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In this thesis we examine the seasonal to interannual variability of the Subpolar North At-
lantic Ocean over the last decade using both observations and models. The Topex/Poseidon
altimeter is the primary source for the observational data, which are analysed to exam-
ine the seasonal-to-interannual surface variability of the Subpolar North Atlantic Ocean.
These data are also used to infer changes in the positions of the Subpolar Front and the
large-scale circulation. Model output is provided from the Estimating the Circulation and
Climate of the Ocean model (ECCO) and has been examined, firstly, to establish the re-
alism of the model in the light of the altimeter data and historical observations. Then,
secondly, to identify any further variability in the ocean system and to document asso-
ciated forcing mechanisms. The tools used to identify principal modes of variability and
any coupling within the climate system are those stemming from Empirical Orthogonal
Function analysis.

The analysis of the Topex/Poseidon data reveals that surface variability in the Subpolar
Gyre region is primarily driven by the wind field, whereas in the Newfoundland Basin this
is not the case. The study also confirmed previous hydrographic analysis that there had
been significant shifts in the position of the Subpolar Front in the Iceland Basin over the
last decade. Analysis of the position of the Subpolar Front in ECCO reveals much the
same picture as in the altimeter data. It is demonstrated that the frontal shifts are as
a result of a Sverdrup-like response of the ocean to variable wind forcing, of which the
North Atlantic Oscillation (NAQO) is one of the dominant modes. 1t is also thought that this
mechanism could be responsible for the generation and subsequent eastward propagation
of temperature anomalies along the pathway of the Subpolar Front.

Another common feature present in both the altimeter data and output from ECCO
is the weakening of the North Atlantic Current (NAC) and more generally the Subpolar
Gyre over the last decade. The decrease primarily occurs in the Labrador Sea region and
appears to be linked to the low-frequency fluctuations in the baroclinic structure of the
water column. Over the period of the altimeter observations and the model run the NAC
decrease in strength by ~16% and ~20% respectively.

High frequency fluctuations in the Meridional Overturning Circulation (MOC) in the
Subpolar North Atlantic are dominated by an Ekman response to the wind forcing and
remain a significant contributor to the variability on interannual time-scales, exhibiting
a significant correlation to the NAO. Two principal modes of variability are identified
in the MOCs response to fluctuations in the wind forcing; An NAO and East Atlantic
Oscillation-like pattern are found to be associated with an Ekman overturning cell and
anomalous Ekman pumping respectively. There is also evidence of longer-term variations
in the strength of the overturning, but the length of the model run is insufficient to quantify

the characteristics of this.
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Chapter 1

Introduction

[1] Our ability to observe, and hence understand, the climate system has greatly im-
proved with advances in technology. The recent advent of satellite remote sensing plat-
forms and General Circulation Models (GCM) of varying complexity have complimented
the more traditional technique of in-situ sampling. Pushed by socio-economic factors in
an increasingly aware society, understanding the variability, controlling mechanisms and

possible prediction of the climate system has become a major concern of governments and

scientists alike.

[2] Significant advances in our understanding of the oceans were made during the World
Ocean Circulation Experiment (WOCE; 1990-2002), a principal project of the World Cli-
mate Research Programme. The overall objective of WOCE was to provide a quantitative
description of the circulation of the World Ocean. This was fundamental to the foreseeable

development of GCMs that would be useful for predicting climate change.

[3] In determining the long-term behaviour of the ocean, WOCE implemented a series of
programmes that sampled the temporal variability in the system. The inherent problem of
infrequent asynoptic sampling of a dynamic ocean using traditional observing techniques
was partially overcome by the recent advances in technology; Satellite remote sensing
strategies were providing accurate and reliable quasi-synoptic data, with a global repeat
coverage of as little as 10 days, by the early 1990s and formed an integral part in monitoring

the ocean, albeit only at the surface.

[4] As we are currently unable to provide a spatially or temporally synoptic view of the



World Ocean from observations alone, the modelling fraternity have recently developed
asstmilation techniques to overcome this shortfall in quality data. Through the synthe-
sis of observational data with ocean GCMs, one can provide an ocean state estimation
quantitatively more accurate than available from observations or models alone (Lu and
Stammer, 2004). However, whether analysing results from constrained or unconstrained
model simulations, one must remember that solutions are only an approximation of the
system being simulated. As numerical and computational constraints force the exclusion
of physical processes and the parameterisation of others that are unable to be resolved, it

is imperative that a validation is undertaken prior to any analysis.

[65] In the present study, we will seek to identify changes in the large-scale circulation
of the Subpolar North Atlantic Ocean (Figure 1.1) through the analysis of such satellite
and ocean GCM data. Emphasis is placed on shifts in the large-scale frontal systems and

changes in both the basin-scale horizontal and meridional overturning circulation.

[6] The circulation of the Atlantic Ocean differs from the other oceanic basins. Warm
waters are transported northward via a series of strong surface currents before being cooled
in the Subpolar North Atlantic and Arctic Oceans and return southward at depth. The
circulation of the North Atlantic Ocean

has been extensively surveyed over the

last century in order to gain an under-

standing of the large northward trans- ;'\AArét'icj'oéga.h ;

port of heat that is thought to influence, : 4 &

in part, the climate over northern eu- ’

rope. More recently, there have been e W
P ¥ Subpolar North b

. . . Atlantic Ocean-. -
concerns that changes in the circulation Al n

of the North Atlantic could not only af-

Subtropical
North Atlantic
-QOcean :

fect local climate, but also have possible

global implications.

[7] Thermodynamic exchange between
the Subtropical and Subpolar North At-

lantic Ocean is an integral part of the Figure 1.1: The Subpolar North Atlantic Ocean;

overturning in the North Atlantic. The the focal region of this study.



North Atlantic Current forms the dynamically active boundary between these two regions
and plays an important role in cross frontal exchange of water mass properties. Thus,
variations in the North Atlantic Current will have an impact on the global ocean system
and the climate of northern Europe. It is therefore necessary to identify changes in the
circulation of the Subpolar North Atlantic Ocean and attempt to quantify the physical

processes involved if we are to improve our understanding of the climate system.

[8] Throughout this study particular reference will be paid to the North Atlantic Os-
cillation (NAQO; Hurrell (1995)), as this is one of the most robust recurrent patterns of
atmospheric variability in the mid-to-high latitudes of the Northern Hemisphere. Such a
pattern will induce significant changes in the climate of the ocean via fluctuations in wind
and buoyancy forcing. This atmospheric phenomenon is often cited as the main cause for

changes in circulation and redistribution of water masses in the region (e.g. Bersch, 2002).

[9] The thesis is structured in the following manner: Chapter 2 provides a summary of
the circulation of the Subpolar North Atlantic Ocean and a brief overview of the variability
previously observed in this region. In Chapter 3 data from a satellite altimeter will be
used to describe the surface variability in the Subpolar North Atlantic Ocean and provide
inferences on any changes in the large-scale circulation. A comparison between two Ocean
General Circulation Models is presented in Chapter 4, along with their validation against
observational data. The analyses in Chapters 5 and 6 will focus on the changes in the
horizontal and meridional circulation in one of these Ocean General Circulation Models.

Finally a summary of the study and concluding remarks are presented.






