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ABSTRACT

Prediction of marine ecosystems is one of the most challenging goals in climate science.
Although, over the last century, our understanding of how marine ecosystems change
in time has considerably improved, we have had a dismal record on predicting future
changes in key aspects of marine ecosystems, such as the fluctuations in fish stocks.
In the North Atlantic, one would expect high predictability in marine ecosystems,
because, this region is characterized by pronounced variability in oceanic conditions
and a strong climate-ecosystem coupling. Such an expectation is reinforced by the
remarkably high decadal predictability of oceanic conditions in global coupled models.
However, multifaceted challenges have prevented the transfer of high prediction skill
from the ocean to fish stocks. Here, using observations and a global coupled model, I
reveal that oceanic variability in the North Atlantic Subpolar Gyre (SPG) is the key to
decade long predictions in fish stocks in the shelf-seas of the eastern North Atlantic.

I begin with reconciling various conflicting views on SPG variability that have
emerged from the application of different SPG indices. While the size and strength of
SPG circulation has repeatedly been shown to influence physical and biogeochemical
variability in the eastern North Atlantic, recent studies are rather skeptical of an
active role of SPG circulation. I illustrate that the variability in the size and strength of
SPG circulation is a delayed oceanic response to wind stress variability and involves
meridional shifts of advective pathways in the Newfoundland Basin. This insight
allows me to clarify the dynamical basis of various SPG indices, and leads to the
conclusion that SPG indices based on barotropic streamfunction and largest closed
contours of sea surface height should be interpreted with caution. Thus, I establish a
close connection between the variability in SPG circulation and oceanic properties in
the eastern subpolar North Atlantic.

Further, I illustrate that the influence of SPG circulation also extends to the north
of the Greenland-Scotland Ridge. In the Faroe-Shetland Channel and the North Sea,
low frequency variability in oceanic properties is mainly driven by variability in SPG
circulation. A weak and contracted SPG circulation allows an enhanced throughput
of subtropical waters towards far eastern regions of the North Atlantic, including
the Barents Sea. Moreover, a volumetric water mass analysis in the regions north of
the Greenland-Scotland Ridge suggests that the SPG signal is more pronounced in
salinity than in temperature, which has implications on predictability.

Finally, I show that SPG-associated oceanic anomalies influence Barents Sea Cod
stock, whereas a long term declining trend in the North Sea Cod stock masks such an
influence. The variability in SPG temperature influences Barents Sea Cod biomass 7
years later. I combine this statistical SPG-Cod relationship with the dynamical multi-
year prediction of SPG temperature. Using such a dynamical-statistical prediction
system, the Barents Sea Cod biomass can be predicted 11 years in advance.

This dissertation, therefore, emphasizes the role of climate variability in the decadal
prediction of fish stocks, and also establishes the scope for management decisions at
decadal timescales. In this context, the variability in SPG circulation emerges as the
key factor in the predictability of Barents Sea Cod stock.
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ZUSAMMENFASSUNG

Vorhersagen von Meeresokosystemen sind eine der am schwierigsten zu realisieren-
den Ziele der Klimawissenschaften. Obwohl sich im Laufe des letzten Jahrhunderts
unser Verstdndnis von temporalen Verdnderungen in Meeresokosystemen erheblich
verbessert hat, so weisen wir bisher dennoch eine erbarmliche Bilanz in der Vorhersa-
ge von Schliisselaspekten von Meeresokosystemen, wie beispielsweise Fluktuationen
von Fischbestdnden, auf. Im Nordatlantik wiirde man ein hohes Vorhersagepotenzial
von Meeresokosystemen erwarten weil diese Region von einer ausgepragten natiir-
lichen Variabilitit ozeanischer Bedingungen sowie einer starken Klima-Okosystem-
Kopplung gepragt ist. Diese Erwartung wird durch die bemerkenswert hohe dekadi-
sche Vorhersagbarkeit der ozeanischen Bedingungen in global gekoppelten Modellen
gestiitzt. Vielfiltige Herausforderungen haben jedoch eine Ubertragung dieser ho-
hen Vorhersagekompetenz vom Ozean auf die Fischbestdnde verhindert. In dieser
Dissertation zeige ich anhand von Beobachtungen und in einem global gekoppel-
ten Modell, dass die ozeanische Variabilitidt im nordatlantischen Subpolaren Gyre
(SPG) der Schliissel zu jahrzehntelangen Vorhersagen tiber die Fischbestdnde in den
Schelfmeeren des Ostlichen Nordatlantik ist.

Ich beginne damit, verschiedene widerspriichliche Ansichten tiber die SPG-Variabi-
litat, die durch die Anwendung unterschiedlicher SPG-Indizes aufgetreten sind, in
Einklang zu bringen. Wahrend wiederholt gezeigt wurde, dass die Grofse und Stérke
der SPG-Zirkulation die physikalische und biogeochemische Variabilitdt im Ostlichen
Nordatlantik beeinflusst, sind neuere Studien eher skeptisch beziiglich einer aktiven
Rolle der SPG-Zirkulation. Ich veranschauliche, dass die Variabilitiat in Grofle und
Stiarke der SPG-Zirkulation eine verzogerte ozeanische Reaktion auf die Variabilitat
des Windstresses darstellt und meridionale Verschiebungen von advektiven Stro-
mungen im Neufundlandbecken beinhaltet. Diese Erkenntnisse ermoglichen es mir,
die dynamischen Grundlagen verschiedener SPG-Indizes zu verdeutlichen und zu
schlussfolgern, dass SPG-Indizes, die auf der barotropen Stromfunktion sowie jene
die auf der grofiten geschlossenenen Kontur der Meeresoberflichenhohe basieren,
mit Vorsicht interpretiert werden sollten. Auf diese Weise stelle ich einen engen
Zusammenhang zwischen der Variabilitdt der SPG-Zirkulation und den ozeanischen
Eigenschaften im ostlichen subpolaren Nordatlantik her.

Weiterhin veranschauliche ich, dass der Einfluss der SPG-Zirkulation sich auch auf
Regionen nordlich des Gronland-Schottland-Riickens erstreckt. Im Féaror-Shetland-
Kanal und in der Nordsee wird die niederfrequente Variabilitit der ozeanischen
Eigenschaften hauptsédchlich durch die Variabilitit der SPG-Zirkulation bestimmt. Ei-
ne schwache und zusammengezogene SPG-Zirkulation ermoglicht einen verbesserten
Durchfluss von subtropischem Wasser in die fernostlichen Regionen des Nordatlan-
tiks, einschliefSlich der Barentssee. Ferner deutet eine volumetrische Wassermassen-
analyse in den Regionen nordlich des Gronland-Schottland-Riickens darauf hin, dass
sich das SPG-Signal im Salzgehalt stiarker als in der Temperatur niederschldgt, was
Auswirkungen auf die Vorhersagbarkeit hat.
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Abschliefsend zeige ich, dass SPG-assoziierte ozeanische Anomalien den Barentssee-
Kabeljaubestand beeinflussen, wohingegen ein langfristig riicklaufiger Trend im
Nordsee-Kabeljaubestand einen solchen Einfluss verschleiert. Die Variabilitdt der
SPG-Temperatur beeinflusst die Biomasse des Barentssee-Kabeljau mit einer Zeitver-
zogerung von 7 Jahren. Ich kombiniere diese statistische SPG-Kabeljau-Beziehung
mit der dynamischen mehrjahrigen Vorhersage der Temperaturen im SPG. Mit solch
einem dynamisch statistischen Vorhersage-System kann die Biomasse des Barentssee-
Kabeljaues 11 Jahre im Voraus vorhergesagt werden.

Somit hebt diese Dissertation die bedeutende Rolle von Klimaschwankungen fiir
die dekadische Vorhersage von Fischbestanden im 0stlichen Nordatlantik hervor
und erdffnet ebenso den Spielraum fiir Managemententscheidungen auf dekadischen
Zeitskalen. Hierbei erweist sich insbesondere die Variabilitit der SPG-Zirkulation als
Schliisselfaktor fiir die Vorhersagbarkeit des Barentssee-Kabeljaubestands.
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DECADAL PREDICTION OF NORTH ATLANTIC MARINE
ECOSYSTEMS

1.1 INTRODUCTION

This dissertation is a contribution to the ongoing scientific quest towards the pre-
diction of marine ecosystems. This quest has deep historical roots, and prediction
of fluctuations in fish abundance lies at its core. The stage for the prediction of fish
abundance was set by the seminal works of Helland-Hansen & Nansen (1909), and
Hjort (1914) in the early twentieth century. At that time, the central question that
confounded both fishers and scientists alike was — Why does the number of fish
caught (fishery yield) fluctuate by a large amount from one year to another? The
established explanation at that time was that the fish migrate, and they were not to be
found at the usual fishing grounds. Helland-Hansen and Nansen started a systematic
assessment and proposed that these fluctuations were related to the variability of
Atlantic water properties (Helland-Hansen & Nansen, 1909). Hjort discarded the
migration hypothesis, and by accumulating a large piece of evidence, he proposed
several hypotheses. In their essence, these hypotheses proposed that survival of early
life stages, and hence recruitment — the addition of young individuals to the adult
population — determines the large fluctuations in fish abundance (Hjort, 1914). These
hypotheses and their corollaries have been a focus of fisheries science over the last
century (e.g. Cushing (1990) and Hare (2014)).

In the efforts towards predicting future changes in fish abundance, two main
approaches have emerged from various refinements to the aforementioned hypotheses.
The first approach considers interannual changes in fishing mortality as the primary
cause of fluctuation in fish abundance (Quinn & Deriso, 1999). This approach assumes
that variability in recruitment is reflected in the biomass of the sexually mature adult
population (Beverton & Holt, 1957), and by knowing the current adult population
(spawners) and managing their future harvest rate, the fluctuations in fish abundance
can be determined. The second approach emphasizes the importance of changes in
environmental conditions as an important precursor to variability in fish abundance
(Stenseth et al., 2002; Lehodey et al., 2006; Drinkwater et al., 2010). Despite Hjort’s
reservations with the migration hypothesis, the concept of environmental niche has
gained widespread acceptance and has often been invoked to explain changes in
fish distribution and migration in response to changing environment (Nye et al.,
2009; Pinsky et al., 2013). This second approach, perhaps, holds the key to long term
prediction of fish abundance and distribution, and particularly for those fish stocks
which have not borne the brunt of excessive exploitation.
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The importance of environmental conditions in determining fish abundance and
distribution has emerged from our improved understanding of climate-ecosystem
connections over the last century. At seasonal and shorter time scales, variability in
ocean currents influences the survival of early life stages by altering their transport
towards nursery grounds (Shelton et al., 1982), and through advection of plankton
(Hunt Jr et al., 2016). At interannual and longer timescales, climatic modes, such as
the El Nifio-Southern Oscillation (ENSQO) and Pacific Decadal Oscillation (PDO) in
the Pacific as well as the North Atlantic Oscillation (NAO) and Atlantic Multidecadal
Oscillation (AMO) in the Atlantic, are known to greatly influence diverse fish species
(Mantua et al., 1997; Stenseth et al., 2002; Chavez et al., 2003; Drinkwater et al., 2003;
Alheit et al., 2014). These species include, for instance, Anchovies, Sardines, Herring,
Salmon, Tuna and Cod. Ample evidence has now accumulated which supports direct
or indirect influence of large fluctuation in temperature on growth and natural
mortality rate of early life stages and adults (Brander, 1995; Michalsen et al., 1998),
reproductive capability (Portner et al., 2001) and expansion or contraction of habitats
(Sundby & Nakken, 2008; Nye et al., 2009; Pinsky et al., 2013). The impact of climate
on fish abundance and distribution is not limited to oceanic temperature. Those
species which spawn at depth show a preference for certain salinity bounds, and
large shifts in spawning distribution of such species have been observed during saline
and fresh oceanographic regimes (Miesner & Payne, 2018).

Despite these great strides in our understanding of climate-ecosystem connections,
our ability to predict fish abundance or a shift in their distribution has remained
poor. Particularly, in the eastern North Atlantic, where some of the world’s highly
productive fisheries reside (Carmack & Wassmann, 2006), our ability to predict
fish stocks lags considerably behind the multiyear predictability of the physical
environment of the Subpolar Gyre (SPG, Matei et al. (2012), Robson et al. (2012a),
Msadek et al. (2014), and Hermanson et al. (2014)). Challenges have mainly come from
the non-linearity associated with biological systems (Glaser et al., 2014; Subbey et al.,
2014) and the impact of fishing mortality on many fish stocks in the North Atlantic
(Hutchings, 1995; Myers et al., 1997; Frank et al., 2016; Sguotti et al., 2019). However,
while the interaction between the inherent non-linearity in biological systems and
fishing mortality may limit our ability to predict recruitment or variability at shorter
time scales, the integrated impact of pronounced decadal climate variability on fish
abundance (biomass) might provide a predictive potential.

In order to predict fish abundance in the eastern North Atlantic, we must consider
necessary conditions for achieving reliable predictions of fish stocks. The first condi-
tion is the predominance of the physical environment in driving the fluctuation in fish
stocks. In the eastern North Atlantic, most of the highly productive and commercially
exploited fish stocks, such as the Cod (Gadus morhua), are present in the European
continental shelf and Arcto-Norwegian ecosystems including the Barents Sea (Hamre,
1994; Drinkwater, 2005). In the North Sea, major events in the evolution of Cod stock,
such as the "gadoid outburst", have been linked to variability in temperature, which
impacts metabolism rates and prey availability in this region (Planque & Frédou, 1999;
Beaugrand & Kirby, 2010; Olsen et al., 2010). In the Barents Sea, temperature also
influences Cod biomass because of its impact on primary production, growth rates,
and habitat expansion (Ottersen et al., 1994). Thus, environmental conditions can be a
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potential source of predictability in fish stocks at interannual to decadal timescales in
the eastern North Atlantic.

The second condition necessitates that the physical environment is predictable.
Perhaps, this is where earlier efforts have fallen short. This is because (a) only recently
have skillful interannual to decadal predictions emerged in the ocean (e.g. Pohlmann
et al. (2004) and Meehl et al. (2014)) and (b) a systematic analysis of multi-year
predictability in the eastern North Atlantic shelf seas has been either missing or
has started to appear only recently (Tommasi et al., 2017c). If we are to transfer
predictability from the physical realm to the biological realm, then we are further
restricted by the tools at hand. In this respect, the global coupled models at the core
of decadal prediction systems are known to perform poorly in shallow shelf-seas
(Holt et al., 2017; Mathis et al., 2017), and in particular, there are known discrepancies
in their representation of Atlantic water pathways across the Iceland-Scotland Ridge
(Langehaug et al., 2019). Furthermore, we have very little knowledge of what kind
of prediction systems, initialization or uninitialized, are best suited for the problem
at hand. Then there is the question of quantifying the prediction skill of biological
quantities, for which there is very little precedent.

