topographic 

smoothness at the grid scale. To avoid possible artefact pressure gradient errors in shallow 

regions with steep topography, local bottom topography smoothing is applied where 

steepness of topography exceeds a factor r = 0.2. Simple Ocean Data Assimilation 

(SODA) climatological state (Carton and Giese, 2008) on 1st of January 1999 is used to 

initialise the largest domain. The spin-up period is 2 years, using monthly averaged lateral 

SODA boundary conditions dataset. Daily ERA-INTERIM fields provide the surface 

forcing for the parent grid, 12 hrs ERA-INTERIM fields are used for the child grid. The 

parent grid has 1152 x 1059 points, spanning from 0.48 °N to 73.28 °N, and 21.78 °E to 

133.78 °N, with 6-7 km resolution, as in Renault et al. (2016). This domain is subjected 

to a 3-year spin-up, then daily fields are extracted during 8 years to create boundary 

conditions for the nest. The nested grid has 2000 x 1600 points, extending from 35.9 °N 

to 69.9 °N and 11.2 °E to 72.2 °W, with a 2 km horizontal resolution. This grid resolves 

mesoscale eddies in all of the area and allows for the larger submesoscale eddies in some 

parts of the area. The Atlantic and subpolar gyre nests have 50 and 80 vertical levels 

respectively. Vertical levels at the surface and the bottom are stretched in order to provide 

http://topex.ucsd.edu/WWW_htms/srtm30_plus.html
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a good representation of the top surface layer and flow-bottom topography interactions. 

Transition depth between z levels and sigma levels is 300 m. The vertical mixing of 

momentum and tracers is parameterized with a k-ϵ model, where k, turbulent kinetic 

energy and ϵ, rate of dissipation (GLS (generic length scale), Umlauf and Burchard, 2003). 

Bottom friction effect is parameterized through logarithmic law of wall with roughness 

length of 0.01 m.  

3.2.2.2. Model validations 

Evaluation of the model-derived oceanic surface fields was performed by visual 

inspections and comparisons of daily satellite-derived SSH and ADT products with 

model-derived SSH outputs for the 2001-2009 time period. Validations of model-derived 

interior fields were based on in-situ-derived temperature and salinity anomalies variations 

in the vertical, as well as geostrophic velocity field, during January 2007. Comparisons of 

mean velocity and EKE at the surface and at 1000 m are presented in Le Corre et al. (2020) 

and comparisons of EAPE at 1000 m and a qualitative comparison of vertical sections of 

velocity and stratification are presented in Le Corre et al. (2019). Further model 

validations are presented in Smilenova et al. (2020). 

3.2.3. Methods 

3.2.3.1. Subsurface anticyclone identification in in-situ data 

Subsurface-intensified anticyclones imprint the hydrographic field by isopycnal 

displacements, with doming of upper isopycnals and downward curving of lower layers 

isopycnals (McWilliams, 1985; Assasi et al., 2016; Barceló-Llull et al., 2017). Subsurface 

anticyclones are further characterised by low potential vorticity (PV) with respect to their 

ambient surroundings. Low PV is a primary factor for the sustainment of the vortices’ 

coherence and longevity (McWilliams, 1985; D’Asaro, 1988; Molemaker et al., 2015; 

Gula et al., 2019). Hence, subsurface submesoscale anticyclones can be identified in 

hydrographic data by looking for anticyclonic-rotating subsurface features, occurring 

within displaced isopycnals, exhibiting high salinity, high temperature and low PV 

anomalies. We make use of the anomalies in order to define, with proximity, the 

anticyclone’s core region. The position of an anticyclonic vortex centre is taken to be 

where the most extreme negative PV anomaly is observed (Morel and McWilliams, 1997). 

By visually inspecting absolute salinity (AS), conservative temperature (CT), potential 

density, and PV anomalies, we pinpoint and define the core’s centre to be where the 

highest or lowest values of all properties anomalies overlap. The anticyclone’s radius is 

then defined as the distance from the allocated core’s centre to the point where salinity 

and temperature anomalies drop to 0.025 g kg⁻¹, 0.25 °C respectively, and density and PV 

anomalies climb up to 0.025 kg m⁻³ and down to -0.2 x 10⁻¹⁰ m⁻¹ s⁻¹ respective values. 

The polarity and vorticity amplitude of the eddy are characterized using geostrophic 

velocity CTD-derived estimations (Fig. 3.4c, d). Property anomalies of AS (g kg⁻¹), CT 

(°C), potential density (σθ) (kg m⁻³) and PV (m⁻¹ s⁻¹), were calculated relative to respective 

data points mean values for the overall period of ship-board data availability (2006-2013). 
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Potential density (σθ) (kg m⁻³) was calculated referenced to a pressure of 0 dbar. PV 

anomalies calculations were based on the stretching term of Ertel PV (Q), calculations’ 

methodology outlined in section 3.2.3.3.  

3.2.3.2. Vortices detection algorithm and surface imprint of the deep anticyclone 

To represent the overall eddy field and to identify the anticyclone during the study period 

in the ADT altimetry maps, we combined the Okubo-Weiss (OW) parameter (after Okubo 

(1970) and Weiss (1991)) in conjunction with the relative vorticity (ζ) sign. The OW 

parameter is widely used as an eddy detection method and is applicable to defining 

vortices in both model output and altimetry datasets (e.g., Isern-Fontanet et al., 2006; 

Chelton et al., 2011; Gula et al., 2016a). The OW parameter is taken as a quantification of 

strain versus vorticity and equal to:  

 sn
2 + ss

2 - ζ 2             (3.1) 

, where sn is the normal strain component, ss the shear strain component and ζ the relative 

vorticity of the two-dimensional field (u, v the zonal and meridional components), with  

sn = ∂u/∂x - ∂v/∂y           (3.2) 

 ss = ∂v/∂x + ∂u/∂y            (3.3) 

and   

ζ = ∂v/∂x - ∂u/∂y           (3.4) 

(Isern-Fontanet et al., 2006; Petersen et al., 2013; Gula et al., 2016a; Vortmeyer-Kley et 

al., 2016).  

Within eddy cores, vorticity manifests itself as a local maximum, outweighing the strain 

component, underlining eddy cores by characteristic negative OW parameter (Vortmeyer-

Kley et al., 2016). Usually, a vortex is defined as a region were the OW values are smaller 

than a threshold value, taken to be -0.2 x σ(OW), σ(OW) being the OW spatial standard 

deviation (Isern-Fontanet et al., 2006; Chang and Oey, 2014). However, as OW parameter 

values vary substantially between different oceanic regions, eddy identification is very 

sensitive to the chosen threshold value (Petersen et al., 2013). Furthermore, Chelton et al. 

(2007) and Souza et al. (2011) note that smaller threshold/cut-off values would result in 

large number of eddies detected in regions with small ADT variance, whereas eddies 

detected in regions with high ADT variance would be reduced. We performed tests with 

various threshold values for σ(OW). As a single cut-off value was not found suitable for 

outlining smaller and larger amplitude vortices simultaneously, we followed Halo et al. 

(2014a, 2014b) and imposed OW < 0 criterion, thus allowing to define vortices of various 

sizes. No specific ADT threshold value was applied for determining eddies boundaries, as 

we aimed to capture not only circular, but also multipoles/elongated ADT closed loops, 

in order to visualise possible splitting or merger events. The OW algorithm used here thus 

aids with the detection of both large-scale and small-scale surface-intensified anticyclonic 

vortices, generated along the Porcupine Bank (PB) slope between 51 °N and 54 °N. 
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To corroborate the anticyclone’s imprint on the surface and to quantify its effect on 

satellite-based surface elevation, we applied Bashmachnikov and Carton (2012) approach 

and formula for detection of meddy’s imprint on the sea surface. Bashmachnikov and 

Carton (2012) formula, representing the effect of a meddy at depth on the sea surface 

elevation (SSE), is as follows: 

SSE = (f² x R² x ∆H)/(4 x g x H)         (3.5) 

, where f, Coriolis parameter (s⁻¹), dependent on latitude, R, meddy radius (m), ∆H, 

isopycnal displacement (m), g, acceleration due to gravity, (m s-2), and H, depth of meddy 

(m).  

3.2.3.3. Ertel potential vorticity and geostrophic velocity from ship-board in-situ data 

To calculate Ertel PV from observations, we follow Zhao et al. (2018b) approach. When 

neglecting vertical velocity, the standard Ertel PV becomes: 

Ertel PV = [
(𝑓+ζ)N2

g
+  

1

σ0
 × (

∂v

∂z

∂σθ

∂x
 − 

∂u

∂z
 
∂σθ

∂y
)]       (3.6) 

Assuming dominant northward/southward currents and predominant zonal density 

gradient along the transect line:  1) the relative vorticity, ζ can be approximated by ∂v/∂x; 

2) ∂u/∂z x ∂ρθ/∂y << ∂v/∂z x ∂ρθ/∂x. Thus, Ertel PV can be expressed as:  

Ertel PV = [ 
(𝑓+∂v/∂x)N2

g
 +   

1

σ0
 × (

∂v

∂z
 
∂σθ

∂x
)]        (3.7) 

The first term in equation 3.7 represents the stretching vorticity, the last term denotes the 

horizontal vorticity component and buoyancy gradient product, and as shown in Zhao et 

al. (2018b), the stretching PV term is the dominant term, approximated by  

(f x N²)/g.            (3.8) 

This simplified stretching PV term (equation 3.8) will be used to characterize PV 

anomalies. Terms in equation 3.8 are as follows: Brunt-Väisälä buoyancy frequency 

squared, N² (s⁻²), f and g previously defined. N² was calculated as:  

N² = [-(g/σ0) x (∂σθ/∂z)]          (3.9) 

, with σθ the potential density (kg m⁻³), referenced to pressure of 0 dbar. To suppress and 

filter out small scales and high-frequency motions, such as internal waves, a running mean 

with a window of 50 dbar was applied following de Jong et al. (2012).  

Following Marnela et al. (2016), geostrophic velocities (GV) (m s⁻¹) between stations 

pairs are calculated from the CTD dynamic height data. The derived velocity profiles are 

calculated relative to a constant value/plane, where velocity is taken to be zero, and 

considered to be a level of no motion (LNM). The LNM can be defined as the bottom 

topography boundary, the deepest common level between stations or boundary planes 

between water masses, or could be determined from acoustic doppler current profiler 

(ADCP) data. Water masses boundaries in the region are not uniformly distributed in the 
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vertical, along the transect, and there are no ADCP data gathered. Fomin (1964) notes that 

between adjacent stations there may be several layers with constant relative pressure 

differences, and also, there could be no layer with constant pressure difference. Thus, 

LNM here was taken to be the deepest common pressure between two consecutive 

stations. Where stations have not been sampled in a given year, consecutive CTD casts 

were used for calculations. LNM in this study was thus defined to be the maximum 

pressure point of the shallower CTD cast/station in any given pair of casts/stations. 

Without knowledge of the velocity at LNM, this method only provides the geostrophic 

velocity relative to the LNM (equation 3.10). In this work, we use the relative GV from 

CTD data to provide an in situ estimation of the rotational direction of the anticyclonic 

vortex to complement altimetry-based estimates. 

GV × 𝑓 =  −
1

σ0
 
∂σθ

∂x
         (3.10)        

, where GV, f and σθ as previously defined. 

3.3. RT anticyclone structure from ship-board in-situ and model data  

3.3.1. Signature from ship-board in-situ data 

The signature of the RT anticyclone is visible in the mean 2006-2013 CTD-derived AS (g 

kg⁻¹) and CT (°C) vertical distributions (Fig. 3.2), as captured by the downward 

displacement of the 27.4-27.7 g kg-1 isopycnals at ~55.1 °N, 12.6 °W.  

 

Fig. 3.2 Longitude-pressure in-situ-derived property mean absolute salinity (AS) (g kg⁻¹), a) and 

conservative temperature CT (°C), b) over the 2006-2013 wintertime period. Light grey dashed lines in all 

plots are representative of stations locations, i.e., vertical profiles, with deep stations numbered on top of 

all panels. Dark grey lines show potential density, referenced to 0 dbar. 

The ship-board CTD measurements collected within the southern section RT over the 

2006-2013 wintertime periods (see transect in Fig. 3.1b) show two occurrences of 

intermediate water depth vortices positioned at ≈ 55.1 °N, 12.6 °W in January 2007 and 

January 2011 (note no survey in 2008 and partial surveys in 2012 and 2013). Anomalies 

of AS, CT, potential density, σθ (kg m⁻³) and PV (m⁻¹ s⁻¹) (Fig. 3.3) are computed relative 

to respective property mean values for each profile/each depth for the period of the overall 

ship-board data availability (2006-2013). The anticyclone has a radius of 39.5 km and 

a) b) 
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reaches down to 1550 m in both years, as shown by the vertical profiles of AS, CT, σθ, 

stretching PV anomalies (Fig. 3.3) and GV (Fig. 3.4c, d). The RT subsurface anticyclonic 

vortex region is defined as per criteria outlined in section 2.3.1. In both years, the vortex 

core stretches over about 925 m in the vertical, within depth ranges of 600-1550 m and 

650-1550 m in 2007 and 2011, respectively. The upper and lower depth boundaries of the 

anticyclone’s core region are subjectively approximated to the respective depths at which 

the first instance of doming and the last instance of downward curving of isopycnals are 

observed. In both 2007 and 2011 observations, the vortex core is centred within the 27.3 

kg m⁻³ and 27.6 kg m⁻³ isopycnals.  The GV associated with the anticyclone extends from 

the surface to 1550 m depth and reaches a maximum of 0.3 m s⁻¹ around 500 m depth 

(Fig. 3.4c, d). In both years, a negative stretching PV anomaly is visible in the 

anticyclone’s core, accompanied by high stretching PV anomalies, between 0.7 x 10⁻¹⁰ 

and 1.1 x 10⁻¹⁰ m⁻¹ s⁻¹, located just below the core (Fig. 3.3g, h). Mean AS, CT and PV 

anomalies in 2007 and 2011 along the vortex core, as well as highest AS, CT and PV 

anomalies found within the anticyclone’s core are presented in Table 3.1.  

Property 

anomaly 

2007 2011 

Overall 

anticyclone’s 

anomaly 

Anomaly within 

core centre 

Overall 

anticyclone’s 

anomaly 

Anomaly 

within core 

centre 

Absolute  

salinity (AS) 

[g kg⁻¹] 

0.06  

(± 0.01) 

0.10  

(1058 m) 

0.07  

(± 0.01) 

0.10  

(907 m) 

Conservative 

temperature (CT) 

[°C] 

0.62  

(± 0.28) 

1.15 

[1067 m] 

0.83 

[± 0.26] 

1.21 

(1058 m) 

Potential  

density (σθ) 

[kg m⁻³] 

-0.04 

(± 0.03) 

-0.11 

(1091 m) 

-0.08 

(± 0.05) 

-0.16 

(1093 m) 

Potential  

Vorticity (PV) 

[m⁻¹ s⁻¹] 

-2.85 x 10⁻¹² 

(± 3.46 x 10⁻¹¹) 

-6.30 x 10⁻¹¹ 

(1010 m) 

-3.15 x 10⁻¹² 

(± 3.62 x 10⁻¹¹) 

-5.33 x 10⁻¹¹ 

(1033 m) 

Table 3.1 In-situ-derived  anomalies of absolute salinity (AS), conservative temperature (CT), potential 

density (σθ) and potential vorticity (PV) values in January 2007 and January 2011, ±1 standard deviations 

values enclosed in brackets. Presented are also maximum positive AS, CT and negative stretching (fN²/g) 

PV values, found within the anticyclone’s core regions, embedded within the 600-1550 m and 650-1550 m 

depth ranges in 2007 and 2011 respectively. 
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Fig. 3.3 Longitude-pressure in-situ-derived property anomalies of absolute salinity (AS) (g kg⁻¹) in a) 

January 2007 and b) January 2011, conservative temperature CT (°C) in c) January 2007 and d) January 

2011, potential density (σθ) (kg m⁻³) in e) January 2007 and f) January 2011, stretching (fN²/g) potential 

vorticity (PV) (m⁻¹ s⁻¹) in g) January 2007 and h) January 2011. Light grey dashed lines in all plots are 

representative of stations locations, i.e., vertical profiles, with deep stations numbered on top of all panels. 

Dark grey lines show potential density, referenced to 0 dbar.  
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AS and CT anomalies at the observed averaged 1013 ± 58 m depth fall within deep core 

MOW depth range, therefore giving observational evidence that the core waters of the 

vortex originate from the northward flowing, MOW-rich slope current. Our results are 

supported by findings in Le Corre et al. (2019) and Smilenova et al. (2020), who used 

backward Lagrangian particle tracking to identify the origin of the water masses in the RT 

anticyclone. Both studies showed that a majority of the RT anticyclone particles were 

originating from the current flowing northward along the PB slope, and Smilenova et al. 

(2020) show that MOW is the predominant water mass within the RT anticyclone. 