Chapter 2

The Subpolar North Atlantic

2.1 Introduction

[1] The Subpolar North Atlantic Ocean is one of only a few regions where deep convec-
tion occurs. Preconditioning of an enclosed body of water coupled with strong air-sea
buoyancy fluxes are the prerequisites to the deep convection that drives the ocean over-
turning circulation. It is therefore important to understand the dynamics and variability
of the upper Subpolar North Atlantic Ocean that may significantly influence this process.
Variations in the overturning in the Subpolar North Atlantic (also to the north in the
Greenland Sea) may have implications for climate over northern Europe! as warmer wa-

ters are transported between Subtropical and Subpolar regions as part of the overturning

circulation.

[2] The advent of new sensing techniques along with the global scientific collaboration
of the World Ocean Circulation Experiment (WOCE) over the last decade has greatly
advanced monitoring of the world’s oceans. With this improved knowledge of the ocean’s
state and the development of super computers the discipline of implementing global Ocean
General Circulation Models has rapidly expanded providing a useful tool for diagnosis of

various oceanic processes.

[3] Historically, in part due to the infrequency of measurements and a lack of understand-
ing of the circulation, variability of the ocean has been measured on the longer time-scales

of order of decades. Recently, with more advanced observational platforms, e.g. satellite

! Although the relatively mild climate over northern Europe is predominantly influenced by the seasonal

heat storage of the oceans and the atmospheric circulation (Seager et al., 2002)
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platforms and profiling floats, it has been realised just how variable the ocean is. Signifi-
cant changes have been observed over relatively short time-scales of the order of years and

are potentially comparable in magnitude to longer time-scale events (e.g. Reverdin et al.,

1999).

[4] If we are to make future predictions about changes in the climate system we have to
improve our understanding of the processes influencing ocean circulation. The recent circu-
lation pathways of the Subpolar North Atlantic Ocean are reasonably well known through;
hydrographic surveys (e.g. Pollard, 1996), drifter observations (e.g. Lavender et al., 2000)
and satellite data (e.g. Heywood et al., 1994), but the mechanisms for the dynamical
variations in the circulation are poorly understood. Changes in the circulation have been
associated with the ocean’s response to external fluctuations in atmospheric forcing (Stam-
mer and Wunsch, 1999), fresh water fluxes and interactions with topography (Reverdin
et al., 1999). These changes can also depend on internal forcing, e.g. buoyancy fore-
ing, dynamic instabilities (Stammer and Wunsch, 1999) and circulation pathway-pathway
interaction (Thompson and Schmitz, 1989). Using data output from Ocean General Circu-
lation Models (OGCM) an understanding of the processes and forcing mechanisms present

in the ocean system can be determined. These would also provide valuable information

for future hydrographic and drifter surveys.

[5] After an introduction to the bathymetry in the following section this chapter will
provide a summary of the circulation of the Subpolar North Atlantic Ocean (Section 2.3)
with a brief overview of the variability observed in this region (Section 2.4). Section
2.5 introduces modes of variability in the atmosphere that play an important role in

determining the state of the ocean and to conclude a summary of the aims of the thesis is

presented (Section 2.6).

2.2 Bathymetry

[6] The bathymetry of the Subpolar North Atlantic is depicted in Figure 2.1. Consisting
of four basins; Labrador, Newfoundland, Iceland and Irminger Basins, the Subpolar North
Atlantic is topographically bounded on three sides. A submarine ridge system to the north,

between Greenland and Scotland, isolates the intermediate and deep Nordic Seas from the
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Figure 2.1: Bathymetry of the Subpolar North Atlantic. Isobaths are contoured at every 1000 m
from 5000 m (light grey) up to 1000 m (dark grey) and at 200 m (black).

basins to the south. To the east and west the Subpolar North Atlantic is bounded by

continental landmasses with an abyssal escape to the south.

[7] Separating the deep ocean of the east and west Subpolar North Atlantic is the Mid-
Atlantic Ridge (MAR), starting to the south of Iceland as the Reykjanes Ridge. Along
the MAR are a series of fracture zones; Charlie Gibbs Fracture Zone (CGFZ), Faraday
Fracture Zone and Maxwell Fracture Zone, that are thought to topographically steer
the mean flow. The steep contours of the continental slopes and the MAR guide the
major currents around the Subpolar North Atlantic Ocean with various submarine banks,

channels and troughs adding to the complexity of the circulation.

2.3 Ocean Circulation

[8] Climate of the Subpolar North Atlantic is strongly influenced by the Gulf Stream
(GS), as a significant proportion of the meridional ocean heat transport into this region is
associated with this system (Rago and Rossby, 1987). Direct velocity observations of the
GS suggest that the combined baroclinic and barotropic transport is of the order of 150 Sv

and in part determined by the dynamics of two counter-rotating gyres to the north and to
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the south (Hogg, 1992). After leaving Cape Hatteras the GS meanders eastward to 65°W
where it is suggested that the Stream decelerates before bifurcating into several smaller
currents (Reverdin et al., 2003). In addition, there is a step-like jump in the position of
the GS core between the longitudes of 65°W and 60°W associated with the New England
Seamounts (63°W, 38°N; Fratantoni, 2002). According to Frankignoul et al. (2001) it is
the intense heat loss from the GS system that drives the storm track, which is focussed

towards the European continent in the winter months.

[9] One of the currents that splits from the GS and Subtropical Gyre, between 54°W
and 50°W, is the North Atlantic Current (NAC; Lazier, 1994, Reverdin et al., 2003) which
flows northward along the Grand Banks of Newfoundland hugging the steep topographic
contours of the continental slope (Kearns and Rossby, 1998). A second current flows
southward and eastward as the Azores Current towards the African coast. The NAC is
an important component of the Meridional Overturning Circulation (MOC), acting as
a pathway for thermodynamic exchange between the Subtropical and Subpolar Gyres.
Continuing around the Flemish Cap the NAC turns sharply eastwards between 51°N and
52°N at the Northwest Corner (Lazier, 1994) and crosses the MAR between 50°N and
52°N into the eastern Subpolar North Atlantic as at least two jets (Krauss, 1986, Sy et al.,
1992, Schmitz and McCartney, 1993, Kearns and Rossby, 1998, Reverdin et al., 2003). The
most northerly of these jets is thought to be topographically constrained at the CGFZ (Sy
et al., 1992). To the south of the CGFZ the remaining jets exhibit increasing variability

in strength and composition (Sy et al., 1992, Reverdin et al., 2003).

[10] The transport and nature of the NAC has been re-evaluated several times since Wor-
thington (1976) presented his North Atlantic Circulation scheme. Schmitz and McCartney
(1993) suggest that the total transport of the NAC is of the order of 37 Sv in the upper
ocean. Of this northward transport 25 Sv is contained within a closed gyre, with an addi-
tional 36 Sv recirculating in the intermediate and lower ocean. This is in agreement with
the value of 50 Sv suggested by Meinen et al. (2000) that recirculates as the large perma-
nent anticyclonic Mann Eddy (Mann, 1967) in their analysis of WOCE hydrographic line
ACMS6 at 42.5°N. However, the remaining transport of 12 Sv northward to the Iceland
Basin, coupled with the 13 Sv transport of intermediate waters around the Subpolar Gyre

proposed by Schmitz and McCartney (1993) is less than discussed by Meinen (2001).
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[11] Other estimates of upper ocean

55 ; A— —

transport in the NAC are of around 44 SUSS
Sv (Krauss et al., 1987), with a branch- * (\\u"

ing to the east and north at 47°N 41°W,
although these branches are not thought
to be permanent features of the sys-
tem. Lazier (1994) observed that the
mean flow of the NAC between 50.5°N
and 51°N is considerably stronger and
more baroclinic in nature than to the

north, with more of the energy coming

from the mean rather than the eddying
flow. Relative to 4200 m he calculated

the transport to the east of the Flemish Figure 2.2: Pathway of the North Atlantic Cur-

Cap to be of the order 40 Sv to 44 Sv. rent through the Newfoundland Basin. Rossby’s

. int 1 ] tt Il
Meinen (2001) proposes 50 Sy around (1996) interpretation of the meandering yet temporally
stationary features of the NAC and probable pathways of

the Northwest Corner and to the east
eastward flowing tributaries (indicated by the arrows) to

a decreased transport of around 30 Sv the south of the main NAC core at 51°N.

across the MAR, 4 Sv more than Sy et al. (1992) calculate using a 2000 m reference level.