At a more fundamental level, only recently have we started to understand the
extent of oceanic linkages between the SPG and biologically important regions in
the eastern North Atlantic (see Figure 1.1 for the location of these regions). We have
not even arrived at a consensus on how to define the strength of SPG circulation
yet, resulting in contradictions in our present understandings of the influence of
the SPG in the eastern North Atlantic (Hatan et al., 2005; Foukal & Lozier, 2017). A
dynamically consistent and observationally constrained relationship of the influence
of SPG strength on hydrography of the regions north of the Greenland-Scotland Ridge
has not emerged yet. Furthermore, a large number of earlier studies have focused on
the North Atlantic Oscillation (NAO, Hurrell et al. (2003)) and its impact on surface
temperatures of the eastern North Atlantic shelf seas (Becker & Pauly, 1996; Schrum,
2001; Drinkwater et al., 2003; Mathis et al., 2015). While the NAO explains a large
part of atmospheric variability in the northern latitudes, the NAO is not predictable
at multi-year time scales, thus making its application to predictability of fish stocks
futile. However, there is scope to analyze the predictive potential emerging from the
impact of SPG on large marine ecosystems (Hattn et al., 2009; Hattin et al., 2016).

In this dissertation, I examine these challenges and try to mitigate some of the
bottlenecks in the path towards the prediction of fish stocks. While many studies have
cautioned about the complexity of the problem and breaking down of correlative
relationships between climate and fish stocks (Walters & Collie, 1988; Myers, 1998),
analysing predictive potential of fish stocks is not an exercise in futility. This is because
such skepticism was partly based on our past inability to predict oceanic conditions
reliably, and partly because our past understanding of climate-ecosystem connections
was still evolving. This earlier skepticism has, to some degree, now been extinguished
by fishery forecasts being made using seasonal to annual forecasts of temperature
(Hobday et al., 2011; Eveson et al., 2015; Kaplan et al., 2016). One of the reasons for
the success of these forecast products is that rather than predicting recruitment, these
products predict changes in fish habitat, which is highly influenced by environmen-
tal conditions. However, none of the first generation of marine ecosystem forecast
products which exploit dynamical predictability of physical environment, caters to
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Figure 1.1: North Atlantic bathymetry (meter) in MPI-ESM-LR. SPG-Subpolar Gyre, RT-
Rockall Trough, FSC-Faroe -Shetland Channel, BSO-Barents Sea Opening and BS-Barents
Sea.

the North Atlantic (Payne et al., 2017). This is ironic because the North Atlantic,
particularly the SPG, is one of the hotspots of multi-year predictability (Figure 1.2).
This dissertation intends to investigate whether it is possible to transfer such high
predictability to marine ecosystems.

The main incentives that motivated this dissertation, or perhaps the quest to
predict life in the ocean in general, are the tremendous benefits such predictions
would extend to sustainable management and well being of living marine resources.
Conventionally, environmental impacts have been excluded from stock assessment
procedures (Skern-Mauritzen et al., 2016; Stock et al., 2011), however, experience has
shown that reactive policy interventions are inadequate at mitigating the challenges
posed by our failure to predict climate-driven response in marine resources (Pershing
et al., 2015). Therefore, there is a pressing need to provide reliable predictions on near
term climatic shifts which would guide management decisions. At the same time,
by demonstrating the power of climate-based predictions of fish stocks, there is a
scope to nudge contemporary stock assessment procedures to consider environmental
factors.

It is not possible — nor is it necessary — to mitigate all challenges detailed above.
But through this cumulative dissertation, I intend to illuminate the path towards the
interannual to decadal prediction of marine ecosystems in the eastern North Atlantic.
As a first step, I investigate the observed and modelled variability of SPG strength,
and provide my assessment on which index is the best suited proxy of SPG strength.
In the second step, using the identified SPG index, I investigate the influence of SPG
circulation on the eastern North Atlantic. And in the final step, I reveal the prediction
skill in the physical environment of the SPG and the eastern North Atlantic, and the
Cod biomass in the Barents Sea. The results from these three steps form three research
articles and are presented as appendices to this dissertation. In the following sections,
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Figure 1.2: Lead-year 1-5 anomaly correlation coefficients for initialized sea surface tem-
peratures against observations. The verification time period is 1970-2016. Stippling denotes
statistically significant skill at 95% confidence level.

I provide an overview of the research articles, wherein I derive research questions
and provide answers to them. In the end, I provide an outlook wherein I formulate
research items for further investigation of the issues highlighted by this dissertations.

1.2 ON THE MECHANISMS UNDERLYING SPG VARIABILITY

In the mid 1990s, a remarkable event occurred in the subpolar North Atlantic. The
SPG started warming rapidly and its cyclonic circulation weakened (Bersch, 2002;
Héakkinen & Rhines, 2004). Warm and saline water masses which are usually confined
to the east of the Rockall-Hatton Bank were traced in the Iceland basin and further
west in the late 1990s (Bersch et al., 2007; Sarafanov et al., 2008). These changes in
the thermohaline structure of the subpolar North Atlantic coincided with a sharp
decrease in the NAO index during the winter of 1995/96. That these changes were
observed down to intermediate depths (1000 m) in the water column suggested that
heat and freshwater fluxes exchanged at the surface could not have caused these
changes. This conjecture was supported by the finding that the magnitude of change
in salinity during this time could not be explained by the contribution from air-sea
exchanges (Holliday, 2003). Due to scarcity of direct observations of SPG circulation
and a very limited satellite altimeter record, the scientific community now had a
challenge to explain the cause of such dramatic change.

5
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What came out from subsequent observational and model-based investigations
was that the decline in size and strength of the SPG forced by NAO-associated
decrease in buoyancy-driven deep convection was responsible for the rapid warming
of the SPG (Bersch, 2002; Hikkinen & Rhines, 2004; Hattin et al., 2005; Bersch et al.,
2007; Sarafanov et al., 2008). A weaker SPG circulation was thought to also retract
westwards in the eastern North Atlantic. This buoyancy-driven contraction of the SPG
circulation allowed greater subtropical throughput which warmed the SPG (Hatan
et al., 2005). However, later studies discounted the buoyancy forcing and pointed
out that wind stress forcing was mainly responsible for the variability in size and
strength of the SPG (Lorbacher et al., 2010; Hékkinen et al., 2011b). Despite their
disagreements on the forcing mechanism, all of these studies agreed that decline in
size and strength of SPG circulation preceded the rapid warming of the SPG in the
mid-1990s.

This consensus on size-strength hypothesis was challenged by various modelling
studies (Zhang, 2008; Lohmann et al., 2009; Robson et al., 2012b), These studies
argued that the rapid warming of the SPG in the mid-1990s was primarily caused
by an increase in meridional heat transport, and such increase in heat transport
was due to surface buoyancy flux associated with the high NAO index during the
previous decade. This mechanism was in line with a negative feedback mechanism
characteristic of the subpolar North Atlantic (Delworth et al., 1993): Positive density
anomalies in the Labrador Sea, forced by NAO-associated buoyancy fluxes, lead
to a lagged response in the overturning circulation, which brings more subtropical
water into the SPG, thus inverting the sign of the density anomalies which initiated
the change. This mechanism got further support from those modelling studies that
showed high skill in retrospective predictions of the mid-1990s warming of the SPG
(Robson et al., 2012a; Yeager et al., 2012; Msadek et al., 2014). In their essence, all of
these studies attributed the mid-1990s warming and salinification of the SPG to a
buoyancy-driven increase in oceanic heat transport from subtropical latitudes, and
did not find any active role of the size and strength of SPG circulation.

Criticism of both the size-strength hypothesis and the negative feedback mechanism
came from studies that investigated the role of the NAO in driving basin scale
variability in SPG circulation (Herbaut & Houssais, 2009; Barrier et al., 2015). These
studies argued that, in the eastern North Atlantic, oceanic anomalies in the mid-
1990s were primarily created by abrupt changes in local oceanic convergence, due
to the wind-driven fast response of oceanic circulation to abrupt changes in the
NAO state (Eden & Willebrand, 2001). This is in contrast to connecting oceanic
anomalies to the buoyancy-driven strengthening of SPG circulation and also to the
strengthening of overturning circulation. More recently, questions were even raised
on the methodology of defining the SPG strength through observed proxies (Foukal
& Lozier, 2017). Doubts were raised on the "Gyre Index" (Hatdan et al., 2005; Berx &
Payne, 2017), based on sea surface height, which had been used by various studies to
investigate the impact of SPG circulation on physical and biogeochemical variability
in the eastern North Atlantic.

It would be a grave oversight to dismiss this background on SPG dynamics as
irrelevant for predictability analyses because it is the atmosphere-driven variability
in the size and strength of the SPG, proxied by the Gyre Index, that has been shown
to influence hydrography, plankton and higher trophic levels in the eastern North
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Atlantic (Hatan et al., 2009; Sherwin et al., 2011; Hattn et al., 2016; Larsen et al., 2012),
while the promising results on the SPG predictability point towards the dominant
role of meridional heat and salt transport. Therefore, in order to investigate the
predictability of SPG-ecosystem linkages, there is a need to reconcile the wind-driven
and buoyancy-driven changes in SPG circulation. And in order to make sure that
future predictions are reliable, it is important to have a mechanistic understanding of
the SPG-associated impacts in the eastern North Atlantic. These conflicting views on
the variability in SPG circulation, therefore, raise the following two questions:

1. Is there a robust relationship between oceanic anomalies in the eastern North
Atlantic and size and strength of SPG circulation?

2. Which index or indices are best suited proxies of size and strength of the SPG?

I answer® these questions by analysing four different indices of SPG strength that
have been used in observational and modeling studies (Koul et al., 2019c¢). I also carry
out Lagrangian trajectory experiments to incorporate differing viewpoints on SPG
dynamics. To be consistent with earlier investigations, I consider changes in salinity
to assess the impact of SPG circulation in the eastern subpolar North Atlantic (ENA).
Salinity is a passive tracer in the ENA, hence the imprint of circulation variability on
salinity is more pronounced than on temperature (Mauritzen et al., 2006).

In observations, I identify latitudinally coherent shifts in isohalines in the ENA. Out
of the four analyzed indices of SPG strength, two indices suggest that such variability
in isohalines is the manifestation of variability in size and strength of the SPG. Both
of these indices reflect the response of subpolar North Atlantic circulation to changes
in the NAO. I illustrate this through (a) the similarity in temporal evolution of the
NAO index and the two SPG indices, and (b) the similarity of the response of salinity
to changes in NAO and the two indices.

To understand the mechanisms behind variability in the size and strength of the
SPG and how that is related to shifts in isohalines in the ENA, I analyze model
based indices of SPG strength. I complement this analysis with Lagrangian trajectory
experiments to compare advective pathways in the subpolar North Atlantic during
strong and weak circulation regimes. The results from this model-based analysis
reveal meridional shifts of isohalines in the Newfoundland Basin and in the ENA.
These meridional shifts of isohalines are accompanied by strong circulation anomalies
in the Newfoundland Basin. An analysis of Lagrangian trajectories during strong and
weak circulation regimes reveals that the meridional shifts of current pathways in
the Newfoundland Basin and in the ENA determine the proportion of subpolar and
subtropical water masses arriving in the ENA. It is this variability in the proportion
of subtropical and subpolar water masses that leads to variability in salinity in the
ENA.

I further illustrate that the meridional shifts in Lagrangian trajectories in the New-
foundland Basin are linked to a decadal variability in the SPG circulation. The second
mode of the modelled SSH variability in the North Atlantic has a characteristic dipole
pattern (Koul et al., 2019c). While this dipole pattern has been shown to be the finger-
print of AMOC variability (Zhang, 2008), I show that this dipole pattern in the North

See appendix A: Koul, V., Tesdal, J.E., Bersch, M., Hattin, H., Brune, S., Borchert, L., Haak, H., Schrum,
C. and Baehr, J. (2019), "Unravelling the Choice of the North Atlantic Subpolar Gyre Index", Scientific
Reports (under review).
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Atlantic SSH can also emerge from wind stress curl variability. Vorticity input from
the atmosphere leads to strengthening of SPG circulation which removes fresh surface
water from the Labrador Sea. Less fresh water flows southward into the Newfound-
land basin and more towards the ENA when the SPG is strong. A sustained removal
of fresh water creates density anomalies in the Labrador Sea through westward salt
transport, which then initiate anomalous meridional overturning. The anomalous
strengthening of the meridional overturning parallels the westward contraction of the
SPG in the ENA, the gradual retreat of the North Atlantic Current towards southern
latitudes and reversal of density anomalies in the SPG. Thus, the strengthening of
SPG circulation precedes the strengthening of the meridional overturning circulation.

Not all indices of SPG strength capture the complexity of the three dimensional SPG
circulation. This might lead to errors in interpreting the impact of the SPG circulation
on other regions. In light of the mechanisms discussed above, my comparison of
various indices shows that those indices which are based on depth average barotropic
streamfunction and largest closed contours of SSH should be cautiously used as they
do not capture the meridional shifts of the North Atlantic current properly. Finally,
the weak-SPG-high-salinity relationship in the ENA should serve as the basis for
choosing an index of SPG strength.

These results therefore allow me to put various aforementioned hypotheses into
perspective. First, the local oceanic convergence due to abrupt changes in atmospheric
conditions might to some extent amplify or damp the low frequency variability.
However, I do not find evidence for a dominating role of local (fast) changes in
oceanic circulation. This conclusion is supported by high decadal prediction skill in
the ENA (Borchert et al., 2018) which would not be possible if the variability in this
region was dominated by a local wind-driven barotropic response of ocean circulation.
Second, I find that density anomalies in the Labrador Sea are mainly driven by salinity
anomalies. This implies that surface heat fluxes associated with the NAO might not
fully explain the variability in density and hence would not lead to a lagged response
in meridional overturning circulation. Instead, I propose that subpolar basin scale
wind stress curl variability modulates the SPG strength. Variability in SPG strength
then creates density anomalies in the Labrador Sea through removal of freshwater
and westward transport of salt. These salinity anomalies create density anomalies
which then lead to a lagged response in the meridional overturning circulation.

In summary, the variability in size and strength of the SPG appears to be a lagged
response to the variability in wind stress curl over the subpolar North Atlantic. And
such variability in the size and strength of the SPG plays a decisive role in decadal
changes in salinity in the ENA. Furthermore, since a lagged oceanic response is
involved and provided that the influence of SPG circulation extends to the biologi-
cal productive shelf seas, the SPG-related impacts on marine ecosystems might be
predictable. In the next section, I investigate whether the influence of SPG strength
extends north of the Greenland-Scotland Ridge.

1.3 ON THE INFLUENCE OF THE SPG CIRCULATION ON THE PHYSICAL ENVI-
RONMENT ACROSS THE GREENLAND-SCOTLAND RIDGE

In the eastern North Atlantic, the North Atlantic Current splits into tow main branches.
One branch, the Rockall Trough branch, carries Atlantic water through the Faroe-
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Shetland Channel (FSC) towards the Nordic Seas. The second branch, the Iceland
Branch, carries Atlantic water across the Iceland-Faroe Ridge. North of the Greenland-
Scotland Ridge, both of these branches flow as the Norwegian Atlantic Current
(NwAC), that carries warm Atlantic water towards the Barents Sea and the Arctic
(Orvik & Niiler, 2002). In the Norwegian sea, at interannual timescales, variability in
the advection of Atlantic water has emerged as the dominant cause of heat content
variability in observations (Mork et al., 2019) as well as reanalysis (Asbjornsen et al.,
2019). However, it remains to be clarified whether the variability in the Atlantic inflow,
as it enters the FSC, remains coupled to the variability in SPG circulation (Langehaug
et al., 2019).