The anticyclone is well captured by the Ertel PV distributions in both January 2007 and 

January 2011, more evidently so in January 2007 (Fig. 3.4a, b). Ertel PV values are close 

to zero in the core’s upper region (Fig. 3a, b). In both January 2007 and January 2011, 

there is a consistent, seemingly uninterrupted band of positive Ertel PV confined within 

the 27.4-27.6 kg m⁻³ isopycnal levels, regionally corresponding to the MOW density 

range.  

       

       

Fig. 3.4 In-situ-derived Ertel potential vorticity (PV) (m⁻¹ s⁻¹) in a) January 2007 and b) January 2011 and 

geostrophic velocities (GV) (m s⁻¹) in c) January 2007 and d) January 2011. Light grey/white dashed lines 

represent stations locations, i.e., vertical profiles, with deep stations numbered on top of panels. Solid dark 

grey/white lines depict isopycnals of potential density (σθ) (kg m⁻³), referenced to 0 dbar. 

This band of positive Ertel PV is representative of the permanent pycnocline, stretching 

between ~800 m down to ~1000 m, with a very pronounced deepening down to ~1200 m, 

resulting from the presence of the RT vortex core. The slanting of the isopycnals is typical 

of anticyclones, due to the intensified anticyclonic rotation at depth, as represented in the 
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across-transect GV snapshots (Fig. 3.4c, d). The GV fields, along with the anomalies 

distributions (Fig. 3.4), show that the anticyclone’s core is horizontally amplified in 

January 2011. This could be a reflection of a preceding merging event. The pycnocline 

depth, as deduced from the Ertel PV, corresponds well with findings from Feucher at al. 

(2016) Argo-based pycnocline study, who estimate pycnocline depth in the RT to be 

ranging between ~800 m and ~1000 m depth (Fig. 7a, Feucher at al., 2016). The permanent 

pycnocline is where the local maximum stratification will be found by association, i.e., 

the interface between the MOW and LSW water masses. Due to density alterations, MOW 

water mass within the trough would be found ‘sandwiched’ between SAIW and LSW 

water masses. Therefore, it is anticipated that a setup of cold and fresh waters (SAIW), 

over warm and salty waters (MOW), over colder and fresher waters (LSW) to prompt 

modifications of water masses, which in turn will make the RT anticyclone dynamics an 

active contributor in the modifications and transformations of water masses.   

3.3.2. Surface imprint of the RT anticyclone  

The weekly composite ADT maps (Fig. 3.5), overlapping with surveys during the 2006-

2013 wintertime period, encapsulate the mesoscale field within the overall study region. 

The surface signature of an anticyclonic vortex is visible in all weekly ADT composites 

in the RT (Fig. 3.5). The RT anticyclone is identified as the largest anticyclonic (blue 

coloured) vortex in the central RT, its position coinciding with the lowest negative OW 

parameter estimates for each corresponding ADT composite periods, with lowest OW 

value of -2.37 x 10⁻⁸ s⁻² in February, 2010. The RT anticyclone does not maintain a 

stationary position, its location shifting between approximately 54-54.5 °N to 56 °N, and 

11.8 °W to 13.5 °W longitude, i.e., within 1-1.5 ° latitude/longitude of its preferential 

location at 55 °N, 12 °W. The surface signature of the anticyclone is located on the transect 

line in years 2007, 2011, and 2012. But it is positioned either northeast or southwest of 

the transect line for the other years, explaining the absence of the vortex signatures in the 

corresponding transects. The colocation of the anticyclone’s surface imprint with the 

anticyclonic vortex core at depth in years 2007, 2011, and 2012, confirms the deep nature 

of the observed central RT anticyclone. The RT anticyclone’s influence on the surface 

elevation is examined with the application of Bashmachnikov and Carton (2012) formula 

produced for the estimation of meddy’s imprint on the sea surface elevation (section 

2.3.2). The application of the formula for the RT anticyclone yields an approximate 

surface elevation of 0.26 m, due to the presence of the anticyclone at depth. This is in 

good agreement with the ADT-derived surface elevations values of approximately 0.25 m 

in both January 2007 and January 2011, as represented in the ADT composites (Fig. 3.5b, 

f). The calculated surface elevation estimate of 0.26 m is based on aggregate January 2007 

and January 2011 values, where f = 1.19 x 10⁻⁴ s⁻¹, RT anticyclone radius =  39 km, ∆H = 

500 m, g = 9.81 m s⁻², and H = 1063 m. The RT anticyclone radius, ∆H and H 

approximated values are based on ship-board in-situ data. The anticyclone’s radius, as 

well as the anticyclone’s signature in the vertical, notably property anomalies, are as 

defined in section 2.3.1. 
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Fig. 3.5 Weekly absolute dynamic topography (ADT (m)) composite maps with cyclonic (red) and 

anticyclonic (blue) vortices overlaid. Contours of cyclonic and anticyclonic vortices vary within 0.1 to 1.6 

x 10⁻⁴ s⁻¹ and -1.6 to -0.1 x 10⁻⁴ s⁻¹ positive and negative ranges of relative vorticity, ζ = ∂v/∂x - ∂u/∂y, with 

all vortices satisfying the condition Okubo-Weiss (OW) parameter < 0. Dates in each weekly ADT 

composites (a-h) represent start of week, coinciding with the 2006-2013 wintertime ship-board survey 

period. Black lines show bathymetry (500 m level step), white circles denoting survey transect line stations 

(note no survey in 2008 winter months); Letter annotations and bathymetry data source as in Fig. 3.1. 

 

a) b) 

c) d) 

e) f) 

g) h) 
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3.3.3. The RT anticyclone in the model 

The model simulation captures well the presence of the RT anticyclone and its non-

stationary nature, as depicted in the weekly composite ADT maps (Fig. 3.5). In the model, 

the RT anticyclone is at times centred approximately between 54.5-55.5 °N and 12-13 ° 

W latitude and longitude bands. The vortex exhibits relatively high negative ζ/f1000 values 

(ζ/f1000, normalised vorticity at 1000 m), reaching down to -0.3 and beyond (movie S1, 

Smilenova et al., 2020).  

The model also represents well the regional thermohaline properties and the vertical 

structure of the RT anticyclone. Examples of model-derived wintertime AS and CT 

anomalies distributions in the vertical are presented for January 2007 (Fig. 3.6a, b), 

showing a comparable mesoscale configuration, where the model locates the RT 

anticyclone with great accuracy, relative to the observations. In the model, the January 

2007 AS anomaly (Fig. 3.6a) is larger than the in-situ-derived AS anomaly (Fig. 3.3a), 

with a positive difference of approximately 0.03 g kg⁻¹ within the anticyclone’s core. The 

model output data captures well the overall January 2007 CT anomaly field (Fig. 3.5b), 

comparative to observation-based CT anomaly (Fig. 3.3c), particularly within the 

anticyclone’s core region, with core CT anomalies of approximately 1.15 °C in both 

datasets. The potential density field, notably intermediate and deep water column depths, 

as depicted by isopycnals, is also well represented in the model output data (Fig. 6a, b, c), 

comparative to observation-based potential density derivations for January 2007 (Fid. 

3.3a, c).  

The regional geostrophic velocity (GV) field is also well reproduced by the model. 

Examples of model-derived GV, along the survey transect line, are presented in Fig. 3.6c, 

d. The RT anticyclone is captured very well in both January 2007 and January 2008 GV 

fields. Model-derived GV in both January 2007, and 2008 reach a maximum of 0.225 m 

s⁻¹ around, and below 500 m depth. This is slightly lower than the CTD-derived maximum 

GV of 0.3 m s⁻¹ for January 2011 (Fig. 3.4c, d). As in the CTD-derived GV, the extension 

of the RT anticyclone from intermediate depth up to the surface and down to 1550 m, and 

below, is clearly represented. The anticyclone core seems to be well established and stable 

in January 2008, as depicted by the upward and downward tilting of the 27.3 and 27.4 kg 

m⁻³ isopycnals respectively (Fig. 3.6d). The strength of the anticyclone in January 2008 is 

further supported by the January 2008 weekly ADT composite (Fig. 3.5c), where the 

surface imprint of the RT anticyclone is clearly captured. Overall, the model gives 

sufficiently realistic replicates of the anticyclone and ambient surroundings.  
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Fig. 3.6 Longitude-pressure model-derived anomalies of a) absolute salinity (AS) (g kg⁻¹), b) conservative 

temperature (CT) (°C), c) January 2007 and d) January 2008 geostrophic velocities (GV) (m s⁻1), depicted 

by solid black contour lines. Solid dark/white grey lines in all plots show the potential density, referenced 

to 0 dbar. 

3.4. Available heat and salt content anomalies 

Subsurface vortices can transport water masses with anomalous properties over long 

distances, and cumulatively, they have the potential to affect large-scale transports of heat, 

salt and other tracers (Gula et al., 2019). Stirring and filamentation at the periphery of 

coherent eddies are suggested to drive meridional eddy transports (Abernathey and Haller, 

2018), consequently, vortices could alter ambient waters as they translate across various 

oceanic regions and basins. To highlight the potential impact of the RT anticyclone on the 

regional and larger scale northeast NA heat and salt regimes, as well as their potential 

capacity to contribute to modifications of water masses regionally and further afield, we 

compute available heat and salt content anomalies.  

Derivations of available heat and salt anomalies, AHA (J m⁻¹) and ASA (kg m⁻¹) 

respectively, are based on the method applied by Chaigneau et al. (2011), where AHA and 

ASA estimations are calculated in relation to eddies in the eastern Pacific. Following and 

adapting the methodology of Chaigneau et al. (2011), AHA and ASA per meter in the 

vertical can be obtained by solving the following equations:  
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AHA = ∫ σθCpCTadA         (3.11)  

and  

ASA =0.001 ∫ σθASadA        (3.12)  

In both equations 3.11 and 3.12, σθ is the potential density (kg m⁻³), dA the area of the 

eddy (m²) assumed to be delimited by a circle, and Cp the specific heat capacity (≈4000 J 

kg⁻¹ K⁻¹). CTa in equation 3.11 stands for conservative temperature anomaly, ASa in 

equation 3.12 stands for absolute salinity anomaly. The factor 0.001 in equation 3.12 

represents the conversion of salinity to salinity fraction (kg of salt per kg of seawater) 

(Chaigneau et al., 2011). AHA and ASA calculations were performed over the entire water 

column, i.e., assuming hypothetical eddy stretching from the surface to the bottom. This 

assumption will help with the deduction of the anticyclone’s nature, whether a) the eddy 

is a result of an upper ocean current instability, i.e., NAC eddy or b) the anticyclone is a 

deep vortex with waters originating from elsewhere. If the waters within the anticyclone 

are originating from upper ocean water masses, i.e., upper ocean current(s), AHA and 

ASA in the upper (0-500 m) water column are expected to be high. AHA and ASA (Fig. 

3.7) show clear intermediate water column positive anomalies, confined within the 

defined anticyclone depth ranges (600-1550 m in 2007 and 650-1550 m in 2011) with 

peaks between 990-1100 m depth. This adds evidence that the deep embedded AHA and 

ASA have developed due to trapping of MOW during eddy generation. The calculated 

AHA and ASA for January 2006, February 2009, and February 2010, when the 

anticyclone is not falling along the survey transect line, all yield negative anomalies within 

the designated anticyclone’s depth range. AHA and ASA for January 2013 show small 

positive contributions from about 500 m down to 1000 m. AHA and ASA for January 

2012 are close to calculated AHA and ASA anomalies for January 2007 and January 2011. 

Mean AHA and ASA values, calculated along central vortex axis, and maximum core 

values for 2007 and 2011 are summarised in Table 3.2. As the 2012 survey did not cover 

the full transect line, AHA and ASA for January 2012 are not included here.  
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Fig. 3.7 a) Available heat anomaly (AHA) (J m⁻¹) and (b) available salt anomaly (ASA) (kg m⁻¹) with respect 

to depth over anticyclone defined circle area A (A = πr², r, eddy radius). Thick dashed black lines in both 

figures denote the anticyclone’s core in 2007 (top boundary ~600 m, bottom boundary ~1550 m) in 2007 

and 650 in 2011), whereas thick black lines representative of the anticyclone’s core in 2011 (top boundary 

~650 m, bottom boundary ~1550 m). 

Anomaly 2007 2011 

Overall 

anticyclone’s 

anomaly 

Anomaly within 

the core centre 

Overall 

anticyclone’s 

anomaly 

Anomaly within 

the core centre  

AHA  

[J m⁻¹ (x 10¹⁶)] 

1.31 

(± 0.60) 

2.43  

(1067 m) 

1.74  

(± 0.54) 

2.55  

(1058 m) 

ASA  

[kg m⁻¹ (x 10⁸)] 

3.06  

(± 0.93) 

4.87  

(1058 m) 

3.49  

(± 0.61) 

4.81  

(907 m) 
Table 3.2 In-situ-derived available heat and salt anomalies (AHA, ASA) values in January 2007 and January 

2011, ±1 standard deviations values enclosed in brackets; presented are also maximum AHA and ASA 

values, found within anticyclone’s core regions, embedded within the 600-1550 m and 650-1550 m depth 

ranges in 2007 and 2011 respectively. 

3.5. RT anticyclone origin 

The RT anticyclone appears to be sustained primarily by the merging of smaller scale 

anticyclones generated along the PB slopes. In all weekly ADT composites (Fig. 3.5), 

small-scale coherent vortices of both signs, i.e., cyclonic (red) and anticyclonic (blue), are 

identified along the PB slopes, from 50 °N to 55 °N, which could be reflecting the vorticity 

field at depth. The PB slope is a region of concentrated vorticity, most notably in January 

2007 (Fig. 3.6b), February 2009 (Fig. 3.5d), January 2011 (Fig. 3.5f), January 2012 (Fig. 

3.5g) and January 2013 (Fig. 3.5h). February 2010 (Fig. 3.5e) presents an interesting 

setup, where a merging event appears to be taking place, as a medium-sized anticyclonic 

vortex pinches off the northern tip of the PB, near 54.5 °N 14.5°W, to join the RT 

anticyclone, positioned north of 55 °N, centred at 55.5 °N, 13.5°W. 

To investigate small-scale vortices dynamics at depth and their possible interactions with 

the RT anticyclone, and to pinpoint regions of vorticity generation, i.e., west or east RT 

slopes, we use spatial distribution of model-derived relative vorticity (ζ) field, where ζ, 

normalised by the Coriolis parameter ζ/f at 1000 m depth (ζ/f1000) (Fig. 3.8). We make use 
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of Argo-based (ISAS15) water masses analysis (details presented in chapter 2) to elaborate 

on MOW spatial distribution at 1000, 1100 and 1200 m depth.  

The example ζ/f1000 snapshots (Fig. 3.8 and Fig. 3.9) clearly depict the generation of both 

cyclones and anticyclones along the Porcupine convoluted slopes, as well as the advection 

of smaller scale anticyclones into the interior and their consequent merging with the RT 

anticyclone. The presented ζ/f1000 (Fig. 3.8) are with a 5 days temporal resolution, starting 

on 22nd of October, 2006 and finishing on 16th of December, 2006, 38 days prior to the 

January 2007 survey. The ζ/f1000 sequence is typical of the evolution of the RT anticyclone 

over the simulated period, not restricted to winter months only (Fig. 3.9). A narrow 

negative ζ/f1000 stream is seen developing regularly within the 51-54 °N latitude band (Fig. 

3.8). As the vorticity filament separates from the topography, following the curvature of 

the PB slope’s bathymetry, smaller mesoscale or submesoscale anticyclones pinch off 

(Fig. 3.8). We observe two primary/preferential spots, where the vorticity filament 

separation occurs: near 52 °N (location A in Fig. 3.8), where a sharp break in the shelf 

edge, likely an escarpment, is observed, and near 53.5 °N (location B in Fig. 3.8), where 

the shelf edge and Porcupine Ridge turns eastward. The observed vorticity filament 

separation is similar to fine-scale ζ/f1000 fragments detachment from bottom topography 

boundary, described by Molemaker et al. (2015) in relation to the generation of Cuddies 

along the Californian slopes. Once detached from the boundary, these fine-scale ζ/f1000 

fragments begin to move chaotically by mutual advection, promoting merging during 

close encounters, ultimately leading to both horizontal and vertical growth size, resulting 

in the generation of a mesoscale size vortex (Molemaker et al., 2015). Closer inspection 

of the ζ/f1000 snapshots (Fig. 3.8 and Fig. 3.9) depicts a similar scenario for the RT 

anticyclonic vortex generation mechanism. Most of the formed small-scale vortices are 

advected in the RT interior, in time to merge with the RT anticyclone (Fig. 3.8 and Fig. 

3.9). These smaller scale vortices may provide a significant source of vorticity for the RT 

anticyclone. As depicted in Fig. 3.8 and Fig. 3.9, some of the smaller mesoscale and 

submesoscale anticyclones, generated along the PB slope, can also propagate westward, 

around the Rockall and Hatton banks and into the eastern subpolar NA.  