[12] Kearns and Rossby (1998) suggest that the pathway of the NAC in the Newfoundland
Basin is constant and topographically controlled with stationary meanders of the order 300
km in wavelength (Figure 2.2). The generation of these meanders is due to the prominent
features of the Southeast Newfoundland Rise, the Flemish Cap (Rossby, 1996) and the
Newfoundland Seamounts (Kearns and Rossby, 1998). In a simple model study Kearns
and Paldor (2000) suggest that in fact it is the stability of the NAC that allows its path

to follow these bathymetric contours.

[13] Entering the Newfoundland Basin from the north, cooler waters of Subpolar origin
encounter the northward flowing NAC of warmer more saline Subtropical origin forming
a strong frontal system known as the Subpolar Front (SPF). The horizontal distributions
of heat and salt persist in this region over both summer and winter months forming a
permanent frontal boundary (Dietrich, 1969). This frontal system runs northward along

the continental shelf of Newfoundland above the 3500 m isobath, before turning eastward
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around 52°N (Lazier, 1994). Outside the Newfoundland Basin the front follows a north-

ward trajectory into the Iceland Basin closely associated with the pathway of the most

northerly of the NAC jets.

[14] Several lesser known fronts are identified by Belkin and Levitus (1996). At 45°N to
47°N lies the Mid-Atlantic Front and at 39°N the Mediterranean Water Front. They also
describe the bifurcation of the SPF (also termed the Subarctic Front by some authors)
into the Northern and Southern Subpolar Fronts close to 35°W. Water mass exchange
across these fronts, transferring properties between the two gyre systems, has important
implications on the dynamics of the region (Dutkiewicz et al., 2001). In recent in situ
studies floats are observed to move between fast flowing jet waters to slower surrounding
waters, illustrating the potential for tracer fluxes across these frontal regions (Dutkiewicz

et al., 2001). This exchange is also found to occur in both the upper and intermediate

ocean (Zenk, 2000).

[15] There appears to be great debate as to the nature of the NAC and its associated
tributaries and fronts as it passes over the MAR. It is unclear whether the character of the
NAC remains as a series of jets passing eastward across the MAR or whether it degenerates
into an eastward drift with no discrete frontal boundary associated with it. Krauss (1986)
disagreed with the branched structure of the NAC proposed by both Dietrich et al. (1975)
and Worthington (1976) favouring the idea of the eastward drift. Although many authors
refer to the NAC jets, Rossby (1996) suggests that with the NAC’s strongly diffusive flow
there appears to be no mechanism for generating any such zonal jets. Many authors now
simply refer to the NAC as a highly variable flow, with no real fixed structure. Bower
et al. (2002), however, note the influence of the topography as the NAC passes from the
Newfoundland Basin across the MAR (Figure 2.3), acting to focussing the flow over the

fracture zones.

[16] Once in the Iceland Basin the NAC turns to the north. The specific location at
which this occurs varies. It is clear, however, that waters of Subtropical origin are trans-
ported northward between 30°W and 23°W into the Iceland Basin and Rockall Trough
(e.g. Fratantoni, 2002, Reverdin et al., 2003, Pollard et al., 2004). East of the MAR waters
associated with the NAC have been shown to follow several pathways. One northward at

around 30°W. This bypasses the longer cyclonic route around the Iceland Basin and enters
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the Irminger Sea north of 54°N
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fore recirculating southward along
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Latitude

the eastern flank of the Reykjanes

Ridge and into the Irminger Basin Figure 2.3: Distribution of floats passing over the Mid

south of 60°N (Pollard et al., Atlantic Ridge. This figure, from Bower et al. (2002), high-

1999)- From surface drifter tra- lights the probable pathways that the NAC follows across the

. . . N MAR. Plot a shows the distribution of floats passing over the
jectories Orvik and Niiler (2002) ,
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suggest that there is in fact a the ridge system. The unfilled bars in the upper plot indicate
small transport pathway to the the deployment latitudes of the floats. The fracture zones refer-
enced in the lower plot are the Mazwell Fracture Zone (MFZ),
the Faraday Fracture Zone (FFZ), the Charlie Gibbs Fracture

Zone (CGFZ) and the Bight Fracture Zone (BFZ).

south of Iceland across the Reyk-
janes Ridge and an additional flow

across the Iceland-Faroe shelf into

the Nordic Seas from this current system. The third notable pathway is through the Rock-
all Trough and towards the Nordic Seas (Orvik et al., 2001) with a possible recirculation
into the northern Iceland Basin (Pollard et al., 2004). There has also been observational

evidence of a pathway to the south and east along the Celtic Shelf towards France (Zenk,

2000, Fratantoni, 2002).

[17] From hydrographic data Bacon (1997) determines an approximate transport of 19
Sv travelling northward across 53°N as the NAC. Orvik et al. (2001) suggest that waters
from the Rockall Trough and the Iceland Basin feed the Norwegian Current with a total
inflow to the Nordic Seas across the Svinoy section of the order 4.2 Sv in the eastern
branch, originating from the Rockall Trough region, and 3.4 Swv in the western branch,

originating in the Iceland Basin. The difference between the water mass properties of the
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NAC and Subpolar Gyre in the Iceland Basin are still sufficient to form a frontal zone

that is baroclinically unstable (Heywood et al., 1994, Schott et al., 1999).

[18] To the west, waters entering the Irminger Basin from the Labrador and Iceland Basins
form the poleward Irminger Current on the westward flank of the Reykjanes Ridge present
from 57°N (Reverdin et al., 2003), the magnitude of which has been estimated to be of
the order of around 9-10 Swv in the upper ocean (Krauss, 1995, Bacon, 1997). The flow on
the opposing flanks of the Reykjanes Ridge are very different in nature (Reverdin et al.,
2003), with the transport on the westward flank associated with a frontal zone (Bersch
et al., 1999) and a local eddy kinetic energy maximum (Heywood et al., 1994). This
frontal feature along the westward flank of the Reykjanes Ridge is similar in nature to
that of the Subpolar Front (Reverdin et al., 2003). The poleward flowing waters of the
Irminger Current follow the bathymetric contours as weakly cyclonic circulation around
the Irminger Basin, centred on 61°N 36°W (Reverdin et al., 2003), where it encounters the
East Greenland Current (EGC), an outflow from the Nordic Seas. The EGC transports
approximately 3 Sv southward along the Greenland coastal shelf as a seasonally varying
surface current of Polar and Arctic Intermediate Water composition (Foldvik et al., 1988).
During periods of high ice melt along the coast of Greenland there is a strong frontal
boundary initiated between the EGC and Irminger Current both flowing southward to-
wards Cape Farewell. Bacon (1998) observed salinities of less than 30 in the EGC and
Krauss (1995) less than 33.3 in the outer flank of the current with the Irminger Current
relatively warmer and more saline at 34.9-35.0 and 4-5°C, in contrast to waters of -1.5°C
in the EGC. Transport southward in the upper ocean is of the order 18 + 3 Sv in the
Irminger Basin according to inverse calculations by Bacon (1997), with a total southward

flow of the order 26-27 Sv compared to 21 Sv proposed by Schmitz and McCartney (1993).