Another closely related but less investigated aspect is the influence of the SPG
circulation on the hydrography of the North Sea. Few observational studies had
suggested that part of the variability in the northern North Sea might be linked
to oceanic anomalies originating in the Rockall Trough region (Holliday & Reid,
2001). However, no attempts were made to identify whether such oceanic anomalies
in the Rockall Trough, later advected to the North Sea, were related to circulation
variability associated with the SPG. That was the case because majority of earlier
studies analyzed observations and/or employed regional models to study this region
due to their superior performance in shelf seas (Winther & Johannessen, 2006; Hjello
et al., 2009). However, on one hand, these models, due to their limited coverage and
issues associated with boundary conditions, could not be used to investigate North
Atlantic-North Sea linkages; on the other hand, global coupled models did a poor
job at representing important processes in the shelf seas. But a recent comparison
suggested that that there is scope to use global models in the northern North Sea,
where the impact of Atlantic water is thought to be dominant (Pétsch et al., 2017).

With the refined understanding of SPG dynamics, and given the unexplored impacts
of SPG circulation on the shallow shelf seas in the eastern North Atlantic, I frame the
following question:

3. Is there an influence of SPG circulation on the Atlantic inflow through the FSC
and on the North Sea hydrography?

I investigate? this question using a historical simulation (1850-2005) with the Max
Planck Institute Earth System Model, run in its low resolution setup (MPI-ESM-LR).
While the nominal resolution of the ocean component of MPI-ESM-LR is 1.5 degrees,
the setup has a rotated grid configuration for which the singularity at the North
Pole is replaced over Greenland. This has the advantage that horizontal resolution is
enhanced north of 50N, reaching 50 Km near the northern North Sea. In the model,
the connections between North Atlantic and North Sea are represented, which would
not be the case in a regional model, and the model provides a long continuous
time series of water properties, which is not available from spatially and temporally
scarce observations. This simulation provides the base for understanding spatial and
temporal modes of variability in the North Atlantic and their connections with the
FSC and North Sea. In particular, I focus on the relation between SPG strength and

See appendix B: Koul, V., Schrum, C., Diisterhus, A. & Baehr, J. (2019), "Atlantic Inflow to the North Sea
Modulated by the Subpolar Gyre in a Historical Simulation with the MPI-ESM", Journal of Geophysical
Research: Oceans, 124, 1807-1826.
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variability in the Rockall Trough, FSC and North Sea and if a similar relationship is
seen in observations (Koul et al., 2019a).

On the performance of MPI-ESM-LR in the FSC and the northern North Sea, I find
that the model estimates of volume transports into these regions is fairly close to
observations. For example, the mean modelled inflow to the North Sea has a strength
of 1.6 Sv which is close to the known estimate of 1.7 to 2 Sv. Similarly, the saline
core of Atlantic inflow shows remarkable continuity from the Rockall Trough, where
the core is close to the shelf edge as observations suggest, to the North Sea entrance.
These and other indicators of mean circulation provide confidence that the model is
in overall agreement with respect to the location and intensity of various inflows.

The preceding analysis on the dynamics of the SPG allows me to define a dynam-
ically robust index of the SPG strength. By isolating weak and strong circulation
regimes using this index, I reveal widespread changes in the spatial extent of subpolar
and subtropical water masses from the Rockall Trough to the Barents Sea opening
(Figure 1.3). Temperature and salinity anomalies are generated by the variability in
SPG strength. These anomalies are then advected by the mean circulation from the
Rockall Trough into the FSC and further downstream. A detailed volumetric water
mass analysis suggests that, in the FSC and the northern North Sea, the SPG signal
is more pronounced in salinity than in temperature. I further emphasize that the
interannual variability in the total volume transport of Atlantic water into the North
Sea is wind driven and does not co-vary with SPG strength. But the properties of the
inflowing Atlantic water (i.e. source water masses) are modulated by the variability
in SPG strength at decadal timescales.

This analysis thus builds the case that decadal predictability in these regions can
originate in the SPG. It remains to be seen to what extent the SPG signal identified
in the Atlantic inflow across the Greenland-Scotland Ridge translates into a robust
prediction skill. That is the subject of the final topic of my dissertation.

1.4 ON THE DECADAL PREDICTION OF THE PHYSICAL ENVIRONMENT AND COD
STOCKS IN THE EASTERN NORTH ATLANTIC

Having demonstrated that the SPG signal is carried by the Atlantic inflow to the
eastern regions of the North Atlantic, including the biologically productive shelf
seas, the immediate next step would be to assess the predictability of environmental
conditions in these regions. In particular, keeping in mind the stated goal of predicting
fish stocks in shelf seas at interannual to decadal timescales, it is necessary to assess
whether the multi-year predictability of temperature and salinity in the SPG extends
to the North Sea and the Barents Sea.

Earlier attempts at predicting variability in oceanic temperature in these regions
have highlighted the presence of a predictability barrier at the Greenland-Scotland
Ridge (Langehaug et al., 2017). North of the ridge, models show considerable dis-
crepancies in simulating the propagation of thermal anomalies from the FSC to the
Barents Sea. Furthermore, the SPG signal appears to be more pronounced in salinity
than in temperature (Koul et al., 2019a; Langehaug et al., 2019). This might lead to
substantial differences in prediction skill of temperature and salinity in the regions
north of the Greenland-Scotland ridge.
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Figure 1.3: Composites of salinity (psu) in the upper 500m based on strong and weak regimes
of SPG strength in a historical simulation with MPI-ESM-LR. The thick brown lines show sea

surface height contours.
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It is commonly understood that the prediction skill at multiyear timescales comes
from the oceanic initial conditions. However, at these timescales, part of the skill also
comes from the boundary conditions such as radiative effects of the concentration of
greenhouse gasses and aerosols in the atmosphere. It is important to find out which of
the two sources dominates prediction skill in the shelf seas because such knowledge
would determine what kind of prediction systems are best suited for these regions.

As emphasized earlier, the mechanistic understanding of interannual to decadal
variability and predictability of the physical conditions (temperature and salinity) in
the North Sea and Barents Sea are prerequisites towards investigation of predictability
in Cod stocks in these regions. However, we must remain cautious that reliable
predictions of Cod biomass are likely to be achieved only when the natural evolution
of these Cod stocks has not been drastically altered due to high fishing mortality. In
such a scenario, any environment-based prediction system that does not account for
fishing mortality is likely to be unreliable.

While temperature and salinity in the SPG have been shown to be predictable
at multi-year timescales in various decadal prediction systems (Matei et al., 2012;
Robson et al., 2012a; Yeager et al., 2012; Msadek et al., 2014), the status of such
predictability in the latest iteration of a decadal prediction system based on MPI-ESM-
LR is unknown. In particular, in this prediction system, the status of prediction skill
in the regions north of the Greenland-Scotland Ridge must be revealed before we
explore the prediction skill in Cod stocks. Such a gap in our knowledge of prediction
skill in the eastern North Atlantic allows me to derive the following research question:

4. What is the prediction skill of SPG temperature and salinity in MPI-ESM-
LR and does the prediction skill extend to the shelf seas in the eastern North
Atlantic?

5. What is the source of prediction skill in temperature in these regions?

6. Can the prediction skill of physical environment be translated to reliable pre-
dictions of Cod stock biomass?

To investigate3 each of these questions, specific tools and methods are required.
I use a 16-member decadal prediction system based on MPI-ESM-LR to assess the
prediction skill of temperature and salinity (Koul et al., 2019b). It is a common
practice in predictability studies to use an ensemble of predictions rather than a single
prediction to account for the chaotic nature of the climate system. By averaging over
the ensemble members, the hope is that the stochastic noise cancels out while only
retaining the predictable signal.

Each of the predictions is started (initialized) from a known state of the climate
system and also incorporates the information on external forcings. It is well under-
stood that at interannual to decadal timescales, predictability of the climate system
arises from the initial conditions as well as from external forcings associated with
changes in the atmospheric composition of gasses and aerosols, land parameters and
solar radiation. Therefore to isolate the skill due to external forcings only, I analyze
an additional set of 16-member predictions which are not started (uninitialized) from

See appendix C: Koul, V., Schrum, C., Arthun, M., Brune, S. and Baehr, J. (2019), "Decadal Prediction
of Barents Sea Cod Stock through an Oceanic Linkage with the Subpolar Gyre", Frontiers in Marine
Science (to be submitted).



1.4 ON THE DECADAL PREDICTION OF THE PHYSICAL ENVIRONMENT AND COD STOCKS 13

a known state of climate system but incorporate known external forcings only. In my
knowledge, such rich sets of ensemble predictions have not been applied before to
investigate the source of skill in the eastern North Atlantic shelf sea.

The MPI-ESM-LR, or any other climate model, does not simulate Cod biomass.
Therefore, dynamical predictions of environmental conditions (temperature and
salinity) by MPI-ESM-LR must be transformed into predictions of Cod biomass
through a statistical procedure. Following Arthun et al. (2018), I use a simple linear
regression to construct a statistical model to transform predictions of temperature
into predictions of Cod. This method relies on the correlative relationship between
Cod and temperature to determine the weights of the regression model. However,
instead of using a purely statistical model as used in Arthun et al. (2018), I develop a
dynamical-statistical prediction system wherein dynamical predictions of temperature
as provided by MPI-ESM-LR are fed into a regression model to provide Cod biomass
predictions. This method has two benefits: (a) it allows further extension of the
prediction horizon and (b) it allows idenfication of the source of skill (Koul et al.,
2019b).

I begin with the investigation of prediction skill of environmental conditions. I find
that the initialized decadal predictions of the SPG show high skill in both temperature
and salinity. And the skill obtained from initialized hindcasts is significantly higher
than uninitialized hindcasts, suggesting that internal climate variability in the SPG
dominates the forced response. Furthermore, a heat budget analysis suggests that
high skill of such predictions is mainly derived from the ocean. In the SPG, there is
however difference in the prediction skill between temperature and salinity. While the
prediction skill in temperature remains high till lead year 10, in the case of salinity, the
skill drops sharply after lead year 4. Further analysis hints at differences in lead-year
dependent drift between temperature and salinity hindcasts, which in turn might be
related to initialization errors. More detailed analysis is required in this regard.

North of the Greenland-Scotland Ridge, prediction skill in temperature does not
remain as high as in the SPG. In the North Sea as well as at the Barents Sea opening,
there is no significant difference in prediction skill between initialized and uninitial-
ized temperature hindcasts. However, in the case of salinity, high prediction skill is
retained even north of the Greenland-Scotland Ridge. And at the Barents Sea opening,
hindcast skill in salinity remains relatively high till lead-year 7. This result is in line
with my earlier finding that across the Greenland-Scotland Ridge, the SPG signal is
more pronounced in salinity than in temperature.

The low hindcast skill of ambient temperature in the North Sea and at the Barents
Sea opening precludes the application of ambient temperatures to Cod predictability.
However, there is scope for predicting Cod biomass in the Barents Sea by utilized
remote oceanic linkages. In observations, a strong relationship between oceanic
temperatures in the North Atlantic and Barents Sea Cod biomass allows a statistical
prediction with a 7-year prediction horizon (Arthun et al., 2018). And since dynamical
predictions of temperature in the North Atlantic, particularly in the SPG, are skilful up
to lead-year 4, it might be possible to combine dynamical and statistical predictions
to extend the predictability horizon to 11 years. Indeed, results show that Barents
Sea Cod biomass can be skillfully predicted 11 years in advance (Koul et al., 2019b).
Furthermore, I illustrate that the statistical model performs better with initialized
hindcast of SPG temperature than with uninitialized hindcasts.
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Figure 1.4: The ICES ecoregions in the North Sea (orange) and Barents Sea (blue). The inset
shows total stock biomass of North Sea Cod (blue circles) and Barents Sea Cod (blue circles)
for the period 1963-2016. Note the strong declining trend in North Sea Cod.

The promising results on Cod predictability in the Barents Sea are attributed to the
holistic, yet rigorous, approach adopted in this dissertation. New insight is presented
on the dynamics of the SPG, its impact on variability and predictability across the
Greenland-Scotland ridge, and finally on the predictability of Cod stocks.

As far as predicting Cod biomass in the North Sea is concerned, the potential for
predictability is low. This is attributed to (a) a strong declining trend in the data
from early 1970s to the present (Figure 1.4) and (b) unpredictable relationship of
North Sea Cod with the ambient temperature. The long term declining trend is most
likely due to a combined impact of a high fishing mortality rate and a decline in
recruitment success (Daewel et al., 2015), both of which have masked the long term
environment-driven variability. Further analysis reveals that when the long term trend
is removed, a negative relationship with ambient temperature emerges. Because of
low hindcast skill in ambient temperatures in the North Sea, such relationship can not
be used in the dynamical-statistical model. Further improvements in the dynamical
prediction system are required in this case.
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Through this dissertation, I have attempted to remove some of the major bottlenecks
in the challenging path towards the decadal prediction of marine ecosystems in
the North Atlantic. I investigated variability and predictability of the SPG to reveal
predictive potential in Cod stock in the Barents Sea. There is however scope for future
research to refine the predictions presented in this dissertation.

While I have mitigated inconsistencies in our understanding of the variability in size
and strength of the SPG circulation, further research is required to understand two
key issues. The first issue is regarding the low hindcast skill of oceanic temperatures
north of the Greenland-Scotland Ridge in MPI-ESM-LR. This issue is closely linked to
the apparent discontinuity in thermal anomalies associated with the SPG variability
across the Greenland-Scotland Ridge (Koul et al., 2019a). I must make it clear that in
observations as well as in coupled models, both thermal and freshwater anomalies
originating in the SPG are known to propagate across the Greenland-Scotland Ridge
towards the Arctic (Holliday et al., 2008; Jungclaus et al., 2014; Glessmer et al., 2014;
Arthun & Eldevik, 2016). Thus it appears that MPI-ESM-LR does not match the ob-
served propagation speed of thermal anomalies across the Greenland-Scotland Ridge.
This conjecture is supported by (a) the large drop in hindcast skill of temperature
across the Greenland-Scotland ridge which is not seen in salinity, (b) the finding that
across the Greenland-Scotland Ridge, the SPG signal is more pronounced in salinity
than in temperature and (c) the high correlation between Cod biomass in the Barents
Sea and SPG temperature. The second issue concerns the sharp drop in prediction
skill of salinity after lead-year 4 in the SPG. It might be due to a strong lead-year
dependent drift in hindcasts. Further analysis on the role of model resolution, initial-
ization procedures and drift correction techniques are required to understand and
rectify these two issues.

The success of this dissertation depends on whether the predictions presented
here can inform policy decision aimed towards marine resource conservation. In this
respect, a very relevant research question that emerges directly from this dissertation
is regarding the management decisions at interannual to decadal timescales. Both
short term (seasonal to annual) and long term (decadal to centennial) predictions
have received considerable attention in the past as far as fishery management needs
are concerned. Short term predictions cater to tactical management needs whereas
climate change projections cater to the strategic management needs (Tommasi et al.,
2017b; Haltuch et al., 2019), Thus, in light of the promising results from interannual
to decadal forecasts, further research is required to explore management decisions
which bridge the gap between tactical and strategic applications.