Based on the observed vorticity generation and ζ/f1000 fragments separation along the PB 

slopes, we put forward the complex topography-slope current interactions as the main 

factor for the consequent vorticity generation, and bottom boundary layer separation, 

resulting in the formation of coherent submesoscale cyclonic/anticyclonic vortices 

(D’Asaro, 1988; Molemaker et al. 2015; Gula et al., 2015). The importance of frictional 

effects for the generation of vorticity along the PB slopes is shown in Le Corre et al. 

(2019) through an analysis of the PV fluxes at the bottom. The strongest PV input is found 

between the 27.3 and 27.6 kg m⁻³ isopycnals, which correspond to the density range of 

the RT anticyclone’s core. 

The process of merging of the anticyclones generated along the PB slope with the RT 

anticyclone is clearly captured in the ζ/f1000 snapshots (Fig. 3.8). The vortices merging 

process of two vortices with the same sign is described by Ciani et al. (2016) in their 
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modelling study. Upon contact, the vortices start to exchange fluid masses, collapse 

towards each other, and ultimately form a single coherent structure. Ciani et al. (2016) 

focussed on merging events of subsurface horizontally and vertically shielded meddy-like 

anticyclonic vortices with radii of ≈ 30 km. They deduced that the merging of meddy-like 

vortices was to occur at a critical distance, D(m) = 2.5R, with R the vortex radius. At the 

critical distance, the two vortices are torn apart by the strong shear generated by the cores, 

the cores collapse at the centre, triggering the merging process to form one central core. 

Here, it is checked if Ciani et al. (2016) proposed critical distance for merging of meddy-

like vortices is applicable to the case of the RT anticyclone merging with smaller scale 

vortices, generated along the PB. For this, we look at the ζ/f1000 snapshots on 1st of 

December, 2006 (Fig. 3.8i). A small-scale anticyclonic vortex, positioned ~54.5 °N, 15 

°W (Fig. 3.8d), clearly formed from filament separation at primary location B (Fig. 3.8a, 

b, c, d, e, f), begins to deform as it moves north-eastward and gets in close proximity with 

the RT anticyclone (Fig. 3.8g, h, i). The distance between the two vortices is about 76 km, 

and thus already smaller than the critical merging distance proposed by Ciani et al. (2016) 

D(m) = 2.5R = 100 km. The merging continues as the elongated small-scale vortex wraps 

around the RT anticyclone (Fig. 3.8j, k, l).  Merging of two small-scale vortices, located 

between 54 °N and 55 °N, along ~16 °W (Fig. 3.8g, h, i, j, k, l) generated from filament 

separation at primary location B (Fig. 3.8a, b, c, d, e, f) is also reproduced. Once merged, 

the newly formed medium-sized vortex could move north-eastward into the trough, to 

merge with the RT anticyclone, or move westward around the Rockall Bank slopes, to 

enter the neighbouring northeast subpolar waters. The distance between the medium-sized 

vortex and the RT anticyclone is close to the critical merging distance (D = 2.5R = 100 

km), but the vortices are not isolated and the surrounding mesoscale activity can prevent 

the merging from happening.  

The interactions between the MOW-rich slope current with bottom topography along the 

Porcupine slopes and consequent RT anticyclone generation and sustainment is also 

detectable and supported by the Argo-based (ISAS15) spatial MOW distribution at 1000, 

1100 and 1200 m depth (Fig. 3.10). Flow separation, eddy pinch-off (Fig. 3.10a, d, g), the 

growth and sustainment of the RT anticyclone (Fig. 3.10b, e, h) and the extent of the 

vortex core down to 1200 m depth (Fig. 3.10c, f, i) could all be crudely inferred from the 

MOW horizontal spatial distribution. Westward propagation of MOW-rich eddies after 

separation from the slope current is also captured (e.g., Fig. 3.10d).  
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Fig. 3.8 Model-derived snapshots sequence of normalized with respect to f relative vorticity, ζ/f, at 1000 m 

depth, ζ/f1000, for selected October 2006 - December 2006 dates, with a 5-day time-step, where a) 22nd of 

Oct, b) 27th of Oct, c) 1st of Nov, d) 6th of Nov, e) 11th of Nov, f) 16th of Nov, g) 21st of Nov, h) 26th of Nov, i) 

1st of Dec, j) 6th of Dec, k) 11th of Dec, l) 16th of Dec. Light grey lines show bathymetry (500 m level step). 

Black A and B letters (circled) denote candidate ‘prime spots’ for negative potential vorticity filaments 

separation due to bottom topography - slope current. Additional letter annotations, bathymetry data source 

as in Fig. 3.1. Range of ζ/f1000 restricted between -0.3 and 0.3 to help visualising vorticity generation and 

filament separation along the Porcupine slope. 

 

d) 

a) b) c) 

e) f) 

g) h) i) 

j) k) l) 
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Fig. 3.9 Model-derived snapshots sequence (5-day time-step) of normalized with respect to f relative 

vorticity, ζ/f, at 1000 m depth, where a) 5th of Jul, b) 10th of Jul, c) 15th of Jul, d) 20th of Jul, e) 25th of Jul, f) 

30th of Jul, g) 4th of Aug, h) 9th of Aug, i) 14th of Aug, j) 19th of Aug, k) 24th of Aug, l) 29th of Aug. Light grey 

lines show bathymetry (500 m level step). Vorticity filament separation near ~52 °N and ~53.5 °N, and 

generation of small-scale vortices along the Porcupine Bank (PB) slope are evident. Newly formed vortices 

travel into the trough, feeding the Rockall Trough (RT) anticyclone. Some of the small, newly generated 

vortices exhibit westward propagation, some reaching the western slopes of the Rockall Bank (RB), some 

making their way into the marginal subpolar northeast NA. Circled black A and B letters denote candidate 

‘prime spots’ for negative potential vorticity filaments separation due to bottom topography - slope current. 

Letter annotations and bathymetry data source as in Fig. 3.1. Range of ζ/f1000 restricted between -0.3 and 

0.3 to help visualising vorticity generation and filament separation along the Porcupine slope. 

a) b) c) 

d) e) f) 

g) h) i) 

j) k) l) 
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Fig. 3.10 Argo-based (ISAS15) MOW (fraction) spatial distribution at 1000, 1100 and 1200 m depth in a), 

b), c) October 2006, d), e) f) November 2006, g), h), i) December 2006. Months coinciding with relative 

vorticity explorations in Fig. 3.8. Letter annotations and bathymetry data source as in Fig. 3.1. 

3.6. Discussion and conclusions 

The vertical structure and formation mechanism of a subsurface anticyclonic vortex in the 

central RT have been investigated using ship-board, satellite and model output data. 

Satellite and model output data confirm the surface signature of the RT anticyclone within 

54.5-55.5 °N, 12-13 °W latitude and longitude respective bands, as similarly noted by Xu 

et al. (2015). The ship-board in-situ and vertical model output data show that the RT 

anticyclone is a deep, intermediate water depth vortex, its core delimited by the 27.3-27.7 

a) b) c) 

d) e) f) 

g) h) i) 
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kg m⁻³ isopycnals, stretching within the 600/650-1550 m depth range in the vertical, with 

a radius of about 39.50 km. In-situ-derived AS, CT and PV anomalies locate the RT 

anticyclone’s inner core at approximately 1013 m (±58 m) depth, encompassed within the 

27.4-27.6 kg m⁻³ MOW density ranges.  

The RT anticyclone is sustained primarily by the merging of smaller scale anticyclones 

generated due to instabilities of the slope current flowing poleward along the eastern RT 

slope. It does not seem to be the result of a NAC sub-branch instability, as originally 

inferred by Xu et al. (2015).  

Numerous small-scale transient vortices are generated along the convoluted PB slope. 

They pinch off at two seemingly prime locations, A and B (Fig. 3.8, Fig. 3.9 and Fig. 

3.11), as flow transitions between the zonal and meridional slopes of the bank. Some of 

these small-scale vortices merge with the established central RT vortex. Vortex mergers 

give rise to larger structures, and it has been shown to explain the inverse energy cascade 

(Ciani et al., 2016). The merging of small-scale vortices with the RT vortex thus 

contributes to its size and stability growth, consequently defining the preferential vortex 

persistency within the vicinity of region centred at ~12 °W, 55 °N, which corresponds to 

the maximum depth of the central RT. A barotropic vorticity budget presented (Fig. 3, Le 

Corre et al. 2019) confirms that baroclinic eddy fluxes are the main source of vorticity for 

the RT anticyclone, and that interactions with topography, through bottom pressure torque 

and drag, are the main sink of vorticity. An in-depth modelling analysis of the 

anticyclone’s dynamics is being undertaken, to strengthen Le Corre et al. (2019) results 

and quantify further the mechanisms involved in the RT anticyclone dynamics, outlined 

in Smilenova et al. (2020). 

 

Fig. 3.11 Model-derived schematic representation of the bottom topography - slope current interactions in 

the southern Rockall Trough (RT), where circled A and B denote candidate ‘prime spots’ for flow separation 

due to bottom topography - slope current induced baroclinic/barotropic instabilities. Generated small-scale 

vortices along the east banks of the trough propagate both north-eastward into the trough, thus feeding and 

sustaining the RT anticyclone, and westward into the subpolar northeast North Atlantic (NA). Letter 

annotations and bathymetry data source as in Fig. 3.1. 



3. A persistent deep anticyclonic vortex in the Rockall Trough sustained by anticyclonic vortices 

shed from the slope current  91 
 

The RT anticyclone shares a lot of characteristics with the Lofoten anticyclone, a deep, 

apparently permanent vortex found in the deepest part of the Lofoten basin, in the Nordic 

Seas (e.g., Bosse et al., 2019). As the Lofoten anticyclone, it is not rigidly attached to a 

bottom topography feature, which is often the case for quasi-permanent mesoscale 

vortices in the open ocean (Bashmachnikov et al., 2018). But the variant bottom 

topography aspect within the vicinity of 55 °N, 12 °W (Fig. B.2) creates a funnel-like 

effect, prompting the coalescence of smaller scale vortices and further introducing a 

topographically-induced anchoring of RT anticyclone, once established.  

The RT anticyclone is not always centred at 55 °N, 12 °W. The non-stationary nature of 

the anticyclone could be explained by the presence of cyclones in the interior, which could 

temporarily alter and deflect the anticyclone’s path and/or location. A similar situation, in 

relation to the non-stationary nature of the Lofoten vortex is noted in Raj et al. (2016). 

The generation and sustainment of the RT anticyclone due to production of anticyclones 

along the steep, convoluted PB slope is another characteristic shared with the Lofoten 

vortex. The Lofoten vortex is generated and sustained by anticyclonic eddies shed from 

the Norwegian Atlantic slope current as it flows along the steep continental slopes off the 

Lofoten Islands (Köhl, 2007; Rossby et al., 2009; Volkov et al., 2015; Bosse et al., 2019).  

The number of vortices shed from topography-slope current interactions would likely be 

dependent on the strength of the slope current, as stronger currents will be more unstable 

and will consequently shed more vortices (Köhl, 2007).  Using altimetry and buoy 

datasets, Xu et al. (2015) showed that the slope current is highly seasonal, with maximum 

poleward (northward) anomaly of ≈ 5 cm s⁻¹ along the Irish continental slope occurring 

in the month of January. It is therefore possible that more vortices are generated along the 

PB in the winter months. The slope current would be further influenced by the large-scale 

NA dynamics, where the Atlantic meridional overturning circulation (AMOC) would 

impose an effect on the NA basin density gradients; an enhanced AMOC would lead to 

stronger meridional density gradients, and consequently re-strengthening the slope current 

(Marsh et al., 2017). As the deep RT anticyclone interacts with neighbouring vortices, it 

is proposed that it will imprint on the ADT field in the trough, imposing ADT alterations, 

as the vortex dynamics undergo changes, similarly to the Lofoten vortex impacting the 

ADT variability in the Lofoten basin (Köhl, 2007; Raj et al., 2016). 

The RT anticyclone is present throughout the whole 2001-2009 simulation time period, 

with weak seasonal variations in its characteristics. Hence, the wintertime atmosphere-

ocean heat fluxes, which usually prompt convection chimneys generation and consequent 

downward water mass movement (Send and Marshall, 1995), are not put forward as the 

primary generation mechanism for the RT anticyclone. However, convection events 

intensify mixed layer depths, and the deeper the mixed layer depth, the more potential 

energy is released by slumping of the isopycnals, yielding more energetic submesoscale 

flows (Callies et al., 2015). It is therefore likely that deep convection event(s) can affect 

the upper stratification/restratification and strength of the RT anticyclone, as observed in 

the case of the Lofoten vortex (Bashmachnikov et al., 2018; Bosse et al., 2019). The effect 
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of convection will be quantified in a following detailed dynamical analysis of the RT 

anticyclone using the model outputs. 

The ship-board in-situ-derived high AS, CT, potential density, PV, AHA and ASA 

anomalies, provide more evidences that the subsurface, deep RT anticyclone is regionally 

generated and that the topography-slope current interactions play an important role. In 

particular, waters forming the core of the RT anticyclone include a large fraction of MOW 

(~50-65 %), which originate primarily from the northward flowing, MOW-rich slope 

current (Smilenova et al., 2020). This link is supported by the Lagrangian tracking of 

water masses in Le Corre et al. (2019), Smilenova et al. (2020) and further explored in 

chapter 4, regarding MOW pathways and propagation in the RT. 

The relatively high AHA and ASA estimations also highlight the importance of this newly 

described deep vortex and its generation mechanism in relation to heat and salt regional 

and large-scale budgets. Recent studies by Holliday et al. (2018) and Lozier et al. (2019) 

bring evidence that most of the overturning in the subpolar NA may be happening east of 

Greenland, putting the spotlight on the north-eastern subpolar NA and the region’s role in 

the northern component of the AMOC. Modelling-based results, presented in Rahmstorf 

(1998), highlight the noticeable effect of MOW spreading on the NA circulation and 

climate, leading to a warming of the northern NA by a few tens of a degree (0.1 to 0.3 

°C), and North Atlantic Deep Water outflow enhancement by 1-2 Sv (1 Sv = 1 x 10⁶ m³ 

s⁻¹), i.e., the deep AMOC component. The CROCO-based deductions on vortices 

generation along the south-eastern RT slope and their propagation north-eastward into the 

trough, or westward into the wider subpolar NA, could be perceived as direct and indirect 

heat and salt injections into the Iceland and Irminger basins, and Nordic Seas, inflicting 

warming up and salinification of upper regional waters from below via mixing. Such upper 

waters alterations due to mixing from below is demonstrated in an Argo-based global 

mode waters study by Feucher et al. (2019). This in turn brings into attention the role of 

the continental slope current and associated mesoscale activity in the vicinity of the 

southern and central RT, and ultimately, reinforcing the MOW role in the NA large-scale 

circulation. Regionally, the RT anticyclone may have significant implications for 

modifications of water masses. The denser MOW within the trough is found between 

SAIW and LSW water masses. The sequence of ‘layering’ of SAIW, cold and fresh water, 

over MOW, warm and salty water, over LSW, cold and fresh water will give rise to 

diffusive processes, resulting in alterations of water masses densities, and ultimately, 

altering of each of the water masses. Exploring the impact of the RT anticyclone on 

modification of the regional water masses is a next step in our upcoming analyses.  

Given the outlined merging process, the RT anticyclone could be regarded as a heat 

reservoir in the trough and a prime spot for modifications of intermediate water masses. 

The trough is one of the gateways of warm, salty subtropical origin water masses into the 

Nordic Seas and further into the Arctic. The impact of the RT anticyclone could be 

exerting a significant role not only in regional and large-scale physical settings, but also 

in the deep chemical and biological marine environments. 
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Chapter 4 

4. A contribution to deciphering Mediterranean Overflow Water 

propagation and presence in the Rockall Trough: A Lagrangian 

perspective 

4.1. Introduction 

The Mediterranean Overflow Water (MOW) flux into the North Atlantic (NA) basin 

through the Strait of Gibraltar is estimated to be in the order of 1 Sv (Sv = 10⁶ m³ s⁻¹) 

(Bryden et al., 1994). Although the MOW flux into the NA is small in magnitude, it 

impacts the overall NA water masses distributions, heat and salt budgets (Jia et al., 2007; 

Dietrich et al., 2008). Explorations of MOW pathways and spreading into the NA basin 

interior are therefore of significance, as density alterations would affect large-scale NA 

upper and interior current systems, and consequently the Atlantic limb of the meridional 

overturning circulation. The MOW journey into the wider NA starts at the Strait of 

Gibraltar. On exiting the Strait of Gibraltar, MOW spreads over the north-eastern part of 

the Gulf of Cádiz, as it moves downslope close to the bottom as a density current (e.g., 

Ambar and Howe, 1979a; Ambar and Howe 1979b; Bower et al. 1997;  Baringer and 

Price, 1997; Bower et al., 2002). As the MOW descends from the 300-400 m deep strait 

down to the eastern continental slope of Gulf of Cádiz, it entrains the overlying, less dense 

East North Atlantic Central Water (Bower et al., 2002; Dietrich et al., 2008). Despite 

MOW property changes due to mixing and entrainment of ambient Atlantic waters, the 

MOW remains well defined as a deep, warm and salty undercurrent, with two vertical 

salinity maxima, or cores, centred at approximately 800 and 1200 m (Baringer and Price, 

1997; Bower et al., 1997; Daniault et al., 1994). The northward spreading of MOW up to 

approximately 51 °N, as far as the Porcupine Bank (PB), within the eastern undercurrent, 

usually following the slopes of European continental margin, has been deduced from 

several observational and climatology studies (e.g., Pingree and Le Cann, 1989; Zenk and 

Armi, 1990; Daniault et al., 1994; Arhan et al., 1994; Iorga and Lozier, 1999). The 

propagation of MOW further into the Rockall Trough (RT) and further afield into the 

Nordic Seas and westward spreading into eastern subpolar NA has been the focus of 

several studies (e.g. Reid, 1979; Iorga and Lozier, 1999; McCartney and Mauritzen, 2001; 

New et al, 2001; Jia et al., 2007). Reid (1979) formulates what is known as the deep source 

hypothesis, which encompass the following: MOW travels northward within the deep 

(more than 1000 m) undercurrent from the Gulf of Cádiz to the northern exit of the Rockall 

Trough (RT), near 60 °N, where it would rise and flow over the Wyville-Thomson Ridge 

into the neighbouring Nordic Seas as part of the Atlantic inflow. McCartney and 

Mauritzen (2001) put forward the alternative shallow source hypothesis, suggesting that 

that MOW contribution to salinity budgets in the Nordic Seas is more indirect, where 

MOW would induce salinification of overlying East North Atlantic Central Water, which 

would in turn blend with other water masses in the thermocline (Lozier et al., 1995). These 

modified thermocline waters would feed the North Atlantic Current (NAC) upward 
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(Lozier et al., 1995), eventually to be introduced into the Nordic Seas via the north-

eastward reaching NAC (sub)branches (McCartney and Mauritzen, 2001).  