[19] At Cape Farewell the EGC turns northward into the Labrador Basin as the West
Greenland Current, still flanked by the Irminger Current (now the Labrador Current).
The frontal boundary between these two currents results in a region of relatively high
eddy activity through the generation of baroclinic instabilities (Cuny et al., 2002, Prater,
2002). At around 62°N there is another region of high eddy activity where the boundary
current separates from the continental shelf. This appears to occur in response to a

divergence in the bathymetric contours, with flow continuing along the 3000 m isobath
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Figure 2.4: The trajectory of a RAFOS profiling float in the Labrador Basin from Prater
(2002). The float, with an equilibrium depth of 375 m, illustrates the separation of the West Greenland
Current between 61°N and 62°N and its subsequent pathway into the interior Labrador Sea between the

2000 m and 3000 m isobaths. The circled numbers indicate profiles at 7-day intervals.

into the interior of the Labrador Basin (Figure 2.4). Although the eddy kinetic energy in

this region is relatively high it is still an order of magnitude smaller than that found in
the Gulf Stream (Fratantoni, 2002).

[20] Cuny et al. (2002) observe speeds in the boundary current of 90 cms™! at Cape
Farewell and 95 c¢ms™! northward at Cape Desolation centred on the 2000 m isobath.
At around 61°N speeds drop to 70 cms~! with a further reduction thereafter, as a result
of the divergence in the isobaths and instabilities generated between the boundary and
interior water masses. These speeds are in close agreement with those observed by Krauss
(1995), who suggests that the current slows to 40 cms™! between 60°N and 62°N. Typical
transit times around the Labrador Basin are of the order 147 to 185 days (Cuny et al.,
2002). Prater (2002) speculates that the advection of eddies and Irminger Water from the
boundary current into the interior of the basin may play a role in restratification of the
Labrador Sea in late spring coinciding with a peak in eddy activity. It is unlikely that
these eddies are connected in any way to convection in the basin as convective eddies in

the Labrador Sea are predominantly anti-cyclonic, smaller and more barotropic in nature

than those generated in the Irminger Current (Lilly and Rhines, 2002).
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[21] Overturning in the northern
Labrador Sea Iminger Sea
\

A

North Atlantic is most closely as-

sociated with the convective regions
of the Greenland (Watson et al.,
1999) and Labrador Seas (Marshall

et al., 1998). However, from re-

Latitude

cent sub-surface float measurements

in the western Subpolar North At-

lantic Lavender et al. (2000) identi-

fied an intermediate depth cyclonic Longitude
recirculation in the Irminger Sea,

Figure 2.5: The streamfunction derived from float

a site of possible deep ventilation
data from Straneo et al. (2003) in the Labrador and

(see Figure 2.5, grey contours in the y o0 Baging. The cyclonic recirculations, low pressure
Irminger Basin). Pickart et al. (2003) cells, are indicated by the shaded regions. The thick black
suggest that this site, exposed to cold ~contours identify the region of known deep convection.
winter winds from mainland Green-

land is the location where overturning in the Irminger Sea is most likely to occur. Straneo
et al. (2003) illustrate the importance of these recirculation regions of the Subpolar Gyre
in the export of Labrador Sea Water to the east. Of these suggested sites of possible deep
ventilation, only one site has been observed to be active in production of intermediate and
deep water masses (Marshall et al., 1998, also identified in Figure 2.5 by the thick black
unshaded contours in the Labrador Basin). The recirculation observed near the Northwest

Corner and the Flemish Cap (51.5°N, 46°W) is driven by the seasonally variable flow of

the Labrador Current in response to the wind forcing (Lavender et al., 2000).

[22] Outflow of Labrador Sea Water is via the Labrador Current and Deep Western Bound-
ary Current eastward between 51°N and 54°N and also in the interior northward into the
Irminger Basin (Lavender et al., 2000, Pickart et al., 2003, Straneo et al., 2003). Transit
times for the passage of Labrador Sea Water from its generation region into the Iceland
Basin and the Rockall Trough are estimated to be as little as 2.8 years (Lavender et al.,
2000, ¢f. Read and Gould (1992) and Bersch et al. (1999)). Ventilated waters are also
found on the eastern flank of the MAR south of the CGFZ (Paillet et al., 1998) and are also
thought to follow the Deep Western Boundary Current south through the Newfoundland
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Basin, although Lavender et al. (2000) found no evidence for this. Large scale recircu-
lations at intermediate depths along the pathway of the Gulf Stream and NAC could

potentially modulate the residence time of Subpolar waters heading southward (Lozier,

1997).

2.4 Interannual to seasonal ocean variability

The Gulf Stream

[23] As a dynamic link in the heat transfer between the Subtropical and Subpolar regions,
any variability in the Gulf Stream may impact on the ocean climate system of the Subpolar
North Atlantic. Over the last decade there have been lateral shifts in the Gulf Stream
due to variability in the atmospheric forcing according to Frankignoul et al. (2001). They
found that the axial position of the Stream had shifted by around 2° in latitude southward
between 1995 and 1997 (Figure 2.6). Annual variations in the pathway within 100 km
of the climatological mean have also been observed by Marotzke et al. (2002) and from
drifter data by Reverdin et al. (2003), although on sub-annual timescales the flow is
dominated by more variable characteristics of meanders and large scale eddies or Gulf
Stream Rings (Hogg, 1992). Taylor and Stephens (1998) and more recently Frankignoul
et al. (2001) demonstrated, using a correlation analysis, that the fluctuations in Gulf
Stream were lagged to one of the principal atmospheric modes of variability the North
Atlantic Oscillation (NAO, see section 2.5). Although Frankignoul et al. (2001) found no
evidence to suggest variability in the Stream’s position on seasonal time scales, Kelly et al.
(1999) suggest that there is a seasonal cycle in the surface transport and position similar
to that of the atmospheric jet stream. The position of this atmospheric jet stream is to

the north in fall and the south in the spring months (Tracey and Watts, 1986).

The Newfoundland Basin

[24] Yaremchuk et al. (2001) use both observational data and data from model assimilation
to estimate the seasonal variability in the strength of the NAC in the Newfoundland
Basin. They conclude that a peak in transport occurs during April-May of 61+5 Sv with
a minimum of 4243 Sv in October-November across 40°W, between 40°N and 55°N. They

also find that there is a seasonal variation in vertical transport across 1000 m of the order 2
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Figure 2.6: The first Empirical Orthogonal Function (EOF; top) and associated Principal
Component (PC; bottom) of the Gulf Stream pathway from Frankignoul et al. (2001). The
PC indicates the lateral shifts in the core of the Stream, with the most northerly position observed in 1995

before moving to a more southerly position in 1997 and 1998.

Sv. Both the horizontal advection of water masses, contributing to the seasonal buoyancy

budget, and winter convection are shown to influence the circulation in this region.