Fishery managers are often interested in early warnings about abrupt climate shifts.
Initialized decadal prediction systems are better poised to predict such climatic shifts
than other forecast systems, as has been shown in case of the 1990s climatic shift in
the SPG. However, it is equally important to communicate uncertainties associated
with decadal prediction skill using a more "fishery-compliant” skill metrics than what
has been used in this dissertation. This calls for close collaboration with the end
users (having no commercial interests) to understand what kind of predictions, deter-
ministic and/or probabilistic, and skill metrics would be best suited for sustainable
management of fish stocks.

15
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This dissertation mainly investigates Cod predictability, however, there is no reason
to limit such an investigation to a single species. The high prediction skill in both
temperature and salinity in the first few lead years establishes the scope for predicting
large shifts in distribution of pelagic fish species such as Blue Whiting and Mackerel.
This is because, in the eastern subpolar North Atlantic, large shifts in spawning
distribution of Blue Whiting have been observed, which were driven by changes
in salinity (Miesner & Payne, 2018). In the case of Mackerel, the westward shift of
summer feeding habitat from 2007 to 2016 has been partly linked to temperature
(Olafsdottir et al., 2019). In both cases, investigation of retrospective skill in predicting
these past shifts can lead to reliable predictions of future shifts in distribution.

Overall, this dissertation presents a template for future studies on climate-based
predictability of marine ecosystems. To gain mechanistic understanding, one needs to
begin with a robust understanding of the underlying physical variability, then proceed
to the evaluation of the sources of, and limits on, prediction skill in the regions of
interest. If the application-mandated prediction horizon for marine ecosystems is
undefined, these steps should identify the timescales at which uncertainties in future
predictions might be minimum. The final step is to assess the predictability in key
aspects of marine ecosystems, such as fish abundance or distribution. In the North
Atlantic, by applying such a template, this dissertation emphasizes that variability
and predictability of SPG circulation plays a central role towards achieving reliable
predictions in key aspects of marine ecosystems.
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The North Atlantic Subpolar Gyre (SPG) has been widely implicated as the source
of large-scale changes in the subpolar marine environment. However, inconsisten-
cies between different indices of SPG strength based on Sea Surface Height (SSH)
observations have raised questions about the active role SPG strength and size play
in determining water properties in the eastern subpolar North Atlantic (ENA). Here,
by analyzing SSH-based and various other SPG-strength indices derived from ob-
servations and a global coupled model, we show that the interpretation of SPG
strength-salinity relationship is dictated by the choice of the SPG index. Our results
emphasize that SPG indices should be interpreted cautiously because they represent
variability in different regions of the subpolar North Atlantic. Idealized Lagrangian
trajectory experiments illustrate that zonal shifts of main current pathways in the ENA
and meridional shifts of the North Atlantic Current (NAC) in the western intergyre
region during strong and weak SPG circulation regimes are manifestations of variabil-
ity in the size and strength of the SPG. Such shifts in advective pathways modulate
the proportions of subpolar and subtropical water reaching the ENA, and thus impact
salinity. Inconsistency among SPG indices arises due to the inability of some indices
to capture the meridional shifts of the NAC in the western intergyre region. Overall,
our results imply that salinity variability in the ENA is not exclusively sourced from
the subtropics, instead the establishment of a dominant subpolar pathway also points
to redistribution within the SPG.
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A.1 INTRODUCTION

The northward transport of heat and salt in the North Atlantic is an important
aspect of climate variability as it determines the exchanges of heat and salt with
the Arctic Mediterranean. Of particular importance is the interannual to decadal
variability in salinity of waters headed towards the sites of deep convection. This is
because salinity affects buoyancy and density stratification, and can thus influence the
formation of dense waters which form the lower limb of the thermohaline circulation.
In the eastern subpolar North Atlantic (ENA), the source of interannual to decadal
variability in salinity has been a subject of various investigations, and the variability in
the North Atlantic Subpolar Gyre (SPG) circulation has emerged as the leading cause.
Observations of temperature and salinity suggest that the North Atlantic Oscillation
(NAO) drives changes in the size and strength of the SPG (Bersch, 2002; Curry &
McCartney, 2001), and that these changes are manifested in the properties of the ENA
(Bersch et al., 2007; Sarafanov, 2009). Although variability in the size and strength
of the SPG may not always be attributable to the NAO (Hakkinen & Rhines, 2004;
Hékkinen et al., 2011a), it has repeatedly been linked to salinity changes in the ENA
(Hatan et al., 2005; Frankignoul et al., 2009), leaving a minor role for local air-sea
fluxes (Holliday, 2003) and the Atlantic Meridional Overturning Circulation (AMOC)
(Hakkinen et al., 2011b; Piecuch et al., 2017).

In contrast to this abundant evidence, recent investigations (Herbaut & Houssais,
2009; Foukal & Lozier, 2017) do not find any relationship between SPG size/strength
and salinity in the ENA. At the heart of this discrepancy are (a) the different ways
of defining SPG strength and (b) the role of the NAO in driving changes in SPG
circulation. The widely-used sea surface height (SSH) based Gyre Index (Hédkkinen &
Rhines, 2004; Hattn et al., 2005), which is linked to salinity changes in the ENA, does
not account for the sea level rise during the altimeter period (Foukal & Lozier, 2017),
and is therefore not an appropriate proxy for the size or strength of the SPG. A new
index (Foukal & Lozier, 2017) of SPG size and strength based on the largest closed
contours of SSH, which accounts for the trend in the SSH data, does not project onto
the NAO and does not show any significant relationship with salinity in the ENA at
interannual timescales. Moreover, large variations in salinity in the ENA, for example,
those seen in the 1990s, are thought to be primarily linked to abrupt changes in local
oceanic convergence, due to the wind-driven fast response of oceanic circulation to
abrupt changes in the NAO state (Eden & Willebrand, 2001; Herbaut & Houssais,
2009; Barrier et al., 2015). This is in contrast to connecting salinity variations in the
ENA to buoyancy-driven strengthening of SPG circulation.

Indices of SPG strength used in coupled model studies do not agree on the SPG
strength-salinity relationship either. One explanation for the causes behind salinity
variations in the ENA involves a negative internal oceanic feedback mechanism
(Delworth et al., 1993; Dong & Sutton, 2005; Jackson et al., 2016; Robson et al., 2016).
Under this mechanism, positive (negative) density anomalies in the Labrador Sea
lead to a lagged response in the overturning circulation, which brings more (less)
subtropical water into the SPG, thus inverting the sign of the density anomalies which
initiated the change (Lohmann et al., 2009). As a consequence, the meridional salt
transport associated with the overturning circulation, rather than the strength and
size of the horizontal gyre circulation, is seen as the dominant cause of variations
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in both the salinity in the ENA and SPG strength. The spatial pattern of modelled
SSH variability conforming to this mechanism resembles the dipole pattern of SSH
variability in observations (Zhang, 2008), and the principal component of the dipole
mode in coupled models is viewed more as a proxy of AMOC variability than that of
SPG strength. The other contrasting explanation, which defines SPG strength based
on depth averaged barotropic streamfunction, emphasises the importance of volume
transport associated with SPG strength (Born et al., 2016). In this mechanism, a strong
SPG transports freshwater eastwards and thus actively creates freshwater anomalies
in the ENA.

These disagreements raise the following question: Is there a robust relationship
between SPG circulation and salinity in the ENA? Put differently, does the pathway
and proportion of subtropical and subpolar water masses entering the ENA depend
on the size and strength of SPG circulation? It is also unclear which index of the
SPG strength should be used for examining the relationship of SPG circulation
with physical and biogeochemical variability in the ENA and downstream of the
Greenland-Scotland ridge. Such ambiguity in the definition of SPG index has resulted
in multiple SPG indices being used for investigations while keeping the question of
underlying mechanisms behind such indices unanswered (Langehaug et al., 2019).

We address these ambiguities by examining both the barotropic and baroclinic
nature of SPG circulation. This is done by examining SSH, density and barotrophic
streamfunction-based proxies of SPG strength. Two SSH based indices (PC1 and PC2
SSH) are calculated from the principal component analysis and a third SSH index is
based on largest closed contours of SSH. The density based index (DENS) is a measure
of subsurface density anomalies in the central SPG and barotropic streamfunction
index (BTSF) denotes depth and area averaged streamfunction in the entire SPG.
Detailed definitions of all SPG indices are provided in the Methods section. Since
a suitably long time series of SSH data before 1993 is not available, and in order
to examine the relationship between SPG strength and salinity in a dynamically
consistent setting, we complement our analysis of observational data with results
from the Max Planck Institute Earth System Model, run in its low resolution setup
(MPI-ESM-LR, see Methods). Idealized Lagrangian experiments with MPI-ESM-LR
allow us to clarify the SPG strength-salinity relationship and illuminate inconsistencies
among SPG indices. By comparing SPG indices, another aim of the present paper is to
determine spatial patterns in circulation anomalies and advective pathways that lead
to interventions in salinity in the ENA. A detailed analysis of SPG strength-circulation
relationship for each SPG index reveals underlying mechanisms which determine
SPG strength-salinity relationship in the ENA.

A.2 RESULTS
A.2.1  Observed SPG Strength-Salinity Relationship

For the altimeter period (1993-2016), SSH data is often considered as a proxy for
the observed variability in the SPG circulation, and can therefore be used to assess
the relationship between SPG strength and salinity in the ENA. The patterns of
the first two modes of SSH variability in the North Atlantic emphasize different
spatial characteristics (Figure A.1a,b). While the first mode displays negative weights
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Figure A.1: First and second empirical orthogonal function of sea surface height from non-
detrended (a, b) observations (1993-2016) and (c, d) coupled model (last 200 years) respectively.

over most of the North Atlantic, the second mode resembles the well known dipole
mode, usually associated with the NAO forcing. A pronounced zonal band of strong
positive weights is also present in the western subtropical gyre at 40°N latitude.
The relationship between the first principal component of SSH variability in the
North Atlantic (PC1 SSH) and salinity in the ENA suggests that with decreasing
SSH, salinity in the ENA increases (Figure A.2a). However, the presence of a trend in
PC1 SSH (Figure A.3a) together with weak spatial weights in the Irminger Sea and
Iceland Basin (Figure A.1a) suggests that PC1 SSH does not represent variability in
SPG strength. The second mode of SSH variability shows strong negative weights in
the Irminger Sea and Iceland Basin (Figure A.1b), its associated time series (PC2 SSH)
does not have a monotonic trend (Figure A.3a), and the relationship between PC2
SSH and salinity suggests that freshening in the ENA is concomitant with a strong
SPG (Figure A.2b). Isohalines shift eastward and southward in the ENA when SSH
decreases in the Irminger Sea and Iceland Basin.

The index based on the largest closed contours of SSH (hereafter FKL (Foukal &
Lozier, 2017)), does not suggest latitudinally coherent shifts in isohalines in the ENA
in response to changes in SPG strength (Figure A.2c). This contrasts with the response
of salinity to PC2 SSH (Figure A.2b). The FKL index also does not show any shifts
in the SPG boundary defined as the largest closed contour of altimeter SSH (Foukal
& Lozier, 2017). However, the density-based SPG index (hereafter DENS (Tesdal
et al., 2018)), used as a proxy for changes in baroclinic SPG circulation for the period
1993-2016, reveals that the response of upper ocean salinity in the ENA is similar to
its response to the PC2 SSH (Figure A.2b, d). Dense upper layers deepen the SPG
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Figure A .2: Strong (blue) and weak (red) composites of annual mean top 50om depth averaged
ENgy salinity contours (35.20, 35.30, 35.40 and 35.50 psu) based on strong and weak phases of
(a) PC1 SSH, (b) PC2 SSH, (c) FKL and (d) DENS. The SPG indices are not detrended prior to
computing composites. Years for compositing are chosen from 1993-2016 and are based on
£0.5 standard deviation of the respective index. Current vectors denote composites difference
(strong-weak) of annual mean upper 500 depth averaged geostrophic currents (cm/s). For
clarity, only those geostrophic current vectors with magnitude > 0.5 cm/s are shown.

bowl, which spins up the SPG through geostrophic balance, and causes the isohalines
to shift eastwards in the ENA. Therefore, DENS also suggests a latitudinally coherent
increase or decrease in salinity with changes in SPG strength.

The strong relationship between the NAO and subpolar North Atlantic circulation
has also served as a good proxy for variability in SPG circulation (Bersch et al.,
2007; Flatau et al., 2003; Sarafanov et al., 2018). During extended periods of positive
NAO (NAO+), strong westerlies and increased heat loss across the entire SPG lead
to a doming of isopycnals (i.e. a decrease in SSH) and thus spinning up the SPG
circulation. The opposite happens during extended periods of negative NAO (NAO-).
The response of upper ocean salinity to cases of extended periods of NAO+ (1991-
1995) and NAO- (1964-1968) is revealed through shifts in isohalines in the ENA
(Figure A.3b). Salinity increases coherently at each latitude in the ENA during a
NAO- state and decreases during a NAO+ state. This result is also corroborated by
the consistent relationship between DENS and salinity in ENA for the extended time
period of 1960-2016 (Figure A.3c).

Changes in the intensity and position of the constituent currents of SPG circulation
highlight underlying mechanisms which drive shifts in isohalines in the ENA (Figure
A.2). The pattern of baroclinic current anomalies suggests that shifts in isohalines in
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Figure A.3: (a) Time series of SPG indices (lines) and the NAO (bars). (b) Strong (blue) and
weak (red) composites of annual mean top 50om depth averaged salinity contours (35.20,
35.30, 35.40 and 35.50 psu) based on strong and weak phases of NAO: 1964-68 for NAO-
and 1991-1995 for NAO+. Current vectors denote composites difference (strong-weak) of
annual mean upper 500 depth averaged geostrophic currents (cm/s). For clarity, only those
geostrophic current vectors with magnitude > 0.5 cm/s are shown. (c) same as (b) but for
composites based on DENS.
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the ENA are linked to the intensification of the cyclonic circulation in the Irminger
Sea and Iceland Basin, which is clearly revealed by PC2 SSH and DENS but not
by PC1 SSH and FKL (Figure A.2). This is a key distinction as far as the shifts in
isohalines in the ENA are concerned because very similar current anomalies emerge
as a result of NAO variability (Figure A.3b). Thus it seems that PC2 SSH and DENS
are reflecting the NAO driven changes in SPG circulation. Higher heat loss during
NAO+ phases increases the density and lowers the SSH in the northern regions.
The doming of isopycnals due to a strong wind stress curl associated with NAO+
also lowers the SSH. As a consequence, the baroclinic part of the Irminger, Iceland
and Rockall Trough branch strengthens during NAO+ phases. The presence of an
anticyclonic circulation anomaly in the southwestern intergyre region suggests a
northward shift of the North Atlantic Current (NAC) during NAO+ conditions. Thus,
the transport of fresh subpolar water from the western SPG is enhanced, which
likely causes the eastward shift in isohalines observed during NAO+ conditions. In
addition, the anomalous southwestward current south of ENA restricts the northward
penetration of subtropical water, further complimenting the freshening in the ENA
(Figure A.3b).