There appears to be consensus within the scientific community regarding the northward 

propagation of MOW up to ~51-53 °N into the RT, as transported poleward by the 

European slope current. However, MOW propagation beyond 53 °N remains highly 

debated. Ullgren and White (2010), using (limited temporal and spatial distributions) 

mooring, CTD and Argo float data, conclude that MOW does not have any distinct 

influence north of 53 °N. Lagrangian modelling analysis by Jia et al. (2007) with respect 

to MOW spreading in the NA basin deduces a direct northward MOW pathway, following 

the European continental slopes and propagating into the RT beyond 60 °N (Fig. 19, Jia 

et al., 2007). Jia et al. (2007) however do not incorporate in-situ-derived Lagrangian 

trajectories in support to their model-based findings. To deduce MOW pathways in the 

NA, Burkholder and Lozier (2011) use in-situ-based (Rafos floats) and model-based 

Lagrangian trajectories, where within the RT, Rafos floats appear to congregate ~55 °N, 

but do not travel further northward, with only one synthetic float reaching ~57 °N (Figs. 

2 and 4, Burkholder and Lozier, 2011). Thus, to date, MOW propagation into the RT 

beyond 53-55 °N has not been confirmed by Lagrangian pathways of autonomous floating 

instruments and/or by in-situ derived water masses metrics.  

In this study, simulated and Argo-derived Lagrangian pathways, and MOW 

fractions/percentages, i.e., metrics, are used in order to contribute to understanding of the 

(mean) MOW northward propagation in the northeast NA, propagation into the RT and 

associated timescales, possible MOW propagation into the subpolar northeast NA and/or 

the Nordic Seas. Resolving variability on seasonal, inter-annual or decadal timescales is 

not attempted. An additional aim of the study is to address the possible influence of RT 

interior (sub)mesoscale activity, notably the RT anticyclone, on MOW transit times. 

4.2. Data and methods 

4.2.1. Model output data 

The model output data used in this study are a subset of the GLORYS12v1 product 

(GLOBAL-REANALYSIS-PHY-001-030), distributed by the Copernicus Marine 

Environment Monitoring Service (CMEMS). GLORYS12v1 is a reanalysis dataset, 

largely based on the operational global CMEMS system covering the period 1993-2016, 

spreading over 50 vertical levels, and based on version 3.1 of the NEMO (Nucleus for 

European Modelling of the Ocean) ocean model, which uses a 1/12 ° ORCA grid 

(Fernandez and Lellouche, 2018; Gasparin et al., 2018). Thus, ~0.08 ° latitude/longitude 

grid cell at 45 °N crudely equates to dy ~9.2 km and dx ~6.3 km, with the dx resolution 

decreasing/becoming finer towards higher latitudes, such that the horizontal grid ranges 

between ~9 km near the equator, ~6 km at mid-latitudes, ~2 km near the poles. Models 

with horizontal resolutions ~1/10 °-1/12 ° (~5-10 km) are eddy-resolving, as they resolve 

the Rossby radius of deformation, which at mid-latitudes is considered to vary between 

~10-50 km (Kjellson and Zanna, 2017), or between ~29-65 km (Polito and Sato, 2015). 

For an oceanic feature with a given length scale to be properly captured in a model 
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simulation, the numerical resolution needs to be about fifth of the feature’s scale (Su et 

al., 2018). Thus, if length scales were to be given, crudely, submesoscale here refers to 

features in the range ~16-40 km (30-70 °N), a spatial scale just smaller than the mesoscale, 

i.e., horizontal scale smaller or near-equal to 0.42 ° in terms of longitude, i.e., dx (~33 km 

at mid-latitudes), hence falling within the ranges of the Rossby radius of deformation, 

given above.  In this study, the smaller scale submesoscale eddy field is thus inferred, and 

(sub)mesoscale refers to features of both submesoscale (> ~40 km) and mesoscale 

dimensions. Features are however resolved with respect to latitude and longitude together, 

and dy may be considered as the limiting resolution here, i.e., capturing features down to 

~46 km (~0.42 ° latitude). The GLORYS12v1 eddy-resolving reanalysis, as an 

implementation of the NEMO platform uses surface forcing from the ECMWF ERA-

Interim reanalysis and is constrained by the assimilation of observations from altimetry, 

satellite SST, and in-situ temperature and salinity (Fernandez and Lellouche, 2018). 

Modelled parameters include temperature, salinity and ocean currents (eastward and 

northward components). The product is freely available from Mercator Ocean 

International as part of the Copernicus Programme (http://marine.copernicus.eu/services-

portfolio/access-to-products/). As the version of the reanalysis product is in the native 

NEMO grid, as such, compatible with the Ariane Lagrangian tool (Blanke and Raynaud, 

1997). The subset of the data used here covers the 2000-2013 period and domain enclosed 

by 0-35 °W and 30-70 °N. The product temporal resolution is daily mean. 

4.2.2. In-situ Argo data 

Argo float data were employed in the study to provide comparative Lagrangian trajectories 

at ~1000 m ocean depth (standard Argo float parking/drifting depth) and 2) to provide 

information of MOW horizontal distribution/presence in the RT. Argo float data used in 

this study are from the beginning of the Argo programme to January 2015, in their delayed, 

quality controlled mode. Here, we utilised Argo data from Argo floats, launched in the 

northeast NA, no further than 21 °W, and within the 35-59 °N bound, entering the RT 

from the south, and occupying any of the capture regions, as defined by Box 1, Box 2 and 

Box 3 (Fig. 4.1). The data obtained from these floats were collected from the following 

data assembly centres (DACs): the Atlantic Oceanographic and Meteorological 

Laboratory (AOML, United States), the Coriolis Project (Ifremer, France), and the British 

Oceanographic Data Centre (BODC). Argo float data, in netCDF format, are freely 

available on the two global DACs servers, ftp://ftp.ifremer.fr/ifremer/argo/dac, 

ftp://www.usgodae.org/pub/outgoing/argo/dac/, hosted in France and the United States 

respectively. In total, 14 Argo floats were found to enter and occupy Box 1, and/or Box 

2, and/or Box 3 capture regions (Fig. 4.1). Summary of these floats is presented in Table 

C.1, appendix C.  

Argo data are further used to provide information on MOW horizontal spatial distribution 

and presence in the RT, as captured by MOW fraction (%) calculations. For this purpose, 

we make use of ISAS15 dataset (Kolodziejczyk et al., 2017; Gaillard et al., 2016) and 

mixing triangle method approach, based on Mamayev (1975), both dataset and method 

described in details in chapter 2.  

http://marine.copernicus.eu/services-portfolio/access-to-products/
http://marine.copernicus.eu/services-portfolio/access-to-products/
ftp://ftp.ifremer.fr/ifremer/argo/dac
ftp://www.usgodae.org/pub/outgoing/argo/dac/
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4.2.3. Lagrangian diagnostics of the model fields with Ariane tracking tool 

Ariane is a Fortran-based Lagrangian particle-tracking tool (Blanke and Raynaud, 1997), 

designed to simulate particle trajectories using offline modelled velocity fields. To 

compute three-dimensional trajectories of particles/tracers, Ariane uses modelled u, v (and 

w) velocity components, following a mass-preserving algorithm, which calculates true 

trajectories for a given stationary field (Döös 1995; Blanke and Raynaud, 1997; Blanke et 

al., 1999). For in-depth technical details associated with computations, the reader is 

referred to Blanke and Raynaud (1997), Blanke et al. (1999), and Blanke et al. (2001). 

Ariane can be run in two modes, quantitative and qualitative. In this study, we employed 

Ariane it its qualitative mode, where individual particles are released at specified locations 

and their exact track is calculated and stored during each Ariane simulation. We used 

particle track information to assess pathways and timescales. 

4.2.4. Experiments setup 

In the present study, Ariane was used to track passive particles released within the 8-12 

°W and 36-38 °N region, labelled Release Box 1 in Fig. 4.1. The particles seeding 

positions are based on the study by Bower et al. (2002), where the structure of the 

Mediterranean undercurrent and MOW spreading around the southwestern Iberian 

Peninsula is explored. Bower et al. (2002) based their analysis on results from a 1993-

1994 seeding experiment, called AMUSE (A Mediterranean Undercurrent Seeding 

Experiment), where the Mediterranean undercurrent south of Portugal, near 8.5 °W, 36.5 

°N had been seeded with acoustically tracked RAFOS floats, followed for 11 months 

(Hunt et al., 1998). Bower et al. (2002) use the velocity data of all the non-meddy, lower 

MOW core AMUSE RAFOS float velocity observations to define velocity fields of the 

undercurrent in two regions, Region 1 (~ 8.5-9.5 °W, ~36-36.8 °N) and Region 2 (~9.2-

11 °W, 37.2-38 °N) (Fig. 6, Bower et al., 2002). We based our seeding domain on Region 

2, i.e., west of Portugal, as opposed to seeding Region 1 in the vicinity of Strait of 

Gibraltar, as we aimed for initial release locations at the start of a well-defined northward 

MOW propagating pathway. In their modelling-based study, between 700 m and 1500 m, 

which corresponds to the MOW depth range, Friocourt et al. (2008) detect the presence 

of two flows west of Portugal. One is a narrow jet, trapped at the slope, and a broader 

flow, north-westward toward the Galicia Bank at ~43 °N. Hence, the domain of Region 2 

should allow for capturing both inshore and offshore ‘start-up’ pathways, should our 

experiments show any. 
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Fig. 4.1 Domain of GLORYS12v1 model output subset data (0-35 °W; 30-70°N). Black rectangle 

representative of the release domain (8-12 °W; 36-38 °N), white-black rectangle representative of the 

southern Rockall Trough (RT) sub-region, Box 1 (14-21 °W; 51-53 °N), the central RT sub-region is 

represented by the green-black rectangle, Box 2 (10-18 °W; 54-56 °N), and the northern RT sub-region is 

represented by Box 3 (8-14 °W; 57-59 °N). Bathymetry data source:  

http://www.ngdc.noaa.gov/mgg/global/relief/ETOPO2/ETOPO2v2-2006/ETOPO2v2g/. 
 

To explore 1) the possibility of particles reaching, entering and exiting the RT northward 

into the Nordic Seas and/or deviating westward into the subpolar northeast NA (before or 

after entering the RT) and 2) the possible influence of the mesoscale activity within the 

trough, notably, the newly described deep RT anticyclone (chapter 3; Smilenova et al. 

2020), we segregated the RT into three sub-regions. The southern, central and northern 

regions are represented by Box 1, Box 2 and Box 3 respectively (Fig. 4.1). The southern 

region (Box 1), taken as the entry region, is confined within 14-21 °W, 51-53 °N, the 

central region (Box 2) is restricted to 10-18 °W, 54-56 °N, and the northern region (Box 

3), taken as the exit region, is between 8-14 °W, 57-59 °N.  

The GLORYS12v1 model output data subset used here covers the 2000-2013 time period, 

i.e., allowing particles to be tracked for, at most, 14 full calendar years. We run one 

experiment per year, first experiment initiated in 2000, last experiment in 2010. In each 

year, particles were released on 1st of January in a depth layer with respective upper and 

lower boundaries of approximately 700 m and 1300 m, i.e., 100 m above and below 

literature defined upper and lower MOW cores (800 m and 1200 m). Particles were seeded 

with a level step of 50 m, amounting to a total of 13 depth levels, where levels 1 to 6 (~700 

m to 950 m) corresponding to the upper MOW vein, and levels 7 to 13 (1000 m-1300 m) 

taken representative of the lower MOW vein. The number of released particles for each 

depth layer is summarised in Table 4.1. Summed up, 13 667 particles were released in 

each experiment, resulting in 136 670 in total. The trajectories are analytically solved by 

Ariane using the daily mean modelled velocity fields, respecting the mass conservation of 

the model within each grid cell. Particle trajectory data are saved to netCDF file for 

analysis after each experiment. Particle trajectories were computed in accordance with 

experiment, from 13 years (particles released on 1st of January 2000), to 3 years (particles 

released on 1st of January 2010). Update of particles position was set to be every 10 days, 

http://www.ngdc.noaa.gov/mgg/global/relief/ETOPO2/ETOPO2v2-2006/ETOPO2v2g/
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such that coinciding with standard Argo cycling period of 10 days, capturing mesoscale 

activity, should a particle (or Argo float) be trapped within an eddy. 

Depth levels  Number of 

released particles Level Depth (m) 

1 699.95 1123 

2 749.98 1090 

3 799.96 1090 

4 850.02 1068 

5 900.05 1068 

6 949.93 1068 

7 1000.00 1037 

8 1050.00 1037 

9 1100.00 1037 

10 1150.10 1037 

11 1200.00 1004 

12 1250.10 1004 

13 1299.90 1004 
Table 4.1 Summary of depth levels and number of particles released at each depth, for each experiment run. 

4.2.5. Statistics approach with respect to transit times estimations  

Initially, we considered using the median to give estimates of particle arrival/transit time. 

To check how representative the median is for the purpose, distributions of all deployed 

particles within upper 1:6 (~700-950 m) and lower 7:13 (1000-1300 m) depth levels were 

assessed. For explorative tasks, we used the longest experiment run, i.e., experiment 

initiated on 1st of January 2000. Basic statistics of successful particles were performed, 

where a successful particle is defined as a particle reaching and falling within respective 

capture domains, Box 1, Box 2 and Box 3 (Fig. 4.1). Statistics of successful particles were 

‘unique’ only for Level 1, whereas repetition/duplicates of number of successful particles 

was detected between Levels 2 and 3, Levels 4, 5 and 6, Levels 7, 8, 9 and 10, and Levels 

11, 12, and 13. Hence, Levels 2, 4, 7 and 11 could be taken as representative for 

consecutive depth levels. The results of each level were then grouped into the 

larger/cumulative upper (1:6) and lower (7:13) depth levels (Table 4.2).  

Having the results organised and gathered into upper and lower levels and checked valid, 

i.e., that the repetitive statistics do not introduce preferential weighting, the next step was 

to determine if the median would be the most representative estimation for the transit time. 

Firstly, we used a lognormal fit (Fig. 4.2a, b), which clearly showed that the data are 

truncated, indicating that if the runs were longer, the median would move accordingly 

with it, whereas the mode would not be affected by the extension of years. 

The mode represents the highest density of early arriving particles. Having established 

that the mode is more fitting as a metric to the particle transit time, we chose to use kernel 

distribution fit (Fig. 4.2 c, d), i.e., opposed to lognormal fit, as the kernel density estimator 

removes the dependence of the end point in the probability distribution. The kernel density 

estimator smooths the estimates of the contribution of a data point with respect to distance 

between data points. The estimate is evaluated at equally-spaced points, over the range of 
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data. Thus, we found appropriate to use the mode, as depicted by the kernel smoothed 

peak value, to be representative of the central tendency in our analysis. Therefore, the 

deduction of time travelled is based on the peak of the kernel probability density function.  

 

 

Fig. 4.2 Lognormal probability distributions of a) upper and b) lower layers, and kernel probability 

distributions of c) upper and d) lower layers. In all figure panels, magenta vertical line representative of 

the mode, and red vertical line representative of the median. 

4.2.6. Statistical sensitivity analysis  

It is not unusual for Lagrangian tracing experiments in relation to water masses transit 

times, and transports, to be performed over decades, hundreds, even thousands of years. 