[25] The pathways of the NAC east of 45°W follow a wider variety of trajectories across
the Newfoundland Basin, whereas to the west of 45°W they appear to follow a more
consistent path northward to the Northwest Corner (Kearns and Rossby, 1998, Kearns
and Paldor, 2000, Reverdin et al., 2003). Lazier (1994) points out , however, that there
is a highly variable flow regime in the Northwest Corner and that it could exist in two
different states varying on a time-scale of the order of months. The first state is a well
defined, narrow and coherent flow between 48°N, 43°W and 51°N, 44°W (mid point of
the Northwest Corner), the second a weaker and less coherent flow of multiple ill-defined
pathways. The mechanism for this appears to be storm related, leading to cross frontal
exchange and the horizontal displacements of the current. Lazier (1994) also notes the

persistence of 100 km anticyclonic eddy structures east of the Northwest Corner.

[26] The two most northern branches of the NAC are better defined than to the south
where the flow appears a little more ambiguous in both strength and position (Sy et al,
1992, Belkin and Levitus, 1996, Reverdin et al, 2003). The most northern of the NAC

branches, the Subpolar Front, exhibits significant interannual variability in its trajectory
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across the southern Subpolar North Atlantic (Belkin and Levitus, 1996). Excursions north-
ward (southward) of 200-t0-300 km are observed in the Newfoundland basin, while to the
east of the MAR there are corresponding southward (northward) shifts of the order 200
km. Along 35°W the frontal position appears to remain within a 55 km window under
the premise that the flow is topographically controlled as previously discussed. Eden and
Willebrand (2001) argue that fluctuations in the atmosphere impose a cyclonic circulation
anomaly centred on the Subpolar Front. The anomalous circulation advects warm saline
waters across the front into the western Iceland Basin, analogous to the northward shift
east of the MAR observed by Belkin and Levitus (1996). This idea is similar to that pro-
posed by White and Heywood (1995), who suggest that latitudinal shifts of the Subpolar

Front are in concert with that of the zero in the wind stress curl.

[27] From over twenty years’ worth of drifter data Reverdin et al. (2003) identify the
climatological locations of northern most branches of the NAC at 50°N and 52°N to the
west of 32°W, but find these positions to be less well defined further to the east. The
results from two hydrographic cruises (Pollard, 1996, Schott et al., 1999) suggest that the
55 km window observed by Belkin and Levitus (1996) maybe an under estimate of the
variability over the MAR. Pollard (1996) observed the northern branch of the NAC to be
around 50.8°N in 1991 with a clear indication of the southern branch at 48.5°N. In August
of 1997 there was an apparent excursion of the NAC to north of its climatological mean
(Schott et al., 1999). The depth to which the NAC extended during this period is thought
to have prevented the passage of Labrador Sea Water through the CGFZ, thus altering

the circulation in the Subpolar North Atlantic Ocean.
The FEastern Subpolar North Atlantic Ocean

[28] Using data from a series of hydrographic surveys across the Subpolar North Atlantic
Ocean, Bersch et al. (1999) discovered a significant change in the baroclinic structure
across the Iceland Basin over the period 1991-to-1996. They suggest that the resultant
shift in the Subpolar Front westward may have been caused by either a reduction in
the Ekman upwelling or the heat flux to the atmosphere. Another plausible mechanism
for the observed variability could be through the advection of anomalous water mass
characteristics of Subtropical origin into the region (Eden and Willebrand, 2001). Figure
2.7 illustrates the shift in the front between 1995 and 1996 through a large temperature
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Figure 2.7: Westward shift in the Subpolar Front in the Iceland Basin between the years
1996 and 1995. Potential temperature difference along the WOCE AR7E hydrographic line spanning

from southern Ireland to the Cape Farewell on the southern tip of Greenland.

difference in the upper and intermediate ocean between 28°W and 25°W. This westward
shift in the frontal position acted to impede the spreading of Labrador Sea Water to the
eastward limits of the Iceland Basin in 1996 (Bersch et al., 1999).

[29] Large scale shifts in the frontal zone have also been inferred through the use of satellite
altimetry (Heywood et al., 1994, White and Heywood, 1995). White and Heywood (1995)
suggested that variability on both seasonal and interannual time scales can be associated
with the atmospheric forcing. They find that there is a seasonal strengthening of NAC

across the MAR during the winter months and evidence of lateral shifts in the current in

response to changes in the wind stress curl.

[30] In 1991 Pollard (1996) observed two branches of the NAC turning northward across
54°N between 24°W and 23°W and between 22.2°W and 21°W. In 1996 Pollard et al
(2004) identified two clearly defined branches of the NAC, again crossing 54°N into the
Iceland Basin, but on this occasion further to the west. In contrast to 1991 the more
northerly of the two branches turned north at 30°W and the southern branch at 25°W.
There are also suggestions of the possible transport of NAC waters northward along the

eastern flank of Reykjanes Ridge east of the CGFZ (Krauss, 1996, Schott et al., 1999).
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Accompanying this broad range of trajectories the strength of the flow into the Iceland

Basin appears to be influenced on interannual time scales by the NAO (Flatau et al., 2003,

Reverdin et al., 2003).

[31] Orvik et al. (2001) suggest from a 2 year time-series that variability of the Atlantic
inflow to the Nordic Seas also exhibits a strong connection to the NAO. It should be noted,
however, that the two years in question both have peaks in the NAO during the winter

months coinciding with peaks in transport, therefore may just exhibit a strong correlation

to the seasonal cycle.
The Western Subpolar North Atlantic Ocean

[32] Tt is believed that the long term variability of convection in the Labrador Sea is some-
what dictated by variations in the atmospheric forcing. Pickart et al. (2002) stress, how-
ever, that there is no simple relationship between ocean and atmosphere. The Labrador
Sea has sufficient convective memory that even during a mild winter of weaker winds sig-
nificant convection can still occur (Straneo et al., 2003). In February 1997 there was one
such event. The relatively high heat flux from the Labrador Sea during the early 1990s had
preconditioned the water column sufficiently such that convective activity was triggered
with minimal forcing (Pickart et al., 2002). In addition to the interannual signal there has
also been a notable freshening of the Labrador Sea over the latter half of the last century

(Dickson et al., 2002), which may impact on the circulation in the Subpolar Gyre region

as a whole.

[33] Over the past decade there has also been a significant change in the sea surface height,
of the order of 5 to 6 cm, in the western Subpolar North Atlantic between the years prior
to the winter of 1995/6 and those after {Reverdin et al., 1999, Figure 2.8). The winters
of 1995/6 and 1996/7 exhibited relatively weaker winds over the Labrador Basin and an
associated reduced heat flux. This lead to a heat gain in the upper ocean and an increased
steric contribution to the sea surface height. Reverdin et al. (1999) estimated the steric
height change to be around the order of 4 em attributing the additional heat gain with

anomalous advection of warmer waters into the region.

[34] Coupled with the changes in sea surface height has been a transition over the last
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decade in the nature of eddies

in the Labrador Sea (Lilly et al.,
2003). The latter half of the
last decade has seen the persis-
tence of long lived boundary cur-

rent eddies in the Labrador Sea.

This longevity is thought to be a
feature of the weaker heat fluxes
and shallower convection of the
mid to late 1990s. Prior to this

there was an abundance of smaller
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ary current are observed in early

spring (Heywood et al., 1994, Prater, 2002). In the West Greenland Current the seasonal
differences in the transport are suggested to be due to the break down of the coastal front
and hence baroclinic transport (Myers et al., 1989). On the opposite side of the basin
along the Labrador coast Hansen and Larsen (1999) calculate seasonal differences in the

transport of the Labrador Current to be of the order of 10 to 17 Sv, peaking in fall to

winter.