In the case of FKL, along with a weak response in the Irminger Sea, Iceland Basin
and the Rockall Trough, the northward shift of the NAC is not represented. Thus, the
transport of fresh waters from the western SPG, along the northern flank of the NAC
and towards the eastern SPG, is not represented by FKL, and consequently the shifts
in isohalines are not realized in the ENA using this index. In summary, observed
PC2 SSH, DENS and NAO indices suggest that when the SPG is strong, salinity in
the ENA decreases and vice versa, and that there are latitudinally coherent shifts
in isohalines. All indices, except PC1 SSH and FKL, relate freshening in the ENA
to strong cyclonic circulation anomalies in the northeastern subpolar basins, and to
anticyclonic anomalies in the southwestern intergyre region.

A.2.2  Modelled SPG Strength-Salinity Relationship

The free model simulation does not exhibit a trend during the period of simulation.
As a result there is no equivalent of first mode of observed SSH variability in the
model. The dipole pattern of the first mode of modelled SSH variability matches
the second mode of observed SSH variability, both of which have negative weights
in the SPG and positive weights along the NAC path (Figure A.1). Still, there are
some differences: the strong positive weights in the western intergyre region are
distributed over much larger domain than in the observations. The negative weights
in the SPG are also weaker in the north and stronger in the south. We come back to
these differences later. The associated principal component (hereafter SPGI) shows
latitudinally coherent shifts in isohalines in the ENA (Figure A.4). However, the
SPG strength-salinity relationship depicted by SPGI does not match its observational
counterpart but has similarities with the observed relationship depicted by PC2 SSH,
DENS and NAO. The meridional shifts in isohalines in western intergyre region also
emerge clearly in case of SPGIL. Therefore, SPGI suggests that a strong SPG has a more
zonal orientation than that of a weak SPG (i.e., when the SPG expands in the ENA, it
contracts in the intergyre region). Apart from the SPGI, other indices (see Methods
and Table S1), BTSF and FKL do not show any coherent SPG-salinity relationship,
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Figure A .4: Strong (blue) and weak (red) composites of annual mean top 50om depth averaged
salinity contours (35.20, 35.30, 35.40 and 35.50 psu) based on strong and weak phases of (a)
SPGI, (b) BTSE (c) FKL and (d) DENS. The SPG indices are not detrended prior to computing
composites. Years for compositing are chosen from last 200 years of the preindustrial control
simulation, and are based on +1 standard deviation of the respective index. Current vectors
denote composites difference (strong-weak) of annual mean upper 500 depth averaged
currents (cm/s). For clarity, only those geostrophic current vectors with magnitude > 1.4
cm/s are shown.

while DENS suggests consistent shifts of isohalines in the central SPG region but only
subtle shifts in the ENA.

The modelled SPG-salinity relationship depicted by SPGI (i.e., modelled PC1 SSH)
matches the observed SPG-salinity relationship depicted by NAO, PC2 SSH and
DENS. Therefore, it is of interest to determine if circulation anomalies associated with
this modelled index bear any similarity with the observed anomalies. To examine this,
we analyzed composites of upper 500 meter currents in the whole North Atlantic
computed from weak and strong phases of modeled SPG indices (Figure A.ja).
The intensification of cyclonic circulation in the Irminger Sea and Iceland Basin, as
emphasized by observed SPG indices, does not seem to determine modelled isohaline
shifts in the ENA. However, the anomalous circulation pattern in the southwestern
intergyre region emerges as the main circulation anomaly in both observations and
the model, which is related to shifts in isohalines in this region and in the ENA.
The modelled indices of SPG strength also exhibit regional differences. For example,
the anticyclonic circulation anomaly in the western intergyre region is very clearly
revealed by the SPGI and not by the modelled DENS, BTSF and FKL indices (Figure
A.4). In the western SPG (west of 40°W), all indices show intensification of the
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cyclonic circulation during strong index years but BISF and FKL indices emphasize
this intensification more strongly than SPGI and DENS. As discussed later, such
differences in modelled SPG indices lead to differences in their relationship with
salinity in the ENA.

In summary, the SPG index based on the leading mode of modelled SSH variability
(i.e. SPGI) shows latitudinally coherent response of salinity in the ENA to changes in
SPG strength; DENS shows changes in salinity as well but only in the central SPG,
while BTSF and FKL do not show any latitudinally coherent changes in salinity.

A.2.3  Lagrangian View of Modelled SPG Circulation Variability

The results from the composite analysis shown above present a rather static picture of
the impact of variability in SPG circulation on salinity in the ENA. Also further insight
is sought on the significance of latitudinal shifts of the NAC in western intergyre
region. One way to reveal water mass pathways during distinct circulation regimes in
the North Atlantic is by analyzing Lagrangian trajectories of virtual floats released
in the modelled velocity fields (see Methods). Such view of circulation variability
is provided by 4-year backward trajectories of virtual floats released in the upper
100m in the ENA (Figure A.5). First, close to earlier estimates (Burkholder & Lozier,
2014) of the proportion of subtropical and subpolar floats arriving in the ENA, in the
present simulation, subtropical floats constitute >60% while subpolar floats constitute
<10% of the total floats (Figure A.5). Second, compared to the mean, all indices
unambiguously suggest that the number of subtropical floats arriving in the ENA
decreases and the number of subpolar floats increases when the SPG circulation is
strong. This implies that that a strengthened SPG impedes the subtropical throughput
and enhances the subpolar throughput into the ENA. Furthermore, a noticeable
feature that emerges from the comparison of backward trajectories is the shift in
advective pathway in the western intergyre region. The largest variability in the
latitudinal position of the trajectories passing though the western intergyre region
is seen in the case of SPGI followed by DENS. This matches well with the largest
response of salinity to changes in SPG circulation shown by SPGI followed by DENS.
The northward shift of float trajectories in the intergyre region for strong SPGI also
corroborates the result from composite analysis of circulation changes which revealed
strong anticyclonic circulation anomalies and relatively large meridional shifts in
isohalines in the intergyre region.

In the ENA (~30°W), the trajectories broaden and shift to the west when the SPG
weakens (Figure A.5). Except FKL, such a shift in the ENA is represented by other
three modelled indices, suggesting that the shift of trajectories in the ENA is a robust
feature. Note that the variation in the proportion of subpolar and subtropical floats
does not lead to variation in salinity in the ENA in the case of BTSF and FKL, but does
in the case of SPGI and DENS, therefore, it implies that along with the proportion of
floats, their pathways also influences salinity. As discussed in the following sections,
the meridional shifts in advective pathways in the intergyre region and the zonal
shifts in the ENA are manifestations of the expansion and contraction of the SPG.

11
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Figure A.5: Four year backward trajectories of all virtual floats released in the eastern SPG
during (a) MEAN circulation conditions and during strong (blue) and weak (red) phases of
(b) SPGI, (c) BTSEF, (d) FKL and (e) DENS. To highlight main features, the trajectory of floats
that remain in the ocean throughout their lifetime are drawn by thick lines. The black box
in (a) shows the region where 500 virtual floats were released in the upper 100 meter. The
subtropical floats are defined (Burkholder & Lozier, 2014) as those floats which move south
of 32°N at-least once in their lifetime, while the subpolar floats are defined as those floats
which move west of 45°W and north of 60 °N at-least once in their lifetime of 4 years.
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A.2.4 Role of Large Scale Atmospheric Forcing

Till now we have illustrated that the proportion of subtropical and subpolar floats
arriving in the ENA is linked to the state of the SPG circulation as represented by
various indices. Now we attend the question of causality. First, the instantaneous
relationship between the SSH and large scale atmospheric variability is considered.
The instantaneous response of the SSH to the NAO is a decrease in the subpolar
latitudes and an increase in the subtropical latitudes (Figure A.6a). This spatial pattern
is the characteristic basin scale dipole pattern of the ocean’s response to short term
atmospheric variability. However, the instantaneous response of SSH to the East
Atlantic Pattern, the second mode of modelled sea level pressure variability, is zonally
asymmetric (Figure A.6b). Its influence is larger in the ENA than in the western
SPG. Nevertheless, none of these regression patterns match the spatial pattern of the
leading mode of modelled SSH variability (Figure A.1c).
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Figure A.6: Lag-o regression of modelled SSH and currents (upper 50om) on (a) NAO, (b)
EAP index and Lag-10 regression of SSH and currents (upper 50om) on leading (c) NAO, (d)
EAP, (e) average wind stress curl and (f) average surface heat flux (latent+sensible) over the
SPG (black box). Shown are regression coefficients (units/c(index)). For clarity, only those
current vectors with magnitude > 0.1 cm/sec are shown. NAO—North Atlantic Oscillation,
EAP—East Atlantic Pattern.
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When the lagged (decadal) response of the modelled SSH field to the NAO is
considered, it emerges that the spatial pattern of the leading mode of modelled
SSH variability mirrors the spatial pattern of the lagged response (Figure A.6c).
A strong SPG circulation, driven by the NAO, turns into a weak SPG circulation
in a decade, suggesting a negative feedback. Such a dipole SSH pattern does not
emerge as a lagged response to the East Atlantic Pattern (Figure A.6d). However, a
lagged response of SSH, similar to the NAO, emerges if the variability in the winter
mean wind stress curl and surface heat fluxes over the subpolar North Atlantic
are considered (Figure A.6e,f). Although the pattern of the lagged SSH-response
to surface heat fluxes resembles the lagged SSH-response to both the wind stress
curl and the NAO, the role of winter mean surface heat flux variability seems to be
less important in driving decadal changes in SSH variability. This is because, in the
model simulation, changes in surface density in the Labrador Sea are largely driven by
changes in salinity and not by temperature (Figure S.1). Thus, the variability in surface
heat fluxes over the subpolar North Atlantic would not lead to a lagged response in
meridional overturning through changes in density. Therefore, these results suggest
that the variability in SPG circulation as represented by SPGI (i.e. modelled PC1 SSH),
in particular the latitudinal shift of the NAC in the western intergyre region, is a
decadal response to wind stress curl variability over the subpolar North Atlantic.

A.3 DISCUSSION

The decadal meridional shifts in trajectories in the western intergyre region, which
seems to explain variability in modelled salinity, can originate from the variability
in the NAO (Taylor & Stephens, 1998; Marshall et al., 2001). As a consequence of
persistent multi-annual NAO+ state, the upper ocean heat content in the SPG is
significantly lower and the SPG strengthens. As a compensating but delayed response,
an anomalous anticyclonic intergyre gyre circulation is thought to build up in the
western intergyre region as cooling in the SPG progresses (Marshall et al., 2001).
However, in the present study, we demonstrate that the changes in the intergyre gyre
are mainly driven by the variability in wind stress curl above the subpolar North
Atlantic. Since the intergyre gyre circulation is anticyclonic for a strong SPG, the
mean circulation would resemble a northward shifted NAC (Figure A.5a). While this
might seem like a local circulation anomaly outside of the core SPG, the build-up
of this anomalous circulation is due to the same atmospheric forcing that drives the
variability in the constituent currents of the core SPG circulation. The intergyre gyre
circulation is thus conjectured to be induced by changes in SPG strength itself as a
consequence of variability in wind stress curl.

Another mechanism that could explain decadal meridional shifts in the NAC is
related to the variability in the AMOC. The dipole pattern of the modelled first
EOF of SSH resembles the characteristic fingerprint of decadal AMOC variability
(Zhang, 2008). The opposing pattern of SSH variability in the SPG and NAC path is a
simple yet robust consequence of heat convergence/divergence in these regions in
the MPI-ESM (Borchert et al., 2018). The flow of the deep western boundary current
and its associated vortex stretching leads to the formation of a northern recirculation
gyre in the upper layers in the NAC region (Zhang & Vallis, 2007). A strong flow in
the deep western boundary current enhances the northern recirculation gyre, which
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results in higher oceanic heat divergence, and therefore a cooling of the upper layers,
and a reduction of SSH in the NAC region. Stronger deep western boundary current
leads to a stronger AMOC following a lag of few years which enhances northward
heat fluxes, and thus the heat content of the SPG increases and the SSH rises. This
creates a characteristic dipole pattern of SSH. This second mechanism thus explains
the anomalous circulation pattern in the western intergyre region and the associated
weakening and strengthening of the SPG. The NAO is also indirectly involved in this
mechanism since it influences both SPG temperature and the deep water formation
in the Labrador Sea.

Although the meridional shift of trajectories in the intergyre region in Figure
A.5b can be explained by the heat content related mechanisms discussed above, the
broadening and shift of trajectories in the ENA can not be explained solely by either of
the mechanisms. These mechanisms mainly emphasize external drivers of heat content
change as the main source of variability in SPG circulation, however, they overlook
the importance of salinity in influencing the stability of water column in the SPG
(Figure S.1). This is because our results do not relate the variability in surface density
in the Labrador Sea to changes in surface heat fluxes. Instead our results suggest that
the initiation of the intergyre gyre circulation anomaly or the northern recirculation
gyre in the western intergyre region, both of which relate to latitudinal shifts in the
NAC, is due to the wind stress curl driven changes in the SPG circulation. When
the vorticity input to the SPG due to winds is anomalously higher and persistent
over multiple years, more fresh water is transported along the northern flanks of
the NAC towards the ENA and less subpolar water flows southwards (Figure A.5a).
Higher surface divergence associated with strong wind stress curl shifts major current
pathways eastward, thus explaining the sharpening and eastward shift of simulated
trajectories in the ENA. A sustained removal of freshwater from the western SPG
leads to a decrease in the thickness of fresh upper layer and consequently salinity
increases over multiple years. Such salinification of western SPG creates positive
density anomalies which propagate southwards and initiate positive anomalies in the
meridional overturning circulation. The anomalous strengthening of the meridional
overturning is concomitant with the westward contraction of the SPG in the ENA,
the gradual retreat of the NAC towards southern latitudes and reversal of density
anomalies in the SPG.

The emergence of negative feedback mechanism in MPI-ESM-LR is consistent
with earlier investigations, however, our results suggest that the SPG is not passive
in a perpetual negative feedback loop controlled by variability in the meridional
overturning circulation. It is important to note that, as compared to the mean, the
number of subtropical floats arriving in the ENA does not increase substantially
when SPG weakens, but it decreases substantially when the SPG strengthens. The
implication being that changes in the SPG size, strength and salinity in the ENA
are not exclusively due to changes in subtropical throughput, rather, the variability
in SPG circulation modulates the subtropical throughput which then changes the
salinity in the ENA. These results are robust and not overly sensitive to the number
and deployment depth of virtual floats (Figure S.2 and S.3), Therefore, it is the
variability in horizontal SPG circulation, driven by overlying atmospheric variability,
that modulates the pathway and proportion of subpolar and subtropical floats arriving
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in the ENA, and such variability in the horizontal circulation is mainly captured by
the modelled SPGI and to some extent DENS.

This result thus allows us to infer the likely cause of observed salinity changes in
the ENA. Intensification of the NAC, the cyclonic circulation and salinity changes in
the case of PC2 SSH, DENS, and NAO indices point to the an increased advection of
subpolar water from the west. The response of circulation and salinity to long-term
changes in the NAO (Figure A.3b) also matches well with SPGI. So, contrary to the
recent finding (Foukal & Lozier, 2017), the complex interplay between the variability
in the strength and size of the SPG does influence salinity in the ENA.