In comparison, our model output dataset spans a relatively short period. Our longest 

experiment, initiated on 1st of January 2000, has a duration of 14 years, whereas our 

shortest experiment, initiated on 1st of January 2010, has a duration of 4 years. It is 

therefore possible that truncation of the data may introduce a bias. Our first step in 

assessing whether the duration of an experiment has an effect on the transit time 

distribution of successful particles reaching a capture region, i.e., is the detected mode a 

secondary mode, we inspected visually the upper and lower depth levels probability 

distributions for each of the experiments. Our second step was to perform relative 

sensitivity analysis. The aim of a relative sensitivity analysis is to explore the robustness 

and accuracy of results under certain conditions, where variations in a (given) parameter 

would further aid with assessing the impact of uncertainties. To this aim, one of the 

a) b) 

c) d) 
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experiment parameters is changed by a certain percentage, assuming the other parameters 

remain constant, and the percentage change of the designated ‘performance’ indicator is 

observed (e.g., Balaman, 2019). Here, we perform relative sensitivity analysis on the 

transit time of the fastest one percent successful particles, where we calculate the percent 

underestimation of the transit time, based on a scenario where 50 percent of the slowest 

particles are missing. This further aids as a check to the influence of right truncation of 

the transit time distribution.  

4.2.7. A note on the isobaric nature of the Lagrangian experiments 

The setup in the Lagrangian experiments is such that the Lagrangian particles are 

artificially held at their respective release depths along their pathways, where they are 

continually acted upon by the model-derived velocity field. The Lagrangian particles are 

passive in nature. In this study, the Lagrangian particles are treated as proxies for MOW 

water parcels, to aid with the identification of probable MOW pathways within the 

northeast NA. However, the release of particles between ~700 m and 1300 m depth, with 

a 50 m level-step, should compensate for the isobaric nature of the experiment, as the 

release of particles in an even distribution in depth space makes them unevenly distributed 

in MOW density space, falling within the 27.38 and 27.82 kg m⁻³ isopycnals (Mosquera 

Giménez et al., 2019). Further, any potential changes in MOW densities as it propagates 

within the broader northeast NA are unknown. Hence, as the number of particles released 

at each depth level (Table 4.1) is near-equal, we anticipate the evenly distribution of 

particles in depth space to represent the total number of particles, falling within the MOW 

density range classes, and the likely density alterations along the course of trajectories. 

4.3. Results 

4.3.1. Transit times to entry region Box 1, southern RT 

The statistics of all experiment runs, for both upper and lower layers/veins, are 

summarised and presented in Table 4.2. Fastest transit times for both upper and lower 

veins resulted from the particles release on 1st of January 2001. In the upper vein, 

successful particles amount to 48.98 % of the total released, in the lower vein, 38. 75 % 

of particles were found successful. On average, as captured by the mode, particles in the 

upper vein take about 1097 days (approximately 3 years), in the lower vein, particles take 

about 1203 days (approximately 3.5 years) to reach and enter the southern region, Box 1 

(Fig. 4.3). The fastest 1 percentile transit times for upper and lower veins are 530 and 580 

days respectively. The slowest transit times for the upper vein are observed in the results 

from experiment initiated on 1st of January 2004, the slowest transit time for the lower 

vein is the outcome of experiment run initiated on 1st of January 2003 (Fig. 4.3). 

Corresponding transit times are approximately 2301 days and 2527, amounting to over 6 

years (upper vein) and about 7 years (lower vein) (Fig. 4.3). The fastest 1 percentile transit 

times for both upper and lower veins take 570 days. 
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Fig. 4.3 Mode-defined transit times by year of particle launch from release domain (8-12 °W; 36-38 °N) to 

capture region, Box 1 (14-21 °W, 51-53 °N). Solid red and blue lines representative of upper and lower 

layers/veins transit time variability respectively, dashed red and blue lines denoting fastest one percentile 

of upper and lower layers/veins respectively. Upper layer/vein defined between ~700 m and 950 m depth, 

lower layer/vein defined between 1000 m and 1300 m depth. Particle arrival time (month/year) for upper 

(red) and lower (blue) layers/veins shown in boxes. 

Year run Number of successful 

particles 

Transit time (days) 

Fastest 1 percentile 

 

Mode 

upper lower upper lower upper lower 

2000 3271 

(50.27 %) 

2712 

(37.88 %) 

602 660 1423.8 1431.2 

2001 3187 

(48.98 %) 

2846 

(38.75 %) 

530 580 1096.8 1202.7 

2002 2544 

(39.10 %) 

2192 

(30.61 %) 

440 440 1275.8 1224.5 

2003 2461 

(30.20 %) 

2162 

(37.82 %) 

560 570 1356.3 2526.9 

2004 1885 

(28.97 %) 

1688 

(23.58 %) 

570 550 2301.3 2261.3 

2005 2090 

(32.12 %) 

1944 

(27.15 %) 

450 449 1865.1 1881.8 

2006 1648 

(25.33 %) 

1485 

(20.74 %) 

649 720 2048.2 1571.6 

2007 1230 

(18.90 %) 

1010 

(14.11 %) 

860 690 1791.4 2163.4 

2008 1035 

(15.91 %) 

915 

(12.78 %) 

589 740 1362.7 1800.1 

2009 940 

(14.45 %) 

907 

(12.67 %) 

600 640 1468.5 1470.7 

2010 555 

(8.53 %) 

549 

(7.67 %) 

451 620 1113.4 1397.3 

Table 4.2 Statistics for all experiments runs, 2000-2010, where particles reach and enter the Rockall Trough 

(RT), i.e., capture region, Box 1. Release date for all particles, 1st of January of corresponding experiment 

year, transit time in days. 
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4.3.2. Robustness of statistics: mode and fastest one percentile 

To check the experiment statistics (number of successful particles, transit times for the 

fastest 1 percentile, and ultimately the mode), we investigated the transit time distributions 

for all experiments. Presented are travel time distributions for the fastest and slowest upper 

and lower veins (Fig. 4.4), and travel time distributions for experiments with successful 

particles less than 20 percent, i.e. experiments initiated in 2007, 2008, 2009 and 2010 (Fig. 

4.5).  

 

 

Fig. 4.4 Upper and lower layers/veins fastest transit time distributions a), b); upper and lower layers slowest 

transit time c), d).  Experiments runs for a) and b) initiated on 1st of January 2001, experiments runs for c) 

and d) initiated on 1st of January 2004 and 1st of January 2003 respectively. Magenta vertical lines 

representing the mode, red curves representing kernel probability distribution fit.   

Based on the fastest and slowest transit time distribution plots (Fig. 4.4), we are confident 

that the mode in each of the respective experiments is a primary one. However, transit 

time distribution plots for experiments runs initiated in years 2007, 2008, 2009 and 2010 

and their associated modes (Fig. 4.5) do not carry the same confidence. Only in year 2007 

(Fig. 4.5a, b) there is somewhat a clear drop in number of particles, which may be 

indicative that the identified modes for upper and lower veins is a primary one. In year 

2008, 2009 and 2010 (Fig. 4.5c-h), the impact of the truncation of the data becomes 

apparent. The identified modes may not be the primary ones, thus, we flag the statistics 

for experiments runs initiated in years 2008, 2009 and 2010 as a precaution.  

a) b) 

c) d) 
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Fig. 4.5 Upper and lower layers/veins transit time distributions for experiments runs initiated in a), b) 2007, 

c), d) 2008, e), f), 2009 and g), h) 2010. Magenta vertical lines representing the mode, red curves 

representing kernel probability distribution fit. All experiments runs were initiated on 1st of January of 

respective experiments runs years. 

a)  b) 

c) d) 

e) f) 

g) h) 
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To further check the validity of fastest transit time distributions, we performed relative 

sensitivity analysis based on a scenario where 50 percent of the slowest particles are 

missing, in order to address the influence of a right truncation of the transit time 

distribution. Results for the upper and lower veins for experiments initiated in 2001, 2003 

and 2004 are presented and summarised in Table 4.3 and Table 4.4 below. The results 

show that if we were to lose the slowest 50 % of successful particles, the overall 

underestimation of transit times for both veins would range from ~5-10 % for the lower 

vein (Table 4.4) to ~11-13 % percent for the upper vein (Table 4.3). This shows that even 

a severe enough truncation likely yields a moderate effect on the fastest transit time, here 

estimated as the 1 % percentile. This metric should therefore be little influenced by the 

truncation of the experiment, even for the latest release years, for which likely not all of 

the released particles have had enough time to reach the RT. Therefore, the statistics of 

transit time for fastest particles reaching and entering the RT, as presented in Fig. 4.3, 

hold.  

Year of 

release 

1 % percentile 

of transit time 

(days) 

 

0.5 % quantile of 

transit time  

(days) 

Sensitivity to a 50 % right-

truncation  

(days and % change) 

2001 530 474.35 -55.65 (-10.50 %) 

2003 560 500 -60.00 (-10.71 %) 

2004 570 498.50 -71.50 (-12.54 %) 
Table 4.3 Relative sensitivity analysis for particles released in the upper MOW vein (~700-950 m), arriving 

in capture region, Box 1. Calculations of underestimation of transit times of the fastest 1 % particles, based 

on scenario, where the 50 % slowest successful particles are missing. Under this scenario, the 1 % percentile 

is equal to the 0.5 % quantile of the non-truncated data. 

Year of 

release 

1 %  percentile 

of transit time 

(days) 

0.5 % quantile of 

transit time  

(days) 

 

Sensitivity to a 50 % right-

truncation  

(days and % change) 

 

2001 580 520 -60 (-10.34 %) 

2003 570 542.40 -27.6 (-4.84 %) 

2004 550 518.20 -31.8 (-5.78 %)  
Table 4.4 Relative sensitivity analysis for particles released in the lower MOW vein (~1000-1300 m), 

arriving in capture region, Box 1 Calculations of underestimation of transit times of the fastest 1 % particles, 

based on scenario, where the 50 % slowest successful particles are missing. Under this scenario, the 1 % 

percentile is equal to the 0.5 % quantile of the non-truncated data. 

4.3.3. Composite pathways of fastest and slowest upper and lower MOW veins 

Here, composite pathways of the fastest and slowest transit times (Fig. 4.6), as deduced 

by experiment statistics (Table 4.2), are presented. The fastest transit times for both upper 

and lower veins are the outcome of experiment run, initiated on 1st of January 2001. The 

display of the particles residency is in days within 1° x 1° longitude/latitude grid cells, 

where residency defined as the time taken for a particle to enter and exit a given 1° x 1° 

grid cell. The presented composite maps of the particles residence time are in essense 

partciles density maps in units of days, as the composite residence time maps were derived 
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by scaling particles density maps by the time step, dt, of the Lagrangian simulation (e.g., 

van Sebille et al., 2018), here, dt = 10 days.  Residence time composite plots are thus very 

informative, as they retain both the partciles density per grid cell and the time step of the 

experiment simulation. The result is such that the variability of pathways could be 

detected, with the additional information of regions where partciles aggregate. 

 

 

Fig. 4.6 Composite maps of particles residence time, i.e., particles’ time spent (days) per 1° x 1° grid cell. 

The composite maps show the pathways of the fastest and slowest transit time distributions, as captured by 

the mode (Table 4.2), where a), b) fastest upper and lower veins, release time for both veins on 1st of January 

2001, c), d) slowest upper and lower veins, with respective release time on 1st of January 2004 and 1st of 

January 2003. Land represented by pink lines, ocean bottom bathymetry represented by light grey lines. 

Bathymetry source same as in Fig. 4.1. 

The northward propagation of MOW depth-defined particles is distinctly identifiable in 

all composite residency maps (Fig. 4.6). The westward spreading of MOW is more 

enhanced in the slowest transit time pathways (Fig. 4.6c, d). Entrance of particles into the 

RT, then travelling northward within the channel and exiting the channel beyond 60 °N is 

a) b) 

c) d) 
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also detectable in all maps, more so in the slowest transit times pathways (Fig. 4.6c, d). 

The slowest transit time pathways also clearly show the spreading of particles within the 

north-eastern subpolar gyre as the particles turn westward into the gyre on exiting the RT. 

The fastest pathways for both upper and lower veins (Fig. 4.6a, b) are narrower along the 

Iberian continental slopes, with little divergent towards the Bay of Biscay, whereas the 

slowest pathways (Fig. 4.6c, d) are broader and they clearly veer towards the Bay of 

Biscay, filling it up.  

4.3.4. Effect of interior RT mesoscale activity on MOW propagation and presence in the 

trough 

To investigate the possible retention of MOW within the RT, and consequently, the 

possible effect of mesoscale activity within the channel on MOW presence, we calculated 

particles transit times between the entry region, Box 1, and the central region, Box 2, and 

particles transit times between the central region, Box 2, and the northern, exit region, 

Box 3. Since transit times were calculated based on entry and exit of particles from 

enclosed regions, transit times can be interpreted as residence time scales (van Sebille et 

al., 2018). We performed the calculations for both upper and lower veins, ~700-950 m 

and 1000-1300 m respective depth ranges. Results are presented in Fig. 4.7. On average, 

in both upper and lower veins, particles transit time between Box 1 and Box 2 (Fig. 4.7a, 

b) is faster than upper and lower veins particles transit time between Box 2 and Box 3 

(Fig. 4.7c, d) by about 100 days. The longer transit time of particles between Boxes 2 and 

3, i.e., the retention of particles in Box 2, the central region, is attributed to the presence 

of the RT anticyclone, a deep vortex, which core occupies the approximate 600-1550 m 

depth range (chapter 3; Smilenova et al. 2020). The narrow interquartile ranges of the 

boxes indicate that only minor stirring occurs, whereas the elongated boxes and extended 

tails are indicative of the highly eddying nature of the flow, which may be further 

promoting recirculation. The eddying nature of the upper and lower veins flow in Box 1 

appears to be slightly more vigorous than in Box 2. This is not surprising, as the 

interactions between the poleward flowing slope current and bottom topography along the 

Porcupine slopes, between about 51 °N and 53 °N prompts flow separation and eddy 

pinch-offs (chapter 3; Smilenova et al. 2020).  

To further explore the effect of the regional interior (sub)mesoscale activity, notably, the 

RT anticyclone, we estimated the particles cumulative arrival time in the southern, central, 

and northern domains, as represented by respective Box 1, Box 2, and Box 3 enclosed 

regions (Fig. 4.8) from their release location. The cumulative arrival time for both upper 

and lower veins, derived by applying a probability density function, is scaled by 

multiplying the probability of success for each box, i.e., number of particles reaching a 

respective box divided by the total number of released particles. The notable rise in 

cumulative particles reaching the designated ‘capture’ regions via both upper and lower 

veins, is at least partially induced by the experimental setup. As particles are released 

repeatedly and consecutively, their accumulation towards the last years of the experiment, 

and beyond, is to be expected, as particles velocities will differ from year to year. This 

would also be affected by the model’s velocity field. However, the cumulative arrival 
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times also capture reduced number of successful particles reaching the study region in the 

last year of experiment setup, which brings reasonable confidence to the model velocity 

field and the reliability of results. The particles cumulative arrival time shows that the 

proportion of successful particles reaching each region, i.e., capture box, is reduced from 

Box 1, to Box 2 and Box 3. This could be explained with the ‘loss’ of particles due to 

eddy generation within and between regions (chapter 2; Smilenova et al., 2020). The effect 

of the RT anticyclone is also apparent from the particles cumulative arrival time, where a 

peak in successful particles reaching Box 2 is followed by a reduction of successful 

particles reaching Box 3, or small change, which would imply longer retention. Summary 

of time periods (month and year) for highest and lowest particles cumulative arrival time 

in Box 1, 2 and 3 for the upper (~700-950 m) and lower (1000-1300 m) veins is provided 

in Table 4.5. Further explorations of particles cumulative arrival time and MOW 

(percentage/fraction) horizontal spatial distribution are presented in section 4.4 and 

depicted in Figs. 4.9 and 4.10.  

 

 

Fig. 4.7 Transit time of particles within the Rockall Trough (RT), from Box 1 to Box 2 within upper and 

lower veins a), b) and from Box 2 to Box 3 within upper and lower veins c), d). Each boxplot shows the 

temporal spread (days) reaching the respective regions, from all experiments runs between 2000 and 2010. 

The lower and upper limits/edges of the extended lines delineate the 25 and 75 percentiles, respectively, the 

medians are indicated by the red line. Outliers not displayed, as they are considered representative of 

particles trapped within ‘choking’ regions, or over-prolonged eddying events, where mixing is assumed, 

therefore, not informative with respect to transit time of particles, retaining strong MOW characteristics. 

a) b) 

c) d) 
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Fig. 4.8 Scaled density probability of particles cumulative arrival time in Box 1, Box 2, Box 3, where a) 

particles within the upper vein (~700-950 m), b) particles within the lower vein (1000-1300 m). 