2.5 Atmospheric variability

[35] As the winds blow over the world’s ocean there is a transfer of momentum between

the air and the sea. The atmosphere imparts a force per unit area:

T = Tpi+ TyJ (2.1)

the zonal and meridional wind stress, on the ocean’s surface. Figure 2.9 shows the eastward

wind stress at 55°N over the Subpolar North Atlantic Ocean between 1992 and 2002. This
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Figure 2.9: Mean zonal wind stress at 55°N in the Subpolar North Atlantic between 1992
and 2002.

stress exerted on the surface of the ocean is an important driving force of current systems.

Thus, variations in the wind field are closely linked to the variability we see in the oceans.

[36] The transfer of momentum from the atmosphere to the ocean gives rise to what
is termed Ekman transport, a transport in the oceanic boundary layer. As the wind
blowing over the ocean is non-uniform, so to is the transport in this oceanic boundary
layer. Variations in Ekman transport lead to a convergence of mass in some regions and
a divergence in others. This is compensated in the vertical with mass being replaced or
expelled at a rate equal to the divergence or convergence in the oceanic boundary layer.
This vertical motion or Ekman Pumping velocity (wg) drives ocean currents and can be

expressed in terms of the curl in the wind stress (V x 7):

101y _ Oz, _VXT 2.9
( ) 7 (22)

where f is the coriolis parameter and p some reference density. A map of the mean wind

stress curl over the Subpolar North Atlantic is shown in Figure 2.10.

[37] One of the leading modes of atmospheric variability in the Subpolar North Atlantic
Ocean is the North Atlantic Oscillation (NAO) and describes the variable pressure gradient
between the Azores High and the Icelandic Low. It is the leading mode of variability in
the North Atlantic throughout most of the year, accounting for around one third of the
hemispheric variance in the dominant winter months (Hurrell, 1996). Several indices have

been constructed to describe the variable nature of this atmospheric mode (e.g. Rogers,
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Figure 2.10: The mean wind stress curl over the Subpolar North Atlantic Ocean for the

period 1992-2001. Units are in Nm™2.

1984, Hurrell, 1995, Jones et al., 1997). These indices are constructed as measures of
the difference in standardised Sea Level Pressure (SLP) at two locations near the centres
of action. Standarised means that the time series have had their means removed and
have been divided by their standard deviation to create a new time series (Stephenson

pers.comm.). If this process were not performed the low pressure measurement over Iceland

would dominate the indices.

[38] Station Based Indices (SBI)? are unable to capture the full extent of the respective
pressure systems as the NAOs centres of action vary both spatially and temporally. Dur-
ing the summer months the choice of station location will change the characteristics of
the NAO index, although this not so evident in the more robust winter months. SBI mea-
surements are also subject to local atmospheric variability not directly associated with the

NAO and hence will contain a certain degree of noise.

[39] An alternative to SBIs is Empirical Orthogonal Function (EOF) analysis (see Ap-

pendix B for a summary). The Principal Component (PC) times series of the leading

2Indices constructed from measurements of two ground based stations near the centres of action of

the NAO. Typically the northern station is in Iceland and the southern station is either in the Azores or

Lisbon.
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EOF of sea level pressure (SLP) is used as a dimensionless index of the NAO. The EOF
approach allows a better representation of the NAO and its spatial pattern, although it
only covers periods when adequate SLP products have been available. As the time series
we are considering in this study is relative short this type of index would be preferable to
SBIs. However, although this technique captures the spatial and temporal variability of
the NAO with more accuracy than the SBIs, the analysis is still dependent on the extent
of the region analysed. In addition, as the index is a standardised measure of variability
it will also change as the record length increases. It is therefore noted that there is no

unique and universally accepted way to describe the NAO (Hurrell, 2003).

[40] In an NAO positive phase, NAO*, there is a pronounced high pressure system over
the Azores region and a deepening of the low near Iceland and Greenland. Associated with
the increased pressure gradient are strong westerly storm events focussed over northern
Europe (Hurrell, 1995), bringing with them relatively warmer maritime air during winter
and spring months. In the opposite extreme of an NAO negative phase, NAO™, the two
pressure cells reduce in magnitude, weakening the pressure gradient and focusing weaker
westerly winds over southern Europe. In this phase of the oscillation, northern Europe and
the east coast of the United States of America experience relatively colder drier winters,
while southern Europe and Greenland experience milder climatic conditions. The wind
stress, freshwater flux and heat flux anomalies are inherently linked to the NAO. Variations
in the atmospheric forcing due to the NAO will ultimately feed into the ocean system.
Figure 2.11 illustrates the close link between the NAO and sea surface height anomaly
(SSHa) of the Subpolar North Atlantic Ocean. The spatial pattern of an EOF analysis of
SSHa, associated with the NAO, reveals a dipole with centres of action in the Subpolar
Gyre and to the south in the Subtropical Gyre. The winter-time NAO-index agrees well
with the first Principal Component of the EOF analysis. During NAO™ periods there is
a positive SSHa to the north of the zero line and negative to the south. This effectively
reduces the sea surface height gradient across the boundary between the two gyre systems.
Conversely the gradient increases during an NAO™T phase. These variations in sea surface
height are connected to the changes in large-scale circulation and subsequent transport of
heat around the ocean (Eden and Willebrand, 2001, Esselborn and Eden, 2001). Inter-

annual fluctuations between the extrema of the NAO-index have also been suggested to
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influence the strength and posi-
tion of the NAC (Bersch, 2002,
Flatau et al., 2003). Similar ex-
amples of the NAO signature in
oceanic fields can be found in the
pattern of sea surface temperature
anomalies (Rodwell et al., 1999)
and in the extent of winter time

convection (Pickart et al., 2002).

[41] In addition to the NAO other
modes, of atmospheric variabil-
ity have previously been described
(e.g. Barnston and Livezey, 1987).
Modes such as the Eastern At-
lantic mode, although explaining
significantly less of the variabil-
ity (up to 8.9% Barnston and
Livezey (1987)) during the NAO
dominated winter months, may
still hold importance locally or at

other periods in the year.

2.6 Summary
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Figure 2.11: The leading mode of and Empirical Or-
thogonal Function analysis of the sea surface height data
from the Topex/Poseidon altimeter. The spatial pattern is
presented as a correlation map, contoured with an interval of
0.2. The % variance ezplained by the leading mode is 31%. The
grey circles indicate the winter time NAO station based index

Jrom Jones (2008).

[42] In this chapter an overview of the Subpolar North Atlantic circulation has been pre-

sented along with observational evidence for mesoscale to basin-scale variability on seasonal

to interannual time-scales.

[43] Through the use of observational and model data we aim to provide further description

of the variability of the Subpolar North Atlantic and gain a more extensive understanding

of the mechanisms involved. In particular we investigate the variability of the strength and

position of the Subpolar Front as an indicator for changes in the large-scale circulation in
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this region. Moreover, using an Ocean General Circulation Model (OGCM) we examine the
mechanisms involved in the variability of both the horizontal and overturing circulation.
Data from the satellite altimeter Topex/Poseidon and the Estimating the Circulation and

Climate of the Ocean (ECCO) OGCM are used to carry out the investigation.

[44] A summary of the key questions:

e How has the position of the Subpolar Front and the large-scale circulation changed
over the last decade?

e Is the ECCO OGCM realistic in its representation of the Subpolar North Atlantic
Ocean?

e What are the mechanisms controlling the large scale variability in the horizontal and
overturning circulation?