Having explored the causes of similarity between the SPGI-based and observed
SPG-salinity relationship, we now highlight potential causes of discrepancies in
modelled FKL and BTSE. In the model, the SPG does expand and contract, however,
if one considers the largest closed contour of SSH as the SPG boundary, then the
zonal expansion and contraction of the SPG is limited to the western parts (Figure
S.4). By definition, this would exclude variability in the ENA and in the western
intergyre region, which as discussed above is coupled to the SPG circulation via
atmospheric or oceanic forcing, and therefore FKL would neither project onto NAO
nor show consistent relationship with salinity in the ENA (Foukal & Lozier, 2017).
From the model point of view, the SPG is a cyclonic circulation seen in the two
dimensional barotropic stream function in the subpolar North Atlantic. The area and
depth averaged BTSF as one of the indices analyzed here only partly captures the
complexity of the three dimensional spatial structure of SPG circulation. Furthermore,
the BTSF represents circulation strength in the western SPG (Figure S.4), and does
not capture the baroclinic component of circulation variability in the intergyre region
and the ENA either.

While the results presented here illuminate the SPG-salinity relationship in obser-
vations and in an ESM, there are some caveats that must be acknowledged. First, as
is the case with various global coupled models, there are known issues in MPI-ESM
regarding the zonal position of NAC (Jungclaus et al., 2013). This leads to biases
in mean water mass properties. Advection of such biased properties to regions of
interest is a concern. Hence, the potential impact model biases could have on the
variability of SPG circulation warrants further investigation. Second, the altimeter
record is quite short (24 years) compared to the model output (200 years) analyzed
here. Thus, the low frequency variability present in modelled SPG indices might
not have yet emerged in the observed indices, and thus their comparison must be
treated with caution. Third, we have not quantified the contribution of freshwater
flux from the atmosphere to salinity changes in the ENA. But the striking similarity
between shifts in advective pathways and isohalines suggests that the freshwater
flux at the air-sea interface does not dominate. Finally, given the scarcity of long
term velocity observations, we have only analyzed the baroclinic part of observed
circulation variability. Since the barotropic part of circulation variability is not in
phase with the baroclinic part (Eden & Willebrand, 2001), the changes in observed
circulation presented in this study must also be carefully interpreted. Nevertheless,
the similarity between the response of modelled currents and the observed baroclinic
currents suggests that the baroclinic part of circulation variability plays an important
role in determining SPG strength-salinity relationship in the ENA.
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A.4 CONCLUSIONS

Based on the analysis of observed and modelled SPG indices and Lagrangian trajec-
tory experiments carried out with a global coupled model, we derive the following
conclusions:

1. The interpretation of the SPG strength—salinity relationship is dictated by the
choice of the SPG index. A dynamically consistent interpretation presented
here is that the variability in the proportion and the pathway of subpolar water
arriving in the ENA has an influence on salinity. Thus both size and strength of
the SPG are related to salinity changes in the ENA.

2. All modelled SPG Indices agree that a stronger SPG is associated with enhanced
influence from the fresher western SPG region and impedes the subtropical
salinity throughput.

3. The modelled variability in Lagrangian pathways is part of the decadal response
of SPG circulation to wind stress curl variability over the subpolar North Atlantic.
Latitudinal shifts of the NAC in the western intergyre region and pathways of
subpolar water in the ENA are most likely main sources of inconsistency among
SPG indices.

4. Constrained by their definitions, SPG indices based on depth integrated barotropic
streamfunction and the largest closed contours of SSH should be carefully inter-
preted as these indices do not capture the variability in the advective pathways
from the western intergyre region to the ENA.

5. The observations-based SPG indices-PC2 SSH and DENS, which capture the
variability in the strength and position of the NAC and the intensification of
cyclonic circulation in Irminger Sea and Iceland basin, are the best-suited proxies

of observed SPG circulation variability and associated water mass variability in
the ENA.

Finally, the weak-SPG-high-salinity relationship in the eastern subpolar North
Atlantic is a robust basis for the choice of SPG indices in observations and models.

A.5 METHODS

Observations of annual mean salinity used in this study are taken from the EN4(Good
et al., 2013) gridded dataset and cover the time period 1960-2016. Potential density (cp)
is calculated from temperature (T) and salinity (S) from the EN4 dataset. We also cal-
culate geostrophic velocities to examine variability in the baroclinic part of observed
circulation variability. The geostrophic velocities were calculated from the T and S
fields of the ENy4 dataset using the geostrophic equation and dynamic topography,
while assuming a layer of no motion at 1500 m depth (results do not change substan-
tially if this depth is changed to other reasonable level). The horizontal gradients and
velocity components were calculated at the mid point of the original grid boxes. The
monthly mean SSH data (i.e., AVISO absolute dynamic topography on a 0.25°x0.25°
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grid) was obtained from the Integrated Climate Data Center (http://icdc.cen.uni-
hamburg.de/1/daten/ocean/ssh-aviso.html), and covers the time period 1993-2016.
Annual means were calculated from monthly mean values.

The model used in this study is the Max Planck Institute Earth System Model, run
in a low resolution configuration (MPI-ESM-LR (Giorgetta et al., 2013)). The ocean
component of MPI-ESM-LR has a nominal resolution of 1.5 degrees with a gradual
increase in resolution towards the subpolar North Atlantic, reaching approximately
18 km near Greenland. We analyzed the last 200 years of a 2000-year pre-industrial
control simulation where the model is free to evolve dynamically. This type of
simulation is neither initialized from observation nor forced with observed external
boundary conditions. This enabled us to examine SPG-salinity relationship in a
dynamically consistent setting. The model output was regridded to a 1°x1° regular
grid and annual mean values were analyzed in composite analysis. The model
output does not exhibit any significant trend, so we present results based on the
non-detrended model output. Detrending does not result in any different conclusions.

In the present work, we used multiple indices of SPG strength that have been
applied in observational and modelling studies (Table S1). The first index (PC1 SSH)
is defined as the principal component of the leading Empirical Orthogonal Function
(EOF) of annual mean SSH anomalies in the subpolar North Atlantic, defined in the
domain 20-70°N, 0-80°W (Hékkinen & Rhines, 2004), and defined for the altimeter
period 1993-2016. Similarly, the second index (PC2 SSH) is defined as the principal
component of the second EOF of annual mean SSH anomalies. A third index (DENS)
is defined as the annual mean density anomalies at 310 meter depth in the region
50-62°N, 35-55°W (Tesdal et al., 2018). DENS is a proxy for baroclinic strength of the
SPG previously used to explain freshening in the western SPG. DENS is defined for
two periods: the altimeter period 1993-2016, for comparison with other SSH-based
indices, and 1960-2016, to extend the analysis for a longer time period. A fourth
index (FKL) is defined as the difference between the largest closed contour of annual
mean SSH and the minimum of SSH within the largest closed contour (Foukal &
Lozier, 2017). The FKL index is defined for the altimeter period from 1993 to 2016.
Additionally, we also use two pentads when the NAO was largely in a high (1991-
1995) or a low (1964-1968) state as a proxy of those atmospheric conditions which
favor a particular SPG state. The observed NAO index is the Hurrel’s station-based
index and is obtained from https://climatedataguide.ucar.edu/climate-data/.
All observational results presented in this study are based on non-detrended data.

The SPG indices - PC1 SSH, DENS and FKL - defined using observational data are
defined identically in the MPI-ESM. Another index (BTSF) is defined in MPI-ESM as
the annual mean depth integrated barotropic streamfunction in the region 50-62°N,
10-60°W. Our region of interest for identifying salinity changes is the eastern subpolar
North Atlantic (ENA), defined as the region between 50°N to 60°N, 15°W to 30°W.

In order to test whether the variability in advective pathways leads to variability in
salinity in the ENA, we performed Lagrangian experiments in MPI-ESM using the
offline OceanParcels (Lange & Sebille, 2017; Delandmeter & Van Sebille, 2019) frame-
work for the particle trajectory scheme. First, composite mean monthly horizontal and
vertical velocity fields based on strong and weak phases of each index were created.
Then the resulting monthly mean 3-dimensional velocity field was used to advect 500
virtual floats deployed randomly in the upper 100 meters in the ENA (50°N to 60°N,
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A.7 SUPPLEMENTARY INFORMATION

Due to different lengths of observed and modelled time series, for the compos-
ite analysis, we have chosen values above and below £0.5 standard deviation for
observation-based SPG indices and £1 standard deviation for model-based SPG in-
dices. This choice of these separate thresholds is guided by the necessity to minimize
any bias in the number of strong and weak SPG years. We find that by using the
thresholds as they are in this study, this requirement is best fulfilled. We have also
compared the observational results based on +1 standard deviation, and we find that
the conclusions derived in this study do not change.
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Table S.1: Indices of SPG strength

DEFINITION TIME PERIOD REFERENCE
PC1-SSH Principal Component of the first | Observation: 1993:2016 | Hikkinen & Rhines (2004);
empirical orthogonal function of | Model: Last 200 years | Hatun et al. (2005)
sea surface height in the North At-
lantic (20:70°N, 0:80°W
PC2-SSH Principal Component of the second | Observation: 1993:2016 | As also used in Hatin &
empirical orthogonal function of | Model: Last 200 years Chafik (2018)
sea surface height in the North At-
lantic (20:70°N, 0:80°W
DENS Weighted area average density | Observation: 1993:2016 | Tesdal et al. (2018)
anomaly at 314 m depth in the | Model: Last 200 years
region:50:62°N, 35:55°W
FKL Difference between the largest | Observation: 1993:2016 | Foukal & Lozier (2017)
closed contour of annual mean SSH | Model: Last 200 years
in the subpolar North Atlantic and
minimum of SSH within the largest
closed contour.
BTSF Weighted area average barotrophic | Model: Last 200 years | As also used in Lohmann et
streamfunction in the North At- al. (2009)
lantic (50:62°N, 10:60°W)

Table S.2: Strong and weak years (from non-detrended data) of SPG strength

PC1 SSH PC2 SSH DENS FKL

Strong | Weak | Strong | Weak | Strong | Weak | Strong | Weak
1993 | 2012 | 1993 | 2003 | 1993 1996 | 1993 | 2004
1994 | 2013 | 1994 | 2004 | 1994 | 1998 | 1995 | 2005
1995 | 2014 | 1995 | 2005 | 1995 1999 | 1996 | 2009
1996 | 2015 | 2000 | 2006 | 2000 | 2002 | 1997 | 2010
1997 | 2016 2015 2007 | 2015 2003 1998 2016

2016 2010 2016 2004 2002

2011 2006 2007

2013 2007 | 2014

2011
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Figure S.1: (a) Time series of modelled surface density (black), density due to variable salinity
and mean temperature (blue) and density due to variable temperature and mean salinity (red)
in the Labrador Sea (55:65°N, 45:60°W) for the last 200 years of the simulation. (b) Lead-lag
correlation between density and density due to variable salinity (blue) and density due to
variable temperature (red). Density leads for positive lags. Statistically significant correlations
at 95% confidence level are shown in bold. All three time series were smoothed by a 3-year
running mean before correlating.
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Figure S.2: Same as Figure A.5 in the main text but for 1000 floats deployed in the upper
100m.
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Figure S.3: Same as Figure A.5 in the main text but for 1000 floats deployed in the upper
200m.
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at each grid point. Statistically significant values at 95% confidence level using a t-test are
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ATLANTIC INFLOW TO THE NORTH SEA MODULATED BY THE
SUBPOLAR GYRE IN A HISTORICAL SIMULATION WITH THE
MPI-ESM

This appendix contains a paper, which has been published in the journal of Geophysi-
cal Research Oceans as:

Koul, V., Schrum, C., Diisterhus, A. & Baehr, ]J. (2019), "Atlantic Inflow to the North
Sea Modulated by the Subpolar Gyre in a Historical Simulation with the MPI-ESM",
Journal of Geophysical Research: Oceans,124, 1807-1826.
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While the influence of the Subpolar Gyre (SPG) on thermohaline variability in the
eastern North Atlantic is well documented, the extent and timescale of the influence
of the SPG on North Sea is not well understood. This is primarily because earlier
investigations on the causes of variability in the North Sea water properties mostly
focused on the role of atmosphere, and deployed regional models. Here, using a
historical simulation with the Max Planck Institute Earth System Model, we investigate
circulation and water mass variability in key regions, namely Rockall Trough and
Faroe-Scotland-Channel (FSC) which link the North Atlantic to the North Sea. We
find that salinity co-varies with advective lags in these three regions, and that the
northern North Sea salinity follows the Rockall Trough with a lag of one year. We
show that recurring and persistent excursions of salinity anomalies into the northern
North Sea are related to the SPG strength and not to the local acceleration of the
inflow. Furthermore, we illustrate that the SPG signal is more pronounced in salinity
than in temperature, and that this simulated SPG signal has a period of 30-40 years.
Overall, our study suggests that, at low frequency, water mass variability originating
in the North Atlantic dominates changes in the North Sea water properties over those
due to local wind driven volume transport.
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B.1 INTRODUCTION

The North Sea is a shallow adjacent sea of the Atlantic Ocean located on the North-
western European continental shelf (NWES). The northern boundary of the North
Sea presents an opening for water masses of Atlantic origin to propagate into this
region. However, before entering the North Sea, these oceanic anomalies mainly
pass through two key upstream regions: the Rockall Trough and the Faroe Shetland
Channel (FSC). The Atlantic inflow through these key regions draws water masses
from the North Atlantic Current (NAC), the European Slope Current (ESC), and also
from the East Icelandic Current (EIC) north of the FSC (Turrell et al., 1996). Therefore,
hydrographic changes in the North Sea have often been shown to be influenced by
water mass variability originating in the key upstream regions (Holliday & Reid,
2001; Nufiez-Riboni & Akimova, 2017). However, given observational and modelling
constraints, a robust spatial and temporal characterization of the influence of the
North Atlantic on the North Sea is still missing.

Earlier investigations have mostly focused on the atmosphere-driven North Sea
variability, and regional models have been used preferably (see for example Winther &
Johannessen (2006), Hjollo et al. (2009), and Daewel & Schrum (2017)). This is because
the shallowness of the North Sea makes it more responsive to overlying atmospheric
variability. However, being able to identify a variability of North Atlantic (oceanic)
origin has the advantage that it not only explains part of the variability in marine
ecosystems (Akimova et al., 2016; Holt et al., 2012), but it can also lead to long term
hydrographical and biogeochemical predictability. Therefore, of particular interest
has been to understand which part of variability in the North Sea is of Atlantic origin
(Alheit et al., 2014; Holliday & Reid, 2001). Hence, given the nature of the problem,
recent studies have highlighted added value in simulating North Atlantic-North
Sea connections using global models (Mathis et al., 2017; Pétsch et al., 2017). This
approach has the advantage that it allows a dynamically consistent representation of
North Atlantic-North Sea connections, and circumvents the issues associated with
specifying lateral boundary conditions in regional models.