Box/Cumulative 

arrival time 

High cumulative arrival time Low cumulative arrival time 

Upper vein Lower vein Upper vein Lower vein 

Box 1 Nov, 2011 Nov, 2011 Jul, 2012 Jul, 2007 

Jul, 2012 

Box 2 Dec, 2011 Dec, 2011 Jul, 2012 Jul, 2007 

Jun, 2012 

Box 3 Feb-April, 2012 Jan, 2012 Nov, 2012 Oct, 2008 
Table 4.5 Summary of highest and lowest particles cumulative arrival time for upper (~700-950 m) and 

lower (1000-1300 m) veins for capture regions Box 1, 2 and 3.  

4.4. Discussion 

The role of MOW influence on convective processes in NA high latitude regions, and 

particularly whether MOW finds its way into the Nordic Seas have been a basis for number 

of investigations. For example, McCartney and Mauritzen (2001) did not find any 

evidence for direct advection of MOW in the RT northward of 54 °N. New et al. (2001) 

concluded that MOW does not propagate further than 53 °N. Results presented here show 

that MOW intrudes the RT and propagates further than 54 °N, reaching 60 °N and beyond 

(Fig. 4.6, Fig. 4.11 and Fig. 4.12).  

Examinations of individual particle trajectories reveal that MOW entering the RT 

navigates various routes, some of which complex, due to high mesoscale activity along 

the particles pathways. The deep RT anticyclone is also detected (example pathway shown 

in white in Fig. 4.11b). Along their way to the RT and further afield, particles are found 

to enter the Bay of Biscay and recirculate there before they exit following the continental 

margin, or veering slightly offshore before entering the RT. Examples of individual upper 

and lower veins pathways, result of experiment run initiated on 1st of January 2000 are 

presented in Fig. 4.6. The complexity of individual trajectories, induced by eddying, is 

evident in both upper and lower veins, as depicted in the individual example trajectory 

a) 

b) 
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plots (Fig. 4.11). As previously noted, northward MOW pathway within the RT is present 

in all experiment runs. The pathways also show that MOW travels along the eastern slopes 

of the Rockall Bank, to turn westward and then eastward to follow the western slopes of 

Hatton Bank and then enter the neighbouring subpolar gyre. Pathways are also found to 

convolute east and north along the slopes of George Bligh bank, Lousy Bank and Bill 

Bailey’s Bank. Since the shallowest released depth of particles in our experiments is ~700 

m, it is not surprising that particles crossing the Wyville-Thomson Ridge is not observed. 

The Wyville-Thomson Ridge could be seen as a physical barrier for MOW northward 

propagation. However, along the middle of the ridge, there is a gap at ~600 m depth. 

Therefore, propagation of modified MOW, as it rises to upper levels due to mixing-

induced density changes (Tziperman, 1987), beyond the Wyville-Thomson Ridge is 

plausible. This mixing of MOW with upper and lower ambient waters will be further 

enhanced, and MOW modified, by the presence of the RT anticyclone (chapter 3; 

Smilenova et al. 2020). Hence, northward propagation of modified MOW beyond the 

Wyville-Thomson Ridge is a reasonable proposition.  

The model-based/simulated particles tracking results could be checked with MOW 

horizontal spatial distribution, as captured by the calculated Argo-based (ISAS15) MOW 

fractions (%). For this, time periods (month/year) during which particles cumulative 

arrival time in each Box 1, 2 and 3 for the upper (~700-950 m) and lower (1000-1300 m) 

veins is high and low (Table 4.5), and 800 and 1100 m depths as representative of the 

upper and lower veins, are considered. The spatial distribution of MOW proportions in 

the upper and lower veins during low and high cumulative arrival times in capture regions 

Box 1, 2 and 3 are presented in Fig. 4.9 and 4.10 respectively. The strong and continuous 

MOW presence at depth throughout the full extent of the trough, reaching and filling the 

northern RT (Fig. 4.9a, c, d and Fig. 4.10d, e, f) clearly visible. The appearance of patchy 

MOW distributions (Fig. 4.9b and Fig. 4.10a, b, c) are attributed to the RT anticyclone 

and interior (sub)mesoscale processes. Further, the patchy and lower MOW distribution 

in the north-eastern RT could be explained by intrusions of cold and fresh Faroe-Shetland 

Channel Bottom Water (FSCBW)/Faroe Bank Channel Overflow (FBCO), which has 

been found to spill over the Wyville-Thomson Ridge as a result of across-ridge tidal 

oscillations, most pronounced during spring tide (Vlasenko and Stashchuk, 2018). The 

north-eastern RT corner (>1000 m), before it shallows towards the Wyville-Thomson 

Ridge, would accumulate MOW. Therefore, a similar tidal aiding mechanism for FBCO 

spillage over the Wyville-Thomson Ridge could be facilitating in MOW crossing over the 

Wyville-Thomson Ridge.  

The interior (sub)mesoscale activity along the south-eastern RT slopes (chapter 2; 

Smilenova et al., 2020) are also captured in the MOW fractions distribution. Eddies 

generation along the Porcupine slopes, their propagation westward of the RT southern 

entrance, or propagation into the trough, to form and join the RT anticyclone is also clearly 

depicted (Figs. 4.9 and Fig. 4.10). The effect of the interior (sub)mesoscale activity and 

the RT anticyclone on cumulative number of particles transiting from Box 1 to Box 2 and 

from Box 2 to Box 3 is also manifested. The lower MOW proportion observed in a 
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consecutive capture region/box could be explained due to some eddies propagating 

westward away from the RT southern entrance, or retention by the RT anticyclone, which 

is also reflected in the MOW proportions in Box 2 and Box 3 in all cases. 

 

 

 

Fig. 4.9 Horizontal spatial distribution of (ISAS15) Argo-based MOW (fraction) during low particles 

cumulative arrival time (month/year) (Table 4.5) representative of a), b) upper vein (~700-950 m), c), d) 

lower vein (1000-1300). Note that low particles cumulative arrival time in Box 1 and Box 2 is the same. 

Letter abbreviations: PB-Porcupine Bank, RB-Rockall Bank, HB-Hatton Bank. Bathymetry source same as 

in Fig. 4.1. White-black, green-black and red-black rectangles corresponding to capture regions Box 1, Box 

2 and Box 3 respectively, their domains as in Fig. 4.1.  

 

 

a) b) 

c) d) 
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Fig. 4.10 Horizontal spatial distribution of (ISAS15) Argo-based MOW (fraction) during high particles 

cumulative arrival time (month/year) (Table 4.5) representative of a), b) upper vein (~700-950 m), c), d) 

lower vein (1000-1300 m). Letter abbreviations: PB-Porcupine Bank, RB-Rockall Bank, HB-Hatton Bank. 

Bathymetry source same as in Fig. 4.1. White-black, green-black and red-black rectangles corresponding 

to capture regions Box 1, Box 2 and Box 3 respectively, their domains as in Fig. 4.1.  

The model-derived pathways of particles, released along isobaric surfaces corresponding 

to MOW depth-level occupancy, are supported by the trajectories of the 14 Argo floats 

used here (Fig. 4.12). A direct comparison between the model-derived and Argo-derived 

trajectories are not achievable in the present study. The main factors for this are 1) 

deployment locations and times of Argo floats, and 2) variable life time of individual Argo 

floats (battery performance and sampling setting dependent). Nevertheless, visually, 

Argo-derived trajectories (Fig. 4.12) reveal great similarities with the model-derived 

pathways (Fig. 4.11). Argo floats are designed such that even if a float deviates slightly 

from its parking depth due to seawater perturbation, and density variations, the extent of 

the float’s compression (expansion) due to the increase (decrease) in water pressure would 

be less than that of the surrounding seawater (Izawa et al., 2002). As the float would be 

lighter (heavier) than the ambient seawater, it would return to the original designated 

parking depth, allowing for the float to drift stably at its parking depth (Izawa et al., 2002). 

Thus, Argo-derived pathways give further confidence that model-derived pathways are 

representative. As in the model-derived pathways, Argo-derived pathways also highlight 

the complexity of northeast NA subsurface currents along the 1000 m isobaric surface.  

a) b) c) 

d) e) f) 
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Fig. 4.11 Example pathways of individual particles trajectories for upper a) and lower b) veins, resulting 

from experiment run initiated on 1st of January 2000. Release region, and sub-regions within the Rockall 

Trough (RT) as in Fig. 4.1; bathymetry data sourse as in Fig. 4.1. Black rectangle-release region, white-

black, green-black and red-black rectangles corresponding to capture regions Box 1, Box 2 and Box 3 

respectively, their domains as in Fig. 4.1. 

 

 

Fig. 4.12 Argo float trajectories, derived from Argo floats, deployed in the northeast North Atlantic (NA), 

no further west than 21 °W, within the 35 °N - 59 °N bound region, entering the Rockall Trough (RT) from 

the south, and occupying any of the capture regions, as defined by Box 1, Box 2 and Box 3 (Fig. 4.1). In 

both a) and b) colours correspond to individual Argo floats, and these are as follows: in a) red 6900124, 

blue 6900332, green 6900333, white 1900626, magenta 6900277, grey 6900460, and black 6900761; in b) 

red 6900493, blue 6900498, green 6900232, white 6900648, magenta 6900651, grey 6900652, and black 

6900654. Bathymetry source same as in Fig. 4.1. 

a) b) 

a) b) 
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A convoluted circulation within the 40-53 °N meridional band is visibly clear by Argo 

floats 1900626, 6900277, 6900460 (Fig. 4.12a), and 6900493, 6900498 (Fig. 4.12b), 

where eddying is also clear, possibly prompted by flow-bathymetry interactions, notably 

seamounts. Floats 1900626, 6900277, 6900460 (Fig. 4.12a) appear to recirculate in the 

Bay of Biscay region, before eventually moving northward and/or westward. On average, 

their overall displacement time period is about five years (Table C.1). Floats 6900493, 

6900498 (Fig. 4.12b) escape the Bay of Biscay region, with float 6900493 exhibiting 

similar displacement of about 5 years, whereas displacement of float 6900498 takes a year 

and two months only. The prolonged displacement/transit time periods of floats caught 

within the Bay of Biscay is not surprising, as the floats could get trapped within the 

dominant large anticyclonic circulation cell over the central Bay of Biscay (González-

Pola et al., 2005). The circulation and recirculation in the Bay of Biscay,  would be further 

impacted by the regional tidal dynamics, part of the NA amphidromic system, 

characteristic with semidiurnal tidal waves (Cartwright et al., 1980), where barotropic 

Kelvin wave propagates northward along the coast (e.g., Hernández-Molina et al., 2016). 

Kelvin waves dynamics dictate tidal ellipse flow to move counter-clockwise, with the flow 

aligned parallel to the coast, and on the right in the Northern hemisphere, which may 

explain partially the cyclonic circulation noted in the north-western corner of the Bay of 

Biscay (González-Pola et al., 2005). Overall, the recirculation patterns, and retention of 

particles within the Bay of Biscay region, as depicted in Argo floats, and Lagrangian 

particles, trajectories, could be due to multiple and complex interactions between eddies 

(anticyclones and cyclones), mean currents and deep topography (Peliz et al., 2005). It has 

to be noted that Argo-based transit times mentioned herein are based on first and last dates 

of valid profiles/sampling, and thus yielding only estimates, as profiling times, i.e., 

ascending and descending periods, are embedded within the overall displacement time 

period.  Further north, the strong presence of the deep RT anticyclone within the central 

part of the channel is shown by the pathways of several Argo floats, 6900124, 6900332, 

6900333, 6900648, and 6900651 (Fig. 4.12).  

The Argo-based and model-based trajectories of the displayed individual particles is 

corroborated by the respective composite, model-derived, residency pathways of particles 

released on the longest experiment run, initiated on 1st of January 2000 (Fig. 4.13). Longer 

residency times are observed in the abyssal waters along and in proximity to the Iberian 

coastline (Fig. 4.12b). The longer residency times could be due to eddying, i.e., 

(sub)mesoscale activity, which may arise from bathymetry-flow interactions due to strong 

bathymetry gradients, and/or internal tides, generated and reflected along the slope, 

imposing a baroclinic effect on the mesoscale activity in the Bay of Biscay abyssal plain 

(Karagiorgos et al., 2020). The known sites for internal tides generation in the Bay of 

Biscay is the Armonian shelf break, around 47 °N, and along the west Iberian continental 

slope (Pichon and Correard, 2006; Pairaud et al., 2010; Karagiorgos et al., 2020), which 

resonates well with the particles residence time composite maps (Fig. 4.13).  

The Porcupine Seabight/Goban Spur appears to exhibit high residence times as well (Fig. 

4.13b), which may primarily be due to particle retention, imposed by bathymetry settings, 
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forming a partial enclosure region. Here, the bathymetry enclosure would also retain 

smaller scale mesoscale eddies, resulting from bottom topography-current interactions 

(e.g., Fig. 3.8 and Fig. 3.9 (chapter 3); movie S1, Smilenova et al., 2020).  

Overall, highest residency/occupancy particle times are observed in proximity with the 

continental margin, as the northward flowing subsurface undercurrent, following 

bathymetry contours, interacts with slope and sea floor features, such as seamounts, 

particularly in proximity to the Iberian coastal boundary. Clusters of seamounts, or 

standalone seamounts, present an obstacle to subsurface ocean flows, modifying 

circulation patterns both locally and globally (Lavelle and Mohn, 2010; Mosquera 

Giménez et al., 2019). In the vicinity of seamounts, various hydrodynamic processes, such 

as flow intensification, current deflection upwelling, turbulence, trapped waves, internal 

waves, jets (Beckmann and Mohn, 2002) can be triggered. Regarding eddy interactions, 

seamounts have been attributed an important role in eddy generation, their breakdown, or 

trapping (Sokolovskiy et al., 2013; Mosquera Giménez et al., 2019).  

 

Fig. 4.13 Composite maps of particles residence time (days) per 1°x1° grid cell for experiment run with 

release time on 1st of January 2000, where a) upper vein and b) lower vein. Land represented by pink lines, 

ocean bottom bathymetry represented by light grey lines. Bathymetry source same as in Fig. 4.1. 

Fundamentally, the presented particle residence maps are particle density maps in units of days, as the 

residence maps are derived by scaling the particle density maps by the time step dt (here dt = 10 days). 

In the Bay of Biscay, Le Danois Bank, a marginal shelf bank and a seamount-like 

topographic feature could provide an explanation for some of the recirculation and 

retention of particles, observed in the vicinity of the region. The centre of Le Danois Bank 

is at ~ 004°50’ W, 44°05’ N, the summit is ~65 x 12 km, with an east-west oriented plateau 

of ~550-600 m depth (González-Pola et al., 2012). The bank’s dome at the western side 

has a minimum depth of 424 m, emerging from a rocky outcrop, the outer flank being very 

steep, sharply dropping to ~4000 m into the abyssal Bay of Biscay plain (González-Pola 

et al., 2012). The inner flank of the bank is smoother, connected to the continental shelf 

a) b) 
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by a saddle shaped structure ~30 km wide, ~900 m deep at its crest. This saddle point, 

together with the bank and the continental shelf bounds an inner basin, oriented towards 

the southwest (González-Pola et al., 2012). The presence of the Le Danois Bank, is one of 

the prerequisites for the tidal rectification of the flow, the other being the presence of 

strong tides. Semidiurnal tides in the Bay of Biscay, particularly in the vicinity of the 

Cantabrian Sea shelf, in proximity to Le Danois Bank, have been reported to be very 

strong (e.g., Fanjul et al., 1997). Tidal rectification, usually predominant in shallow seas 

and continental shelves, also manifests in deep waters and was found to be a likely 

contributor to the mean flow around the Le Danois bank (González-Pola et al., 2012). The 

Bay of Biscay is found to host strong dynamical activity related to internal waves, internal 

solitary waves and internal tides (e.g., Gerkema et al., 2004; Pichon and Correard, 2006; 

Azevedo et al., 2006). Internal tides propagate over 1000 km (Ray and Mitchum, 1997). 

Consequently, these high-frequency processes could be expected to play a role in the flow 

dynamics near and in proximity to seamounts. The world’s ocean seafloor is undergoing 

continuous exploration and its bottom topography features are yet to be fully documented. 

In a recent study, Morato et al. (2013) estimate that in the OSPAR (Oslo-Paris convention 

for the protection of the marine environment of the north-east Atlantic) area, covering the 

high seas and territorial waters of Norway, Sweden, Faroe Islands, UK, Ireland, France, 

Spain and Portugal, there are potentially 557 new and non-documented seamounts (Fig. 

4.2 and supplementary material 4, Morato et al., 2013).  

As depicted by both the model-derived and Argo-derived trajectories, pathways are 

varied. Some particles/floats get entrained in the Bay of Biscay, some are entrained in the 

subpolar gyre, and some appear to direct towards the Nordic Seas. Results presented here 

resonate with model-based particle tracking of MOW undertaken by Jia et al. (2007). 

Findings show great similarities with both MOW direct and indirect northward pathways, 

deduced by Jia et al. (2007). Comparison of the results, presented here, with those 

presented by Jia et al. (2007), is valid, as in their experiments, Jia et al. (2007) seed 

particles within the 600-1000 m depth range. Here, the simulated Lagrangian trajectories 

are further supported by in-situ-derived Argo trajectories/pathways.  