Chapter 3

Surface eddy kinetic energy
measurements of the Subpolar

Gyre

3.1 Introduction

[1] While it is known that there is a strong relationship between the phase of the North
Atlantic Oscillation (NAO) and the presence of a tripole pattern in sea surface temper-
atures in the North Atlantic Ocean (e.g. Cayan, 1992), there is comparably little under-
standing of any NAO induced changes in circulation in this region. Assuming that the
measurement of transient eddy kinetic energy (EKE) is a good proxy for the position of
the frontal regions (Heywood et al., 1994, Beckmann et al., 1994) we can examine the

interannual variability in the surface circulation in the Subpolar North Atlantic Ocean

using satellite altimeter data.

[2] The surface circulation in the Subpolar North Atlantic Ocean has already been de-
scribed in detail in Chapter 2, but we reiterate the key points. The large scale cir-
culation primarily consists of the northward flowing North Atlantic Current (NAC), the
cyclonic Subpolar Gyre (SPG) and the southward flowing East Greenland Current (EGC).
The NAC departs from the Gulf Stream and Subtropical Gyre between 54°W and 50°W
(Lazier, 1994, Reverdin et al., 2003). It then flows northward along the Grand Banks of
Newfoundland hugging the steep topographic contours of the continental slope. Continu-
ing around the Flemish Cap, the NAC turns sharply eastwards between 51°N and 52°N
(Lazier, 1994) and crosses the Mid Atlantic Ridge (MAR) between 50°N and 52°N into
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the eastern North Atlantic as at least two branches (Krauss, 1986, Sy et al., 1992, Kearns
and Rossby, 1998, Reverdin et al., 2003). The most northerly of these branches is thought
to be topographically constrained at the Charlie Gibbs Fracture Zone (CGFZ) (Sy et al.,
1992). To the south of the CGFZ the remaining branches exhibit increased variability in

strength and composition (Sy et al., 1992, Reverdin et al., 2003).

[3] The more northerly of these branches feeds the circulation around the Iceland Basin
and across the Reykjanes Ridge into the Irminger Basin, while the other passes through
the Rockall Trough into the Nordic Seas (White and Heywood, 1995, Holliday et al., 2000,
Orvik and Niiler, 2002). The modified NAC water passing from the Iceland to the Irminger
Basin is transported via the Irminger Current along the west flank of the Reykjanes Ridge.
It subsequently turns westward towards the shelf of east Greenland where it joins with
the EGC south of the Denmark Strait (Krauss, 1995). This current system passes around
Cape Farewell and travels northward as the West Greenland Current before, in part,
separating from the coast into the central Labrador Sea. Closing the SPG circulation is
the Labrador Current, which continues around the Labrador Basin turning southeastward
towards the Grand Banks of Newfoundland, where it encounters the northward flowing
NAC. The differing properties of the water masses in the SPG and the NAC give rise to a

frontal zone, the Subpolar Front (SPF), a site of mesoscale eddy activity (Heywood et al.,

1994, Schott et al., 1999).

[4] Trends in the surface EKE are associated with the over lying surface wind forcing,
dynamic instabilities, interactions with topography and buoyancy forcing (Miiller and
Frankignoul, 1981, Schmitz and Holland, 1982, Stammer and Wunsch, 1999). As the
dominant EKE signal is formed by dynamic instabilities associated with the large scale
flow and frontal regions we can use satellite altimeter measurements to examine changes
in the circulation pathways of the Subpolar North Atlantic Ocean through the location
of the SPF. In turn, the magnitude of the signal will provide information about the
strength of current. Heywood et al. (1994) observed that there had been changes in
the latitudinal position of the NAC in the region of the CGFZ using GEOSAT and ERS
altimeter measurements. They suggest that in 1987 the northern core of the NAC was
constrained by the CGFZ at 52°N, but in 1988 and 1992/3 the high EKE region associated
with the SPF was observed further to the south at 49°N and 50°N. White and Heywood
(1995) also suggest a zonal translation in the Iceland Basin of the northward flowing NAC
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in response to a meridional shift in the position of the zero in the wind stress curl during

these years.

[6] There have also been several studies examining the changes in the large scale circu-
lation pathways in the Subpolar North Atlantic Ocean, in particular shifts of the SPF,
using hydrographic data over the last decade (e.g. Bersch et al., 1999). There was an
anomalous low in the phase of the NAO during the winter of 1995/6, which will have
altered the atmospheric forcing in the region (Eden and Willebrand, 2001). In subsequent
years this phase reverts to a high state as it had done so in years prior to 1995. Asso-
ciated with the change in atmospheric state has been an altered shape and strength of
the SPG (Bersch et al., 1999, Curry and McCartney, 2001, Bersch, 2002). Here we use
the quasi-synoptic measurement of residual sea surface height from satellite altimeters to
examine the interannual and seasonal surface variability of the Subpolar North Atlantic

Ocean and hence infer any changes in the large scale circulation pathways that may have

occurred over the last decade.

[6] In the remainder of this chapter we will briefly review the data used (section 3.2) and
the method employed to derive EKE of the Subpolar North Atlantic Ocean (section 3.3).
We will then examine the basin scale distribution of EKE and interannual and seasonal
variability of the features described (sections 3.4 and 3.5). Finally we will consider our

findings in the light of previous studies (section 3.6) and summarise (section 3.7).

3.2 Altimeter Data

[7] Sea Surface Height (SSH) measurements from the satellite altimeter Topex/Poseidon
(T/P) are used in this study. The primary goal of the T/P satellite mission is to study
global ocean circulation through the use of precise altimeter measurements (JVT-Topex,
1992). Launched in August 1992 the T/P mission is an ongoing joint venture between
the National Aeronautics and Space Administration (NASA) and the Centre National
d’Etudes Spatials (CNES). The Topex dual frequency radar altimeter is the primary al-
timeter in use. There is also an experimental single frequency solid state radar altimeter
(Poseidon) operating for relatively short periods in conjunction with Topex. The altimeter

has a repeat track time of approximately 10 days.
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[8] The data are acquired from the Global Altimeter Processing Scheme (GAPS) database
at Southampton Oceanography Centre, UK (Snaith, 2000). The GAPS provides a consis-
tent altimeter data set through a series of quality control procedures. The end products,
including mean and residual sea surface height, are collocated onto a reference grid using
a bilinear interpolation method with a correction employed for any relative changes in the

geoid height between the resampled location and the reference point.

[9] The product used in this study has had a series of atmospheric and altimetric correc-
tions applied. In addition, the tidal signal has been removed from the data using a tidal
correction model. All data covering regions shallower than 1000 m have been rejected
as the tidal model used is unable to remove all the required signal. Since we are only
concerned with eddy activity and therefore perturbations in the SSH, no knowledge of the

marine geoid is required. The SSH anomalies used are calculated relative to a three year

mean (see Snaith, 2000, for more details).

3.3 Deriving eddy kinetic energy

[10] The horizontal kinetic energy, per unit mass, can be broken into two parts. The first,
mean Kkinetic energy, is derived from the mean flow over the period of the study. The
second, the EKE, is derived from the eddying flow, the flow at a particular point in time
minus the mean flow. As the marine geoid is not known accurately enough only anomalous
measurements to some mean are made and the transient variability inferred. The measure
of EKE is preferred to that of the root mean square of the residual SSH as it is a measure
of the sea surface slope variability over eddy length scales as opposed to a point variation
in SSH.