The motivation to investigate North Atlantic-North Sea connection in a global
coupled model also stems from the fact that no robust conclusion could be drawn
from the few observational studies concerning long term North Atlantic-driven
variability in the North Sea. For example, by analyzing 65-year surface salinity data
for the NWES, Dickson (1971) concluded that the advection of higher proportion of
subtropical water was responsible for extended periods of high salinity in the NWES.
He linked the periodicity and sustained salinification of the NWES to a persistent
pressure-anomaly pattern which was then shown to induce sustained advective
changes in the eastern North Atlantic. Becker & Dooley (1995) attributed the 1989/90
high salinity event in the North Sea to increased inflow of Eastern North Atlantic
Water (ENAW) in the ESC. They conjectured that large scale circulation changes were
responsible for reorganization of water masses in the eastern North Atlantic which in
turn had an impact on the inflow stream to the North Sea. While these studies suggest
that the causes of salinification events in the NWES are not attributable to a single
mechanism, the multi-year persistence of such events also suggests that the causes
and characteristics of the large scale oceanic variability which leads to salinification
in the NWES needs further investigation.
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In the upstream region, i.e. the eastern North Atlantic, abundant observational
evidence suggests a role of SPG variability in driving thermohaline changes (Bersch,
2002; Holliday, 2003; Hatan et al., 2005; Sarafanov et al., 2008). A weak SPG circulation
allows northward penetration of subtropical water. In the Rockall Trough, long-term
observations also suggest an overall warming and salinification from late 1990s till
mid 2000s (Holliday et al., 2015), linked to the SPG variability (Sherwin et al., 2011).
The SPG-driven changes that have occurred in the Rockall Trough are not limited to
thermohaline properties alone; for example, links with nutrient concentrations have
also been reported (Johnson et al., 2013). Modelling studies have further suggested
that the SPG strength undergoes decadal changes and the mid-1990s event was part
of that decadal variability (Boning et al., 2006; Zhang, 2008). Therefore, anomalous
SPG circulation is thought to control the proportion of subtropical and subpolar water
masses in the Atlantic inflow across the Iceland-Scotland Ridge (ISR).

The SPG-driven thermohaline variability in the Rockall Trough, FSC and the North
Sea has not yet been examined in a global model. Hjollo et al. (2009) did point out
that some of the discrepancies in simulating salinity variability at northern North Sea
stations in their regional model arose due to the imposed boundary conditions and the
limited domain of their model, both of which tend to disregard the SPG signal from
open ocean. Using a global model, Mathis et al. (2017) highlighted the importance of
North Atlantic in driving future changes in the NWES. Thus there seems to be some
hint that the impact of dynamic circulation changes in the North Atlantic extends
to the North Sea. However, a comprehensive analysis of the relationship between
variability in SPG circulation and Atlantic inflow to the North Sea has remained
unexplored.

In the present contribution, we examine North Atlantic-North Sea connections in a
historical simulation with a global coupled model. Our aim is to reveal the spatial
and temporal characteristics of the influence of the SPG on North Sea properties in
such a century long simulation. We use a combination of correlation, composite and
water mass analysis to study the key region.

Section B2 describes the model and methods used, results are provided in section
B3, section B4 discusses the main findings, and conclusions are presented in section
Bs.

B.2 MODEL DETAILS, METHODS AND MODEL EVALUATION

B.2.1 Model Details

The Max Planck Institute Earth System Model (MPI-ESM) version 1.2 is the latest
version of the global Earth system model developed at the Max Planck Institute
for Meteorology, and is used in its low resolution (LR) setup in the present study
(hereafter MPI-ESM1.2-LR). The ocean general circulation component of MPI-ESM1.2-
LR, the Max Planck Institute Ocean Model (MPIOM) (Jungclaus et al., 2013), is a
free surface model with primitive equation solved on an Arakawa C-grid, and with
hydrostatic and Boussinesq approximations. It has a total of 40 z-levels in the vertical
with closely spaced upper levels; the surface layer thickness is 12 meters. Formulations
by Pacanowski & Philander (1981) are followed for vertical mixing and diffusion, and
tracer transport is parameterized following Gent et al. (1995). Statically unstable flow
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over sills and shelves is represented by a slope-convection scheme (Marsland et al.,
2003). The MPIOM setup used in the study has a rotated grid configuration (GR15)
for which the singularity at the North Pole is replaced over Greenland. This has the
advantage that horizontal resolution is enhanced north of 50°N, reaching 15Km near
Greenland. The resolution increases gradually to 1.5 degrees towards the equator.
Embedded in MPIOM is also the ocean biogeochemistry component, the Hamburg
Ocean Carbon Cycle (HAMOCC) model (Ilyina et al., 2013). Among other processes,
HAMOCC incorporates phosphate and oxygen cycles, and defines the marine food
web based on nutrients, phytoplankton, zooplankton and detritus (NPZD) based
approach.

The atmospheric general circulation component of MPI-ESM1.2-LR is the European
Center-Hamburg (ECHAM) (Stevens et al., 2013). In MPI-ESM1.2-LR, the ECHAM
is run at a horizontal resolution of T63 and with 47 vertical levels, the model top
being at 0.01thPa. The land surface-atmosphere interactions are simulated by the land
vegetation module JSBACH (Reick et al., 2013) which is embedded in ECHAM. A
land hydrology module which contains a river-routing scheme is used for interactive
simulation of river runoff (Hagemann & Gates, 2003). MPIOM receives the fresh water
fluxes due to river runoff as part of the precipitation field from ECHAM.

B.2.2 Methods

In this study, we analyze a historical simulation performed under natural and anthro-
pogenic forcings derived from observations covering a total of 156 years (1850-2005).
The natural forcing includes solar insolation, variations of the Earth orbit, tropospheric
aerosol, stratospheric aerosols from volcanic eruptions, and seasonally varying ozone.
The anthropogenic forcing includes the well mixed gases CO,, CHy, N>,O, CFC-11,
and CFC-12 as well as O3, and anthropogenic sulfate aerosols. Tides are not taken
into account in this simulation. Atmospheric CO, concentrations are prescribed and
the carbon cycle is not interactive. It must be noted that as this historical simulation
is not initialized from observations, the internal variability in this model simulation
may not be in phase with observations, and hence may not reproduce the observed
timing of certain climatic events which are related to internal (natural) variability.
However, dynamical relationship between variables of interest within the model can
be compared to their observed relationship (Langford et al., 2014; Martin et al., 2014;
Zhang & Wang, 2013). This simulation provides the base for understanding spatial
and temporal modes of variability and their connections with North Sea. Here we
focus on the relation between SPG circulation and North Sea variability, and if similar
relationship is seen in observations.

Annual mean values of model output variables are first computed, and detrended
(linear trend is removed at each grid point) prior to subsequent analysis. Anomalies
are calculated by removing the mean of the entire simulation period (1850-2005).
The climatological (1850-2005 mean) bias of modelled salinity is calculated against
KLIWAS North Sea Climatology (KNSC) data set (1873-2013 mean) available from Inte-
grated Climate Data Center (https://icdc.cen.uni-hamburg.de/1/daten/ocean/knsc-
hydrographic.html).

Throughout this study, correlation coefficients are calculated from detrended anoma-
lies. To estimate the uncertainty in correlation, we modify the strategy of McCarthy
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et al. (2015) wherein they use a parametric and a non-parametric approach. As the
data are auto-correlated, we first calculate the effective degrees of freedom. For this
we use the equation given by Pyper & Peterman (1998) to determine the degree of
freedom on the basis of auto-correlation coefficients at various lags.

For the non-parametric approach, we use block bootstrapping. While the t-test
assumes the data to be normally distributed, the block bootstrap method does not
make such an assumption. In this method, a set of 10000 bootstrap samples, each
having the same length as the parent time series, is constructed by block-wise sam-
pling with replacement from the parent time series. The block length L is given by:
L= W, where N* is the effective degrees of freedom and N is the length of the
time series. This choice of block length ensures that the most conservative estimate
of confidence intervals is obtained. The resulting distribution of correlations is then
investigated for significance. The sensitivity of the significance bounds to block length
is also tested by changing the block length to a higher and lower value; we find that
the result remains almost unchanged. The uncertainty in the time lag of maximum
correlation is estimated by the time at which the median of block bootstrapped corre-
lations is greater than the lower bound of the confidence interval derived from the
block bootstrapping.

We define the index of SPG strength as the principal component of the leading mode
of annual mean (detrended) sea surface height (SSH) anomaly over North Atlantic
(0-70°W, 30-65°N). Read together with the weights of the leading mode in the central
SPG region (Figure B.6), the positive values of this index (hereafter SPGI) correspond
to an increase in the SSH, and thus represent a weak SPG. Using altimeter data and
ocean model hindcast, SPGI has previously been shown to represent variability in
SPG strength (Hédkkinen & Rhines, 2004; Héttn et al., 2005) although the methodology
for computing SPG index from SSH data is now being debated (Foukal & Lozier,
2017; Hatan & Chafik, 2018). The SPGI has also been shown to be a proxy for changes
in SPG strength in a 2000-year coupled model simulation (Zhang, 2008).

We also peform a regression analysis to reconstruct North Sea salinity using
multiple predictors. As such, we first split the simulated North Sea salinity time series
into two parts: 1853-1950 and 1951-2005. Regression co-efficients are estimated from
the former time period, and the same coefficients are then used to reconstruct North
Sea salinity for the later time period. The bootstrap procdure as described above is
also used here to estimate the confidence bounds.

B.2.3 Model Evaluation: North Atlantic-North Sea Connections in MPI-ESM1.2-LR

To identify North Atlantic-North Sea connections in MPI-ESM1.2-LR, we first explore
mean large scale circulation patterns and salinity profiles in key regions. Earlier
versions of this model have been shown to realistically represent the large scale
mean circulation in the North Atlantic (Jungclaus et al., 2013). Our analysis also
suggests that the simulated mean upper ocean circulation in the North Atlantic in
MPI-ESM1.2-LR (Figure B.1) has qualitative resemblance with observations (e.g. Orvik
& Niiler (2002)). Consistent with observations, two branches of the NAC enter the
eastern North Atlantic as the Iceland branch and the Rockall Trough branch (Figure
B.1a). The Rockall Trough branch is, however, more diffused than what observations
suggest (Orvik & Niiler, 2002). Nevertheless, the Rockall Trough branch intensifies
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when it enters the FSC, which is also seen in observations. This model has a strong
Iceland Branch which turns eastwards after crossing the ISR and feeds the FSC. A
relatively weak yet continuous current which links northern Irish shelf to the North
Sea is also simulated by the model.

(a) Modelled mean salinity and currents (Top 100m)
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Figure B.1: (a) Modelled mean salinity ([psu], color) and currents ([cm/s], arrows) averaged
over top 100m meters of the water column. Current vectors <icm/s are not shown. (b)
Modelled mean, (b) Observed (KNSC) mean, and (c) bias of salinity [psu] in the NWES region.

The North Sea circulation is cyclonic with inflows from the wide open entrance in
the north, and from the English Channel in the south. The northern North Sea inflow
comprises of three main inflows: the Fair-Isle inflow, the East Shetland inflow and the
Norwegian Trench inflow (Turrell et al., 1996). The Norwegian Trench inflow is known
to contribute the most to the northern North Sea inflow (Winther & Johannessen,
2006). In the model, this separation is not so distinct, however the model is able to
reproduce northern inflows that progress cyclonically towards the central North Sea.
Strong inflows are present east of Scotland and also along the western side of the
Norwegian Trench. The model also shows a fresh outflow along the whole Norwegian
Trench.

Recently, Pitsch et al. (2017) carried out a thorough analysis of the performance of
MPIOM (with a different grid configuration) in the North Sea. Their results suggest
that MPIOM performs satisfactorily over most of the North Sea although with dis-
crepancies near coasts. Note that while the MPIOM grid resolution in that study was
higher than in the present study, the model was forced using observed meteorological
forcings, and hence air-sea interactions were not taken into consideration. A similar
model configuration used by Mathis et al. (2017) is also unsuitable for the present
analysis because, in that model configuration, air-sea interaction is considered over
the eastern North Atlantic region only. Such configuration is unsuitable to examine
the influence of SPG circulation on the North Sea because the SPG is strongly in-
fluenced by basin-wide atmospheric variability. Therefore, given the global coupled
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model configuration used in the present study, we focus on the SPG variability, the
shelf break and northern and central parts of the North Sea, and exclude the coastal
regions.

The simulated mean upper ocean salinity field is shown in Figure B.1. Northward
extension of saline subtropical water is seen in the eastern North Atlantic . In the
North Sea, northern parts are largely influenced by Atlantic Water and hence salinity
values here exceed 35.0 psu while southern and coastal regions are mainly influenced
by river runoff and are therefore relatively fresher. Moreover, Atlantic water entering
from the northern opening has its maximum southward extent down to 55°N in the
North Sea, beyond which Atlantic salinity signature is diluted by fresh water runoff
to the North Sea.

Comparison of upper 100 meter modelled mean salinity with observations suggests
that the model overestimates salinity over most of the eastern North Atlantic (Figure
B.1d). Major challenges for the model are present in the Norwegian Trench outflow
region and in the southern North Sea, however, both these regions are not the focus
of the present study. The climatological salinity bias in the Rockall Trough, FSC and
northern North Sea is relatively lower than near shallow coastal regions.

The hydrography and circulation in the key regions of eastern North Atlantic and
the North Sea derived from the model are expected to resemble mean features of
observations. Therefore, we examine subsurface salinity on three sections (see Figure
B.2d for locations) in the eastern North Atlantic. In the eastern North Atlantic, the core
of Atlantic inflow extends down to 8oom in the water column close to the Irish shelf
edge (Figure B.2a) and dilutes westwards, thus resembling observations in this region
(Holliday et al., 2015). This core is seen in the FSC close to the Scottish shelf edge
extending down to 4oom (Figure B.2b). Observation suggest that the saline Atlantic
core is present much closer to the Scottish (Shetland) side of the FSC extending from
the surface down to 300 m (Berx et al., 2013). The shoaling of saline core from the
Rockall Trough to the FSC indicates that the inflow is guided by topography and
geostrophically forced. In the model, the continuity of this saline core into the North
Sea is first revealed at a zonal section between Scotland and Norway where high
salinity water extends till the western edge of the Norwegian Trench (Figure B.2c).
Here, the most saline Atlantic water enters through the central parts of this section
and fresh water leaves through the Norwegian Trench.

The analysis of subsurface velocity field shows that the two branches of NAC, the
Iceland and Rockall Trough branch, extend deeper down in the water column in
the Iceland basin and shallower in the Rockall Trough respectively (Figure B.3a). As
noted earlier, the Rockall Trough branch is more sluggish than the Iceland branch in
this model simulation. The intensification of Rockall Trough branch is also revealed
when it enters the FSC (Figure B.3b). The maximum along channel velocities (> 10
cm/s) in the FSC are present in the top 200 meters and are seen towards the middle
of the channel while observations (1995-2009 mean) suggest maximum along channel
velocities (> 20cm/s) to be present more towards the Scottish shelf edge (Berx et al.,
2013). A part of the inflow in the FSC branches off into the North Sea and is seen in
Figure B.3c as a depth independent broad inflow. On this North Sea section, the inflow
has its highest intensity west of the western Norwegian Trench (between 300-400 km,
east of Scottish east coast). The Norwegian Trench shows outflow waters from surface
down to the bottom. The model gives an outflow on the shallower western parts of the
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Figure B.2: Salinity [psu] on a section across (a) Rockall Trough, (b) FSC and at (c) North Sea
entrance. (d) The location of the various sections used in this study. Green: Rockall Trough,
Red: FSC and Blue: North Sea entrance. The bold black line from Rockall Trough to central
North Sea represents the section on which Figure B.7 is based. The thin black lines in Figure
B.2d are the 100, 200, 1000 and 2000 meter isobaths.