Although only 14 Argo floats were found suitable for explorations undertaken in this 

study, Argo-derived pathways consolidate the presence of a northward propagating 

undercurrent along the 1000 m isobaric surface within the northeast NA. This reinforces 

findings from the simulated particles pathways. Overall, our results show that the presence 

of MOW undercurrent is strong, and that both direct and indirect MOW pathways, 

reaching 60 °N and beyond, exist. Deep subsurface current dynamics are commonly 

affected by a number of associated, permanent and intermittent oceanographic processes, 

such as overflows, deep-sea storms, tsunamis, tides, internal waves, secondary circulation, 

and eddies (Hernández-Molina et al., 2016). Regionally and locally, bottom and deep 

subsurface ocean currents exhibit local heterogeneity due to varying seafloor stress, ocean 

floor topography, such as seamounts, and mesoscale variability (Hernández-Molina et al., 

2016). In this study, we attribute the highly variable transit times in Box 1, observed for 

both upper and lower veins, to be due to bottom-topography interactions, notably 
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seamounts, and the high mesoscale activity at intermediate depth, as depicted by 

trajectories and residence times (Figs. 4.11, 4.12, 4.13). The highly variable transit times 

between Box 1, 2 and 3, observed for both upper and lower veins, is attributed to bottom-

topography-slope current interactions along the south-eastern RT slopes, consequent high 

mesoscale activity at intermediate depth and the RT anticyclone in the central RT domain.  

Linking the observed variability in transit times, resultant from the experiments (Fig. 4.3, 

Table 4.2), to large-scale atmospheric and oceanic processes, such as the North Atlantic 

oscillation (NAO), East Atlantic (EA) pattern, or NASPG dynamics was attempted, but 

did not yield statistically sound results. This could be due to 1) the high subsurface 

mesoscale activity, or 2) to the advective and convective feedbacks to which MOW 

pathways would be subjected to, similarly to the large-scale overturning circulation, which 

is governed by advective and convective processes (Rahmstorf et al., 1996). This could 

further be obscured by 1) the model, i.e., NEMO setup and conditions, which will impact 

the velocity field, consequently, the particles’ transit time and 2) the duration and setup of 

the experiments. The generated particles time series, even after detrending, exhibit strong 

autocorrelation, where the particles time series correlate with itself at different time lags 

(Fig. C.1, appendix C). The non-stationarity of the particles time series is still holding. 

This non-stationarity may be due to the experiments setup, where a systematic pattern is 

introduced, as near equal number of particles are released once a year and on the same 

day of the experiment years. The short time span, associated with the truncation of the 

advection experiment, and moreover, the artificially generated trend (building up of 

successful particles), could only be mitigated by running the experiment over a time span 

several order of magnitude beyond the characteristic transit time.   

Proving the existence of a continuous MOW eastern boundary flow along the European 

continental margin from the Iberian slopes into the RT and further afield is beyond the 

scope of this study. However, the existence of broad eastern boundary currents and flows 

at depth have been explored. For example, in a stratified region, eastern boundary currents 

have been associated with the dissipation and trapping of long westward propagating 

Rossby waves by vertical diffusion of density, where both the stratification and diffusion 

contribute to existence of eastern boundary flows (Tziperman, 1987). Another reasoning 

for the existence of eastern boundary flows was put forward by Schopp and Arhan (1986), 

by employing an ideal ventilated model, in which the northward mid-depth flow was 

driven by Ekman pumping far to the north. Recently, Huthnance et al. (2020) investigate 

the direct relationship between along-slope forcing, due to the pressure gradient, and the 

bottom stress and Ekman transport. Consequently, along-slope pressure gradient 

(nonzero), varies with depth in the presence of along-slope density gradients (Huthnance 

et al., 2020). Based on ocean dynamics and the simulated pathways shown here, as well 

as Argo-based MOW (percentage/fraction) horizontal spatial distribution in the RT, the 

presence of coherent, northward propagating pathway(s) of (modified) MOW far into the 

RT and further beyond is probable.  
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4.5. Summary and conclusions 

Using Lagrangian connectivity perspectives, the advective pathways and transit 

timescales of MOW from its near source region, the Strait of Gibraltar, to the RT and 

further afield into the subpolar northeast NA, were investigated. The mesoscale-induced 

retention of MOW within the RT, with respect to the RT anticyclone, was examined. 

Based on the particle tracking experiments performed here, the RT anticyclone slows 

down particles transit between the central and the northern RT sections by about 100 days. 

The main contributions from this work are 1) the confirmation of the northward 

penetrations of MOW into the RT, as suggested by Iorga and Lozier (1999) study, based 

on climatological density fields, 2) the confirmation of the direct and indirect poleward 

pathways, defined by Jia et al. (2007) in their modelling-based study, which here is 

supported by both simulated and in-situ Argo-derived Lagrangian pathways, 3) that MOW 

is present throughout the length of the RT, as confirmed by the MOW 

fractions/percentages spatial distributions, 4) results presented here show that MOW 

crosses northward and westward over 60 °N, 5) the impact of the RT anticyclone on 

retention of particles and hence, water masses and 6) the spreading of the MOW northward 

and westward into the larger subpolar northeast NA within the upper and lower cores, and 

via eddying, as captured by simulated Lagrangian trajectories and confirmed by Argo-

derived Lagrangian trajectories. The implication of these findings is the introduction of 

additional heat and salt to upper waters via mixing from below, which will enhance the 

thermohaline properties of NAC (sub)branches flowing north-eastward into the subpolar 

NA, notably along the western slopes of Hatton Bank.   

Unravelling MOW advective pathways in the NA is an essential prerequisite for 

understanding the large-scale NA dynamics, notably, the subpolar gyre dynamics and 

higher latitude regions, the Irminger and Iceland basins, and the Nordic Seas. Findings 

outlined here support findings from other studies (e.g., Reid, 1979; Iorga and Lozier, 1999; 

Jia et al., 2007), focused on MOW spreading and spatial distribution in the NA, which 

have already highlighted the central role of the MOW. More rigorous experiments could, 

however, be performed. The study could be further extended in time, where particles are 

deployed for a larger number of years (e.g., >20), to adjust for any eventual drift in 

velocities, that could be inherited from the model setup. Further, particles could be 

released at monthly intervals, i.e., increasing the temporal resolution of experiments. 

Additional complementary backtracking experiments could be set up. Further work could 

include experiments, which are set up in an isopycnal frame. Involving inter-comparison 

work with another model output data at the same, or higher, eddy-resolving resolution 

would prove beneficial, as it could 1) yield new findings, as small errors, related to 

estimating ocean currents, can drastically change/affect particle trajectories (Griffa et al., 

2004) or 2) add verification of results presented, adding to the current knowledge.
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Chapter 5 

5. Summary and outlook 

5.1. Findings 

The overall objective of this thesis was to improve the understanding of drivers and 

processes influencing intermediate water masses presence in the Rockall Trough (RT).  

The influences of large-scale atmospheric and oceanic patterns on intermediate water 

masses presence in the Rockall Trough (RT) were explored in chapter 2, where the 

following study question was posed: do North Atlantic subpolar gyre (NASPG) dynamics 

and/or large-scale atmospheric patterns govern the presence of intermediate water masses 

in the RT? The large-scale atmospheric and oceanic drivers did not appear to be the 

dominant ones. The spatial patterns of water masses variability, as deduced by modes of 

empirical orthogonal function (EOF) analysis, and corresponding principal components 

(PC), indicated that processes occurring at intermediate depth, most notably along the 

Porcupine Bank (PB) slopes, may be instrumental. The effect of the local interior eddy 

activity emerged as the prominent factor. 

This prompted the second set of study questions: is the local interior (sub)mesoscale eddy 

field the hidden dominant driver of intermediate water masses presence in the RT and 

does the continental slope current exert an effect on the eddy field dynamics at depth?  

The investigations were directed towards the role of bottom topography-slope current 

interactions, and their effect on the generation mechanism of the newly identified deep 

RT anticyclone in the central RT. These investigations were presented in chapter 3, further 

explored in Le Corre et al. (2019) and Smilenova et al. (2020). The ship-board and model-

based analyses showed that Mediterranean Overflow Water (MOW) accounts for the 

majority of the RT anticyclone core water masses (50/55-65 %) (chapter 3; Smilenova et 

al., 2020). The results also showed that MOW is present further north than 51-53 °N, 

latitudes loosely considered in other studies a northern boundary for MOW propagation 

into the RT. Findings in chapter 3 lead to investigations in chapter 4. 

The questions underlying investigations in chapter 4 were: do Argo floats Lagrangian 

trajectories support simulated MOW Lagrangian pathways propagation in the larger 

northeast NA domain, do they support or dismiss MOW propagation in the RT further 

north than 53-55 °N, and does the local interior (sub)mesoscale field affect MOW 

propagation within the RT? Argo floats pathways supported simulated MOW Lagrangian 

pathways within the larger northeast NA domain, as well as MOW propagation within the 

RT and beyond 53-55 °N upper latitudinal limit of MOW, as deduced in previous studies. 

The depth-restricted Lagrangian analysis regarding MOW pathways showed that MOW 

reaches ≥60 °N, spreading westward and northward (≥65 °N). The depth-restricted 

particle tracking does not permit for tracing RT (modified) MOW beyond the Wyville-

Thomson Ridge, as particles were held to follow isobaric surfaces between ~700 and 1300 

m depth. Based on the particle tracking experiments performed in chapter 4, the RT 
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anticyclone slows down particles transit between the central and the northern RT sections 

by about 100 days. The presence of MOW within the RT and MOW extension throughout 

the full length of the trough, as deduced from the simulated and Argo-derived pathways, 

is supported and confirmed by Argo-based (ISAS15) water masses fractions analysis. 

Findings presented in chapter 4 bring first in-situ-based evidence for MOW presence and 

propagation throughout the full length of the RT. This further backed up and solidified the 

deductions of MOW presence in the RT region (southern, central and northern domains), 

and the possible MOW presence further into the neighbouring northeast NASPG and 

Nordic Seas, as outlined in chapters 2 and 3.  

5.2. Direct implications  

Findings from chapters 2, 3 and 4 brought into focus the role of the deep core, MOW-rich 

slope current, bottom-topography-slope current interactions, notably interior 

(sub)mesoscale process, and the overall, larger scale eastern NA boundary ocean 

dynamics. The role of (sub)mesoscale activity at depth emerged as a contender for the 

predominant mechanism influencing intermediate water masses presence in the RT. 

Hence, (sub)mesoscale processes taking place in the vicinity of the southern and central 

RT could be a substantial part of heat and salinity feedback mechanisms, by means of 

interior (sub)mesoscale eddies, from the region into the neighbouring eastern NASPG and 

high northern latitudes.  

Further, findings from chapters 3 and 4 with respect to northward propagation of MOW 

point to an energetic eddy field at depth, notably the newly identified RT anticyclone. The 

RT anticyclone entrains and detrains warm and salty MOW from the poleward flowing 

slope current, consequently increasing or reducing the transit times from upstream to 

downstream regions, and westward into the eastern NASPG. All of these processes are 

tightly linked to heat and salt distributions and budgets, along the NA eastern boundary, 

regionally within the RT basin, and further afield into the NASPG (Iceland and Irminger 

basins) and Nordic Seas. This would further hold implications to deep and mode waters 

formation. In addition to the physical impact, there will be implications to micronutrients, 

macronutrients, carbon and oxygen budgets, with an overall effect on the marine 

ecosystem and marine life (e.g., cold-water corals, blue whiting, mackerel). The dynamics 

of the RT anticyclone will facilitate nutrients primary upwelling along the rims of the 

vortex, bringing up macro and micronutrients rich MOW (zinc (Zn)) and LSW (iron (Fe)) 

waters to the photic zone, to be utilised by phytoplankton. Primary downwelling within 

the centre of the vortex will facilitate downward flux of phytoplankton, which could be 

utilised as food source by copepods, which in turn could serve as food source for fish 

larvae, such as blue whiting. The RT region is considered the preferable blue whiting 

spawning habitat (e.g., Miesner and Payne, 2017). The RT anticyclone could be providing 

optimum/near-optimum conditions for blue whiting and/or other fish larvae survival and 

recruitment. The interior (sub)mesoscale dynamics in the vicinity of the Porcupine slopes 

and the RT anticyclone dynamics could be directly facilitating phytoplankton blooms 

occurrence throughout the year, as nutrients are upwelled to photo-inhibited depths. 

McQuatters-Gollop et al. (2007) find that as the autumn/September diatom and 
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dinoflagellate blooms continue to gradually recede in the Celtic and Irish Seas, the 

Norwegian Trench and south of Iceland, the blooms remain strongest in the Faroe Islands 

and the RT region, and by October, diatom and dinoflagellates only remain abundant in 

the RT, shallow areas of the North Sea, the Porcupine Bank and north of Norway. Further, 

downwelling of upper waters, facilitated by the RT anticyclone dynamics could provide a 

direct path for carbon sequestering as non-utilised phytoplankton reach the ocean floor. 

5.3. Limitations and recommendations 

The studies presented here are prone to limitations and therefore not without caveats. 

Findings and consequent conclusions, presented in main chapters 2, 3 and 4 are drawn 

upon intermediate water masses metrics, where core characteristics of the water masses 

are based on 2006-2013 wintertime (January/February months) CTD dataset, and thus 

limited both temporally and spatially. 

Investigations in chapter 2 questioned the suitability of a SSH-based subpolar gyre index 

as a proxy for the dynamics of the NASPG, and furthermore, could it capture the oceanic 

variability in the eastern NA. To capture water masses variability in the Irminger and 

Labrador Seas, Post et al. (2020) construct indices, based on density anomalies referenced 

to 1000 and 2000 dbar respectively. A derivation of a large-scale index, based on density 

criteria may be better suited for exploration of NASPG-intermediate water masses 

relations. If a SSH-based index is still a preferable choice, perhaps deriving such index 

with respect to the intergyre gyre region may be more applicable to exploring relations 

with respect to RT intermediate water masses, as their entry to the region is directly 

impacted by the intergyre gyre dynamics. As Hátún and Chafik (2018) point out, most 

suitable metric, capturing NASPG dynamics, remains to be derived. 

Findings in chapter 2 do not dismiss the influence of large-scale atmospheric and oceanic 

drivers on intermediate water masses presence in the RT. Most certainly, the NASPG 

dynamics, as well as the atmospheric field, as captured by the NAO (North Atlantic 

oscillation) and the EA (East Atlantic) pattern will be impactful. Many studies assume 

that statistically significant correlations reveal causation, or simplistically assume a linear 

relationship between time series. As Altman and Krzymwinski (2015) explain, correlation 

implies specific types of association, such as monotonic trends, or clustering, but not 

causation. Association is the same as dependence, and could be due to direct or indirect 

causation (Altman and Krzymwinski, 2015). Problems arise when the number of features 

is large compared with the sample size, then large but spurious correlations could 

frequently occur, and conversely, when there are a large number of observations, small 

and substantively unimportant correlations may emerge as statistically significant (Altman 

and Krzywinski, 2015). To overcome the detection of correlations by chance between 

variables or processes, and the number of analyses involved, an approach similar to Jones 

et al. (2018) may be beneficial. A model to frame an adjoint sensitivity analysis could be 

used, where a single quantity of interest is defined (it could be an integral over a chosen 

region and time period), and the adjoint method simultaneously calculates the sensitivities 

to every selected input at all locations and time that are incorporated in the numerical 
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model (Jones et al., 2018). A singular adjoint sensitivity experiment could calculate 

sensitivities that would otherwise result an unfeasibly large number of experiments (Jones 

et al., 2018). Results however, will be dependent on the causal relationships contained in 

the model governing equations (Jones et al., 2018), making the choice of model’s 

suitability to regional settings imperative. Results will be model-derived, giving 

representations of the real processes, therefore, the better the region-model compatibility, 

the more informative and reliable the results.  

The tracking of MOW within the larger northeast NA (chapter 4) was performed on 

isobaric surfaces, where particles were held at constant depth levels (~700-1300 m). The 

derived trajectories were based on forward particle tracking. A follow-up study, or an 

extent to the study performed here, could be particle tracking along isopycnal surfaces, 

and backward in time, which will eliminate the imposed depth constrain and the 

assumption of particle origin. Additionally, tracing along isopycnal surfaces will allow for 

a better representation of volume transports, should such calculations be undertaken. This 

also raises the question of how the Lagrangian setup experiment could be optimised. No 

ideal setup exists, and the optimal will necessarily be the result of a trade-off. Given that 

any model data/model reanalysis data are only a simplification of the real oceanic 

environment, such a setup is disadvantaged from the start. The questions of how many 

particles/floats, are considered a sufficient number of particles/floats, and for how much 

time to track the particles are also challenging, since the answers would be only available 

once a full understanding of the study region and its physical environment are known. If 

time and computation resources were available, a setup where particles are released daily, 

or monthly, for at least 10 years, or similarly to Gary et al. (2020), seasonally (mid-

January, mid-April, mid-July, and mid-October) for a duration of at least 50 years, would 

constitute a good trade-off between coverage of seasonal dynamics and time span of the 

experiment.  