EKE = %(U'Z +07?) (3.1)
where v’ is the eddy zonal flow and v’ is the eddy meridional flow. We will use the measure
of EKE to infer changes in the strength and position of the large scale circulation and to
examine any trends in mesoscale activity over the study period. In the Subpolar North
Atlantic Ocean typical background eddy length scales are of the order 10 km associated
with the Rossby radii of mid-to-high latitudes and are not fully resolved by the altimeter.
However, the eddy length scales associated with the baroclinic instabilities generated by

the NAC are typically an order of magnitude larger allowing the SPF to be adequately
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resolved.

[11] Initially the data from individual satellite passes were filtered using a cubic spline
technique with a 30 km interval so to reduce noise in the data. A series of splines, with
a sequence of knots of uniform spacing and weightings, were used allowing greater control
over the data that are being manipulated (see Appendix A.1 for more details). To derive
residual current measurements or values of EKE from the residual SSH we require the
slope of the surface. As the data are now represented by a series of polynomial functions
their derivatives can be simply calculated. We derive the eddy flow from the residual SSH
measurements via the geostrophic approximation. The geostrophic equation:

_1oP

= % (3.2)

fv

J

where f is the coriolis parameter, v the geostrophic velocity, p the density and P the

pressure, combined with the hydrostatic relation:

oP
9, = P9 (3.3)

where g is gravity, at the surface gives the geostrophic balance:

_90h
v= g (3.4)

and a measure of the eddy flow, where A is a perturbation in SSH.

[12] Using this technique we only resolve the residual geostrophic velocity measurement
that is perpendicular to the satellite track. In this case the eddy field is assumed isotropic,
thereby increasing the resolution of the data available. The zonal and meridional contri-
butions to the EKE can be resolved via a geometric interpretation at crossover locations

between ascending and descending satellite passes (Morrow et al., 1994):

V= —ucos ¢i+ vsin ¢j V= —ucos¢i — vsin ¢j (3.5)
V.+V, V.-V,
u:g p= —2%2 & (3.6)
2 cos ¢ 2sin ¢

where Vs and Vj are the residual velocities perpendicular to the ascending and descending
satellite tracks respectively; u and v are the zonal and meridional velocities and ¢ is
the angle between a particular satellite track and the meridian (see Figure 3.1). This
reveals a strong an-isotropic core to the NAC, but outside of this region the EKE becomes

increasingly isotropic. As the resolution of crossover locations is relatively coarse and the
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Figure 3.1: a) Schematic of ascending and descending satellite passes at a crossover location. ¢ is the
angle which the pass makes with the meridian at the crossover location and V1 and Vg are the residual
velocities perpendicular to the respective ascending and descending passes. Velocily vectors are displaced

from the crossover point for ease of reference. (b) and (c) illustrate the meridional and zonal component

of V.

geometric errors with increasing latitude are large, we will assume isotropy for the purpose
of this study. Even with this assumption we are still including an an-isotropic component
of EKE in gridding data from both ascending and descending tracks onto a 1°x1°grid.
Finally, data were binned into monthly bins and any missing data of less than 1 month
were linearly interpolated. In addition any location that was not continuous in time was

discarded so as not to bias the time series in any way e.g. when comparing spatial averages

in time.

3.4 Results

[13] As we would expect there are two distinct regions of eddy activity in the Subpo-
lar North Atlantic Ocean. The first is associated with the major current system of the
NAC and to a lesser extent with boundary current flows. The second, of lesser mag-
nitude, is associated with local wind forcing. The mean EKE over the study period is
presented in Figure 3.2, with the boundary between these two regions represented by
the 0.02 m?s~2 contour. Peak values of EKE, of the order 0.1 m?s~2, are observed in
NAC, which are of comparable order of magnitude with values derived from drifter data
(Frankignoul et al., 2001). This relatively large signal decays eastward, past the MAR, into
the eastern Subpolar North Atlantic Ocean. In general the contours of EKE are aligned
with those of the bathymetry. The contrast between the relatively high EKE region of
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Figure 3.2: Map of mean eddy kinetic energy (m?s~?) computed for the period 1992 to 2001.
Eddy kinetic energy is contoured at irregular intervals with the thick black line (0.02 m?s™?) representing
the typical boundary between background wind generated variability and that generated by the dynamic flow

field. Light grey contours are those of the bathymetry.

the NAC and the low EKE regions in the Subpolar Gyre gives a clear indication of the
position of the SPF in the western Subpolar North Atlantic Ocean. The northern extent
of the front tracks eastward from 53°N, 45°W into the Iceland Basin with a climatologi-
cal mean position at the MAR close to the CGFZ at 52°N, 35°W. At around 25°W the
region of relatively high mesoscale variability separates into two main branches. White
and Heywood (1995) suggest that these branches characterise the northern and southern
pathways of the NAC, one on the westward flank of the Hatton Bank the other following
the topographic contours of the Rockall Trough towards the Nordic Seas. In the Irminger
Basin there is also a region of elevated EKE on the western flank of the Reykjanes Ridge of
the order of 0.03 m2s=2. The mechanism for this variability may be attributed to mixing
between the relatively warm saline waters from the decaying NAC and the cooler fresher
waters of the Irminger Basin. An increase in eddy activity along the western flank of the
Reykjanes Ridge could also be attributed to the generation of barotropic instabilities in
the Irminger Current, due to the presence of varying topography. Another notable area
of enhanced variability is in the region where the West Greenland Current separates from

the coastal shelf of Greenland into the central Labrador Basin. Prater (2002) suggest
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that eddies are generated close to the region where the 3000 m isobath diverges from the
continental shelf. In contrast to these regions of elevated eddy activity, areas of relatively
low EKE are observed in regions of elevated topography, e.g. plateaus and coastal shelves,

and over the abyssal seas of the Subpolar Gyre.

3.4.1 Interannual variability

[14] The evolution of the EKE signal shown in Figure 3.3a reveals a high degree of variabil-
ity on several time scales. The most notable being that of the annual cycle. On removing
the annual cycle from the time series, there is still a large degree of high frequency vari-
ability, although there also appears to be degree of interannual variability. Figure 3.3b
displays both the winter time EKE and NAO-index and clearly indicates the interannual

variations in the eddy field and its correlation to the most dominant atmospheric mode of

variability.

[15] The pronounced drop in the NAO-index over the winters of 1995/6 and 1997/8 coin-
cide with the lowest observed EKE values over the Subpolar North Atlantic Ocean during
the 1990s. Again, in the winter of 2000/1, a basin-wide reduction in the mesoscale activ-
ity is also observed corresponding to another drop in the NAQO-index. Although the two
time series exhibit a significant correlation, the result must be treated with caution as the
number of degrees of freedom is small. Years that have a similar NAO-index values do
not necessarily have similar levels of eddy activity. For example, although the NAO-index
for the winters 1993/4, 1994/5 and 1998/9 are comparable, the mean EKE for the region
during the winter of 1998/9 is greater than that of the other two winters. There are also
notable differences between the winter of 1998/9 and 1999/2000. This may be, in part, as
a result of the definition winter-time. If we included early spring in our definition of winter,
the winters of 1994/5 and 1998/9 would in hindsight be of a comparable magnitude. To
further identify changes in the eddy activity, correlation to the local wind forcing and the
NAO and other physical mechanisms, a regional analysis of the Subpolar North Atlantic is
undertaken. Seven regions in the Subpolar North Atlantic are defined, generally by basin,
with the addition of two other regions of particular interest (Figure 3.4). The wind field

data used in this analysis are the reanalysis wind products from the National Centers for
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