With respect to tracing MOW and establishing MOW presence within the larger eastern 

NA, the RT region, and further afield into higher latitudes, the use of chemical and 

biological data could be beneficial. Isotopic analysis of δ18O (oxygen) and δD (deuterium, 

a stable isotope of hydrogen) could be used to identify MOW (e.g., Voelker et al., 2015). 

Nd (neodymium) isotopic compositions (εNd) of seawater profiles and deep-sea corals 

could also be used to track MOW propagation (e.g., Copard et al., 2011; van de Flierdt et 

al., 2016). It has been suggested that dissolved aluminium (dAl) concentrations are only 

to a minor degree affected by the remineralisation of biogenic particles, hence, dAl could 

serve as a quantitative tracer for MOW (Menzel Barraqueta et al., 2018). However, this 

approach could be obscured by the effect of interior mixing.  

5.4. Outlook 

5.4.1. The importance of data collection  

Understanding the relative importance of the individual processes and investigating the 

various relationships and feedbacks is very much determined by data availability, and their 

good temporal and spatial distributions. The longest, uninterrupted time series, providing 
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full water column physical parameters data for the southern and central RT are the ship-

board CTD data used in this thesis. These data have been collected during 

January/February months, 2006-2013 period, leading to both temporal and spatial 

limitations. Continuous, systematic, long-term collection of data measurements is thus 

imperative. Importantly, observational data are central to validations of models, and their 

performance could only be optimised and enhanced by comparisons with reliable 

observational metrics. The collection of ship-board and lowered ADCP data along 

dedicated transect line(s) in the southern and central RT is yet to be undertaken and 

established. As such, calculations of absolute geostrophic velocities and consequent 

transport estimations are impaired. Further regarding transports and various water masses 

variability, the establishment of moorings on both the eastern and western RT banks, 

similarly to the Ellett mooring array (UK) in the northern RT, would prove beneficial, as 

these would provide full water column depth measurements with high temporal resolution. 

Transports contributions along the eastern and western RT slopes could then be 

determined. Further, mooring lines, similar to the NA changes (NOAC) mooring line 

(Germany), to be placed at key locations along the eastern RT slopes, to gather data with 

respect to slope current transport variability, as well as eddy contributions. 

Ship-board transect observations could be complemented by glider observations, which 

would increase the temporal resolution of data, to collectively complement the ongoing 

global Argo campaign. Glider transects could be allocated north and south of dedicated 

ship-board transect(s), to capture variability in water masses and in transports, and further 

increase spatial coverage. However, although glider capabilities are to be extended beyond 

the upper 1000 m of the water column, glider data collection requires real-time monitoring 

and glider navigation. Argo core data (temperature and salinity) for the upper 2000 m, 

despite the non-homogeneous temporal and spatial coverage in the region, remain the best 

physical parameter data to date. In time, the Argo core data will be vertically extended 

down to 4000 and 6000 m, once deep Argo data accumulate. The biogeochemical Argo 

programme is building up. A noticeable drawback of using Argo floats as data collectors 

is that the floats are left to rest on the ocean floor once they run out of battery, as their re-

use is prevented by logistics of floats collections in the open global ocean. Currently, Argo 

floats are considered a negligible proportion of oceanic polluting. However, an Argo 

programme, where Argo floats accumulate on the ocean floor, is not sustainable and 

cannot be an infinite in time undertaking. Regarding Argo deployments, a coordinated 

deployment plan between Portugal, Spain, France, the UK and Ireland could prove 

invaluable in resolving MOW pathways and spreading.  

Data collection campaigns should be designed in accordance with studies objectives, and 

where possible, multidisciplinary data collection to be organised, which is usually the 

practice. However, these should be planned carefully, such that one discipline does not 

take priority over another. The observational capacity in the southern RT is only starting 

to develop and to benefit from multi-institutional and multi-national collaborations. 

Expanding observations will provide an opportunity for better understanding of processes 

at play, as well as observing and detecting changes. 
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5.4.2. Unexplored questions and possible suggestions 

The studies presented here point that processes, on large and small/regional scales, may 

be more interlinked. It is likely that the strength of the slope current in the vicinity of the 

RT could be the determinant in MOW eddy shedding, consequently increasing eddy-

induced heat and salt transports westward and northward of the southern RT. This, in turn, 

could influence heat and salt budgets in the eastern NASPG and Nordic Seas. The slope 

current could be directly linked to MOW volumes and similarly, MOW production 

directly linked to severity of convection events in the Mediterranean Sea, driven by 

NAO/EA strength and freshwater fluxes.  

Several physical processes and questions, which could be expected to affect intermediate 

water masses presence in the RT and their modifications, come to mind. Suggestions for 

larger scale future investigations are directed with respect to the influence of interior 

eastern boundary dynamics and water masses, notably MOW.   

On regional scale, future investigations could be directed towards 1) the impact of 

(sub)mesoscale-induced interior mixing, 2) tidally-induced interior mixing, 3) variability 

in eddy-induced transports, westward from the RT and/or into the RT, 5) the contribution 

of the RT anticyclone to modifications of regional water masses, 6) an in-depth 

examination of the circulation at the wider southern entrance of the RT, 7) to what extent 

the dynamics of the intergyre gyre (Marshall et al., 2001) exert an impact on intermediate 

water masses in the RT region.  

On a larger scale, some of the processes and questions that could be key to water masses 

presence in the RT, and could be explored are 1) intensity of convection events in the 

Mediterranean Sea, 2) connections between Mediterranean Sea convection events and 

MOW volume production and characteristics changes, 3) are there links between 

convections events in the Mediterranean Sea and the strength and variability of the 

European slope current, 4) what drives the intensity and variability of the interior slope 

current, 5) what is the MOW residence time in the Bay of Biscay, 6) is the Bay of Biscay 

serving as a reservoir and a booster of MOW, and if yes, 7) what are the MOW volumes, 

and 8) at what timescales does the boosting of MOW volumes in the RT occur and what 

are the triggers.   

5.4.3. Large-scale context 

The recently reported freshening of the eastern NASPG due to freshwater inputs (Holliday 

et al., 2020) provides further evidence that the Atlantic is entering a cool phase, as the 

freshwater input at high NA latitudes will disturb deep water formation, the driving force 

of the Atlantic meridional overturning circulation (AMOC). NA in a cool phase will lead 

to a weakened Atlantic meridional overturning circulation (AMOC) (McCarthy et al., 

2020).  

Weakening of the AMOC is further interlinked with decrease in meridional (northward) 

heat and salt transports. The North Atlantic current (NAC) is one of the main conduits of 
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transporting upper warm and salty subtropical-origin waters to high latitudes. The 

European slope current, or the eastern NA boundary current, is another source of warm 

and salty subtropical-origin waters, notably MOW at depth.  

The various pathways for warm, high salinity water to transit from the subtropics to the 

subpolar gyre remain to be resolved, the main difficulty arising from the complexity of 

subsurface circulation, which exhibits notable regional differences (e.g., Häkkinen et al., 

2013). However, the contributing role of MOW in the NA circulation, and consequently 

AMOC, is slowly (re)emerging. Ivanovic et al. (2013) show that the role of MOW in 

governing the pattern and vigour of the modern AMOC is key in three major processes: 

water transport, salt export and depth of the MOW plume. Hence, the westward spreading 

and subsequent mixing of MOW with overlying NA waters increases the contribution of 

warm, high salinity waters to the subtropical gyre and shallow and intermediate NA 

currents, which shape the regional surface climate (Ivanovic et al., 2013).  

The change of the NASPG strength/dynamics, from strong to weak state, as represented 

by an altimetry SSH-based index, does not seem to affect the spatial position of annual 

mean upper 500 m isohalines (35.20-35.50, with a 0.05 step), most notably the 35.50 

isohaline  (Fig. 2, Koul et al., 2020). This suggests that salinity changes within the RT and 

further northward could be governed by MOW presence at depth and processes deeper in 

the water column. The interior eddy field in the RT domain could be serving as a regulator 

and amplifier to the local salinity budgets, which will exert an effect further northward 

and westward from the region, as well as vertically downward and/or upward in the water 

column. While exploring a mechanism, where Kelvin-Helmholtz instabilities and billows 

facilitate the upward transfer of salinity between MOW and upper North Atlantic Central 

Water (NACW), Mauritzen et al. (2001) show that an upward flux of salinity, i.e., toward 

lower NACW density levels, is possible.  This upward salinity transfer, or detrainment, 

results in higher salinities on NACW density surfaces (Mauritzen et al., 2001). More 

recently, Siegelman (2020) shows that deep submesoscale fronts are an efficient pathway 

for transport of heat from the ocean interior to the surface. Such upward property transfer 

would be applicable to nutrients (iron, nitrate, phosphate, silicic acid), carbon, oxygen, 

which will affect the composition of upper water masses not only in the RT region, but 

also in the neighbouring north-eastern NASPG, and further into higher northern latitudes.   

The presented studies strengthen our perception of the role of RT interior (sub)mesoscale 

process and features, the slope current at depth and MOW presence within the RT. The 

importance of RT interior (sub)mesoscale processes, notably the RT anticyclone, and their 

potential impact on north-eastern NASPG dynamics were highlighted. The thesis findings 

thus make a contribution towards efforts for a comprehensive understanding of the 

physical processes and dynamics, taking place in the RT and larger northeast NA, which 

in turn will be beneficial for exploring the biogeochemical and biological environments.
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Fig. A.1 a) Normalised NAO (blue) and SAIW-PC1 (red) time series, b) normalised NAO (blue) and 

detrended SAIW-PC1 (red), c) NAO-detrended SAIW-PC1 cross-correlation, d) NAO (blue) and SAIW-PC2 

(red) time series, e) NAO-SAIW PC2 cross-correlation. Cross-correlations perfomed with 95 % confidence 

interval. 
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Fig. A.2 a) Normalised EA pattern (blue) and SAIW-PC1 (red) time series, b) normalised EA pattern (blue) 

and detrended SAIW-PC1 (red), c) EA pattern-detrended SAIW-PC1 cross-correlation, d) EA pattern (blue) 

and SAIW-PC2 (red) time series, e) EA pattern-SAIW PC2 cross-correlation. Cross-correlations perfomed 

with 95 % confidence interval. 
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d) 

e) 
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Fig. A.3 NASPG-PC2 (blue) and SAIW-PC1 (red) time series, b) detrended NASPG-PC2 (blue) and 

detrended SAIW-PC1 (red), c) detrended NASPG-PC2, detrended SAIW-PC1 cross-correlation, d) NASPG-

PC2 (blue) and SAIW-PC2 (red) time series, e) detrended NASPG-PC2 (blue) and SAIW-PC2, f) detrended 

NASPG-PC2-SAIW-PC2 cross-correlation. Cross-correlations perfomed with 95 % confidence interval. 
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Fig. A.4 a) Normalised NAO (blue) and MOW-PC1 (red) time series, b) NAO-MOW PC1 cross-correlation, 

c) normalised NAO (blue) and MOW-PC2 (red) time series, d) NAO-MOW PC2 cross-correlation. Cross-

correlations perfomed with 95 % confidence interval. 
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Fig. A.5 a) Normalised EA pattern (blue) and MOW-PC1 (red) time series, b) EA pattern-MOW PC1 cross-

correlation, c) normalised EA pattern (blue) and MOW-PC2 (red) time series, d) EA pattern-MOW PC2 

cross-correlation. Cross-correlations perfomed with 95 % confidence interval. 
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Fig. A.6 a) NASPG-PC2 (blue) and MOW-PC1 (red) time series, b) detrended NASPG-PC2 (blue) and 

MOW-PC1 (red), c) detrended NASPG PC2-MOW PC1 cross-correlation, d) NASPG-PC2 (blue) and 

MOW-PC2 (red) time series, e) detrended NASPG-PC2 (blue) and MOW-PC2, f) detrended NASPG PC2-

MOW PC2 cross-correlation. Cross-correlations perfomed with 95 % confidence interval. 
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Fig. A.7 a) Normalised NAO pattern (blue) and LSW-PC1 (red) time series, b) normalised NAO pattern 

(blue) and detrended LSW-PC1 (red), c) NAO pattern-detrended LSW-PC1 cross-correlation, d) NAO 

(blue) and LSW-PC2 (red) time series, e) NAO-LSW PC2 cross-correlation. Cross-correlations perfomed 

with 95 % confidence interval. 
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Fig. A.8 a) Normalised EA pattern (blue) and LSW-PC1 (red) time series, b) normalised EA pattern (blue) 

and detrended LSW-PC1 (red), c) EA pattern-detrended LSW PC1 cross-correlation, d) EA pattern (blue) 

and LSW-PC2 (red) time series, e) EA pattern-LSW PC2 cross-correlation. Cross-correlations perfomed 

with 95 % confidence interval. 
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Fig. A.9 NASPG PC2 (blue) and LSW-PC1 (red) time series, b) detrended NASPG-PC2 (blue) and 

detrended LSW-PC1 (red), c) detrended NASPG PC2-detrended LSW-PC1 cross-correlation, d) NASPG-

PC2 (blue) and LSW-PC2 (red) time series, e) detrended NASPG-PC2 (blue) and LSW-PC2, f) detrended 

NASPG PC2-LSW PC2 cross-correlation. Cross-correlations perfomed with 95 % confidence interval. 
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Fig. A.10 MOW-EOF4 spatial modes capturing the influence of regional deep mesoscale activity and 

settings water masses fractions variability. Red ellipses pinpoint areas of deep mesoscale activity 

influencing and imprinting on respective water masses spatial variability. RB-Rockall Bank, PB-Porcupine 

Bank. 
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Fig. A.11 MOW temporal variability as captured by a) MOW-PC3, b) MOW-PC4, c) MOW-PC5, d) MOW-

PC6 over the January 2002-December 2015 time period.

a) 

b) 

c) 

d) 



Appendix B  B-168 
 

Appendix B 

     

Fig. B.1 In-situ derived absolute salinity (AS) g kg) and conservative temperature (CT) anomalies (C), left 

and right panels respectively, in January 2012. In both panels dark grey lines representative of isopycnals, 

computed using potential density (σθ) (kg m⁻³), referenced to 0 dbar, with numbers along isopycnals 

representing the isopycnal values. Light grey dashed lines representative of deep stations locations, i.e., 

vertical profiles, with stations numbers displayed on top of the panels. Property anomalies calculated 

relative to respective data points mean values for the overall period of ship-board data availability (2006-

2013). 

 

 

 

Fig. B.2 Complexity of regional bottom topography, as captured by the aspect (°) of bottom topography. 

White circle outlines predominant Rockall Trough (RT) anticyclone’s location, centred at 55 °N, 12 °W. In 

both panels, black lines are isolines with 500 m level step. Letter annotations and bathymetry data source 

as in Fig. 3. 
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Appendix C  C-169 

Appendix C 

F
lo

at
 #

 

Float ID DAC 

#
 P

o
si

ti
o

n
s 

re
co

rd
ed

  

First valid 

position 

(lon/lat) 

recorded 

Last valid 

position 

(lon/lat) 

recorded  

Date of first 

valid 

position 

recorded 

Date of last 

valid positon 

recorded  

1 6900124 AOML 136 -19.90/50.56 -10.84/55.51 15/06/2005 14/02/2009 

2 6900332 IF-

Coriolis 

163 -13.17/54.80 -29.38/64.12 10/03/2005 23/04/2010 

3 6900333 IF-

Coriolis 

141 -12.80/54.63 -59.91/61.08 10/03/2005 17/02/2009 

4 1900626 IF-

Coriolis 

196 -5.11/45.00 -17.68/48.58 26/12/2006 28/04/2012 

5 6900277 IF-

Coriolis 

184 -10.63/43/98 -10.86/47.38 12/09/2004 06/09/2009 

6 6900460 IF-

Coriolis 

176 -6.15/45.86 -18.73/47.74 27/08/2007 01/06/2012 

7 6900761 IF-

Coriolis 

95 -9.86/45.08 -13.17/56.31 22/09/2010 09/04/2013 

8 6900493 IF-

Coriolis 

217 -16.87/43.77 -21.85/55.69 02/07/2008 22/05/2014 

9 6900498 IF-

Coriolis 

46 -25.05/53.37 -14.23/55.48 23/10/2003 05/01/2005 

10 6900232 BODC 66 -14.36/53.91 -5.81/55.41 17/03/2008 17/12/2009 

11 6900648 BODC 28 -14.11/55.84 -14.92/61.51 15/02/2009 12/12/2009 

12 6900651 BODC 34 -13.56/55.47 -9.82/55.89 16/06/2006 02/05/2007 

13 6900652 BODC 76 -12.02/54.47 -13.07/54.72 15/06/2006 03/08/2008 

14 6900654 BODC 158 -16.21/54.04 -11.31/61.34 18/06/2006 14/11/2010 
Table C.1 Summary of Argo floats data used in this study. 

 

 

Fig. C.1 First order difference particles transit times autocorrelation analysis for a) upper vein (~700-950 

m) and b) lower vein (1000-1300 m). Both upper and lower time series show remaining non-stationarity. 