Norwegian Trench where an inflow is know to be present. The long term (1850-2005)
mean volume transport through the FSC in in this model is 5.5 Sv which is higher
than the observed short term estimates of 3.5 to 4 Sv (Berx et al., 2013). The total
northern inflow into the North Sea is about 1.6 Sv which is close to known estimates
of 1.7 to 2 Sv (Hjello et al., 2009). This suggests that while challenges remain, the
model is in overall agreement with respect to the location and intensity of various
inflows.

The continuity of the saline core of Atlantic water into the Rockall Trough and FSC,
and finally into the North Sea raises questions about the source of high salinity in
the model. That the saline core moves close to the shelf edge points to the region
south of Rockall Trough as a potential source region and the ESC as the conduit.
A property-property diagram of a region south of Rockall Trough and west of Bay
of Biscay is shown in Figure B.4. This region is selected as it sits in the intergyre
region between the SPG and the subtropical gyre. Two salinity maxima are seen in the
Temperature-Salinity (T-S) diagram, a shallower one at about 36om and the deeper
one at about goom. The upper salinity maximum has salinity exceeding 35.70 psu,
the highest at these latitudes and therefore, this highly saline water is considered
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Figure B.3: Velocity (cm/s) perpendicular to a section across (a) Rockall Trough, (b) FSC and
at (c) North Sea entrance. For Rockall Trough and FSC, u-component of the velocity is shown,
and for North Sea, v-component is shown.

here as the model equivalent of ENAW. The deeper salinity maximum (¢ = 27.3),
with a corresponding oxygen minimum, is a vestige of MOW as seen in another
T-S analysis south of 40°N (figure not shown), which is also known to propagate
northwards (Lozier & Stewart, 2008; Sarafanov et al., 2008). Further analysis shows
that both salinity maxima merge north of 50°N and enter the Rockall Trough as a
single saline core. The salinity of this modelled saline core diminishes downstream as
it mixes with ambient water masses of subpolar origin.

In summary, MPI-ESM1.2-LR reproduces surface and subsurface salinity, circulation
and inflow characteristics in the eastern North Atlantic and the North Sea. Challenges

remain, however, near the shallower southern and eastern parts of the North Sea.

Nevertheless, we only focus on the northern parts of the North Sea and the eastern
North Atlantic, where the model is able to reproduce major currents and the associated
spreading of North Atlantic water masses. In subsequent sections, we analyze how the
variability in the northward penetration of the saline core of Atlantic inflow depends
on SPG strength.
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Figure B.4: (a) Temperature-Salinity and (b) Temperature-Oxygen diagram for the region
south of Rockall Trough and west of Bay of Biscay (12-20°W, 42-50°N). In the left panel, a
salinity maximum is seen at depths shallower than 50om; this is the model equivalent of the
highly saline ENAW.

B.3 RESULTS
B.3.1 The SPG Strength and Salinity Variations in Eastern North Atlantic

The SPG circulation is coupled to atmospheric variability and the overturning circula-
tion. The dynamical changes in the SPG are captured by the leading mode of SSH
variability in the North Atlantic which explains 20 percent of total variance in this
simulation (Figure B.5a), and resembles to some extent the well known dipole pattern
seen in both observations (Hdkkinen & Rhines, 2004) and simulation with a general
circulation model (Zhang, 2008). A large part of the variability associated with this
pattern is present along the Gulf Stream (GS)/NAC region while some part of the
variability is also seen in the southeastern periphery and the SPG center with a ten-
dency opposite to that of the GS/NAC region. Note that the weights in the GS/NAC
region are stronger than those presented in earlier studies (Hdkkinen & Rhines, 2004;
Zhang, 2008). Further analysis reveals that in this model simulation, the southern
boundary of the SPG undergoes profound meridional shifts in the Newfoundland
basin, which are captured by this leading mode, and thus strong weighting is present
along the GS/NAC path.



B.3 RESULTS

60N

50N

40N

3= b — SPG Heat Content

— SPGI (PCl SSH)

Weak SPG

Normalized

Strong SPG

1850 1860 1870 1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
Year

Figure B.5: (a) The pattern of the first empirical orthogonal function of the SSH anomalies
in the North Atlantic. Overlayed black lines are the mean SSH contours. (b) Time series
(normalized) of the subpolar gyre (SPG) heat content of top 700m and the SPGI. The heat
content is averaged over the domain:(10-60°W, 50-62°N)

The evolution of the SPG strength in MPI-ESM1.2-LR (Figure B.5b) is consistent
with the present understanding of evolution of heat and currents in the subpolar
North Atlantic. The reduction of upper SPG heat content (densification) and the
lowering of SSH at the gyre center both indicate a strengthening gyre and vice versa
(Hakkinen & Rhines, 2004). That the temporal evolution of the leading mode of the
SSH variability in the North Atlantic (0-70°W, 30-65°N) in our model simulation is
robust is further confirmed by the high correlation between the SPGI and upper ocean
heat content of the SPG (10-60°W, 50-62°N) (Table 1).
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Table B.1: Pearson’s correlation coefficients (r) among various variables, the lag at which r is maximum (Lag), the estimated degree of freedom (df) and
the associated p-value (p) based on two tailed t-test. Median value of the block bootstrapped Pearson’s correlation coefficients (r*) and the lag at which
r* is maximum (Lag*). The numbers in square brackets give the uncertainty range. Uncertainty in lag is estimated only for those variables which are
statistically significantly correlated (bold).
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Unfiltered 10-yr Low Pass

Var1 Var2 Lag df r p Lag* r* r*
SPG Heat Content | o 48 o.71 0.000001 o[o,1] 0.71[0.53,0.83] | 0.74 [0.51, 0.87]
FSC inflow 0 63 0.12 0.3489 0.13 [-0.07, 0.36] | 0.26 [-0.08, 0.58]
FSC Saline inflow 1 27 066 00002 o0]0,2] 0.64][0.47,0.77] | 0.82[0.66,0.91]
SPCI NS inflow 2 116 0.21  0.0236 0.16 [-0.02, 0.35] | 0.33 [-0.07, 0.61]
NS Saline inflow 2 48 045 o0.00133 o0]o,4] 0.37[o.11,0.57] | 0.65 [0.35, 0.88]
RT Salinity 1 40 037 00187 o]o,2] 0.35[0.12,0.55] | 0.49 [0.22, 0.71]
FSC Salinity 1 37 0.53 0.0007 o0]Jo,2] 0.51[0.34,0.66] | 0.71 [0.52, 0.83]
NS Salinity 3 56 0.42 0.0013 2[o,5] 0.28[0.08, 0.46] | 0.47 [0.16, 0.73]
NS inflow NS Salinity o 111 0.34 0.0003 o0]o,2] 0.34[0.20,0.46] | 0.37 [0.09, 0.60]
RT Salinity FSC Salinity 1 48 0.49 00004 o]fo,2] 0.43][0.23,0.60] | 0.64 [0.46, 0.77]
NS Salinity 1 66 0.49 0.00003 1[o,3] 0.39[0.19,0.54] | 0.61 [0.34, 0.77]
FSC Salinity NS Salinity 1 53 0.39 0.0039 1[o0,3] 0.34[0.13,0.53] | 0.54 [0.32, 0.72]
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To test the relationship between the SPGI and salinity in the eastern North Atlantic,
we perform a composite analysis of top 50om average salinity for strong and weak
SPG states (Figure B.6). The freshening in the Iceland Basin and Rockall Trough is
concomitant with a strengthening SPG which facilitates the eastward extension of
fresh subpolar water masses (Figure B.6a). On the other hand, the westward retreat of
fresh upper layer concomitant with a weakening SPG circulation allows subtropical
waters to dominate this region and propagate far northward across the ISR (Figure
B.6b). The changes in the subpolar gyre structure, however subtle, become clearer
when the isolines of SSH are compared (contour lines in Figure B.6a and B.6b).
The westward retreat of isolines of SSH in the eastern North Atlantic signifies a
contracted SPG. This limits the eastward extension of subpolar water masses which
would otherwise counter the influence of subtropical water masses (Hattn et al., 2005;
Bersch et al., 2007). Therefore, the Rockall Trough, FSC and northern North Sea all
have a saline upper layer regime when the SPG is weak, and the SPGI captures this
connection. From the North Sea perspective, the SPGI thus represents the temporal
evolution of large scale oceanic variability upstream of the ISR, the impact of which
is investigated further.

E I I I
35.3 35.35 35.4 35.45 35.5 35.55 35.6

Figure B.6: Composites of the top 485m salinity ([psu], color) and SSH ([cm], contours) in the
North Atlantic. Composites of (a) strong SPG and (b) weak SPG, are based on £1 standard
deviation of SPGI.

The composite analysis of the relation between the SPGI and the upper layer salinity
in the region of interest does not provide information regarding consistency in time.
To this extent, we show propagation of upper layer salinity along a section (black line
in Figure B.2d) from northern Rockall Trough to central North Sea through the FSC
(Figure B.7a). The simulation shows periods of saline and low saline influence on
this section. The recurring high salinity pulses and their persistence for five to ten
years in some cases indicates the presence of a low frequency driving mechanism
likely of Atlantic origin. The slope (about one year of propagation time from Rockall
Trough to northern North Sea) of these pulses also indicates that they originate south
of the ISR (Figure B.7b). This is consistent with the observational study of Glessmer
et al. (2014) who showed that in recent decades freshwater anomalies in the Nordic
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Sea originated south of ISR, while the role of freshwater anomalies from the Arctic
was not substantial. To check if the salinity anomalies on this section are a result
of concomitant changes in the local flow field, we look at current speed anomalies
on the same section (Figure B.7c). This figure depicts that as compared to salinity
anomalies, current speed anomalies vary at a much faster rate. Except during the
period 1880-1890, there is no other indication of co-variance between salinity and
current speed anomalies. This implies that salinity anomalies have to be tracked
upstream to find their generation mechanism.

Salinity (top 100m) in the FSC and northern North Sea largely follows variability
in Rockall Trough salinity (Figure B.8a). The correlation coefficients increase when
the data is filtered with a 10-year low pass filter (Table 1). The correlations and
the time series themselves suggests that it is the decadal to multidecadal variability
that is pronounced. On interannual timescale, there are few instances of incoherent
deviations, particulaly after mid 1990s. The correlation between unfiltered Rockall
Trough and northern North Sea salinity (r= 0.49, at lag 1-year with Rockall Trough
leading, also see Table B1) is higher than between FSC and North Sea (r= 0.39, at lag
1-year with FSC leading). This is consistent with observations-based study of Nufiez-
Riboni & Akimova (2017) who also found a lag of 1-year in salinity anomalies from
Rockall Trough to northern North Sea. This implies a close coupling between Rockall
Trough and North Sea in the model, which is also suggested by earlier observations
(Holliday & Reid, 2001). In the FSC, water masses are transformed due to additional
influence of water masses from Faroe Current, and mixing with fresh intermediate
waters offshore of Scotland (Turrell et al., 2003). These water mass transformation
processes would account for the reduced correlations with the North Sea salinity if
these induce distinct modes of variability. Otherwise, atmospheric variability (FSC is
shallower than Rockall Trough) could be the cause of reduced correlations between
FSC and the North Sea.

A spatial picture of regional co-variance between Rockall Trough salinity and the
NWES is illustrated in Figure B.8b,c. At lag o-year, maximum correlations are limited
to the south of ISR. At lag 1-year, maximum correlations are seen along the shelf edge
of the NWES. Also, the positive correlations in the North Sea move southward and
eastward at lag 1-year. Thus these spatial correlation patterns confirm the advective
pathway of Atlantic water from the Rockall Trough to the northern North Sea in this
global model (Fig B.1a).

B.3.2 Hydrographic and Transport Variability

Having illustrated an influence of SPG strength on northward penetration of sub-
tropical waters, we now focus on the subsurface variability in the key regions and its
connection with volume transport variability. In the Rockall Trough, the intermediate
layer (1200m-2000m) appears to be out of phase with the upper ocean in its response
to the change in the SPG state (Figure B.ga). At these depths LSW is present (cyclonic
recirculation at 1200-1600m in Figure B.3a). And it is known from observations that in
the eastern North Atlantic, LSW salinity is out of phase with the upper layers because
here it evolves at a much slower rate due to long transit times involved in its transport
from the Labrador Sea (Bersch et al., 2007). The sill depth of ISR near FSC is about
500m, therefore, we expect only the top 500-70oom of the water column to allow for
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Figure B.7: Hovmoller diagram for top 100m average (a) salinity [psu] and (b) current speed
[cm/sec] anomalies along the section from Rockall Trough (o Km) to the central North Sea
shown in Figure B.2d (complete black line). Points on the section shallower than 100m are
averaged down to bottom.

northward propagation of salinity anomalies associated with the SPG. Concomitant
with a weakening SPG, most of the salinification is seen above 500 m and is most
likely the result of higher amounts of modelled ENAW.
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Figure B.8: (a) Time series of top 100m average salinity [psu] in the Rockall Trough, FSC and
northern North Sea. (b) Correlation between the Rockall Trough salinity time series and top
100m average salinity at each grid point at lag o-year. The shaded regions show the respective
areas over which the salinity is averaged to get the time series shown in Figure B.8a. (c)
Same as Figure B.8b but at lag 1-year. The striplings in Figure B.8b and Figure B.8c represent
statistically significant values at 95 percent confidence level. The thin white lines in Figure
B.8b and Figure B.8c are the 200 and 1000 meter isobaths.

In the FSC salinity increase is seen throughout the water column with highest
amplitudes in the inflow layers (Figure B.gb, also see Figure B.3b for inflow layers).
As these composites are based on annual means, the salinity increase in the deep
layers which mainly have southward moving dense overflow is very likely due to
mixing. The reason being that when the inflowing high salinity water recirculates in
this region and strong winter cooling deepens the mixed layer, the surface salinity
signal can reach deeper layers. A part of Atlantic inflow through the FSC flows into
the North Sea, so this salinity increase is also expected in the northern North Sea.
The salinity increase is indeed seen in the northern and central North Sea while the
southern and eastern parts have an opposite tendency (Figure B.gc,d). The southern
and eastern parts of the North Sea are dominated by inflows from the English Channel
and Baltic Sea in the upper layers, and hence do not reflect the connection with the
SPG.

Now we assess changes in water mass characteristics into the Rockall Trough, the
FSC and and North Sea in relation to the SPG strength. Water mass definitions based
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Figure B.g: Composite difference (weak-strong SPG) of salinity [psu] for the section across (a)
Rockall Trough, (b) FSC, at the (c) North Sea entrance and through (d) center of North Sea
(part of the black line in Figure B.2d from the shelf edge to the central North Sea). Location of
all sections is shown in Figure B.2d. The striplings represent statistically significant values at
95 percent confidence level.

on observations cannot be used due to model biases and errors, hence we first assess
changes in the volume in T-S space (Figure B.10). In line with results presented earlier,
Rockall Trough has a large volume of warm saline water in the upper layers when the
SPG is weak and vice versa (Figure B.10a). This also points to the origin of respective
water masses: volume changes are mostly concentrated either in the warm-saline part
in the T-S space indicating a subtropical origin or in the cold-fresh part indicating a
subpolar origin. In the FSC, volume changes occur over a wide range of temperature
and salinity (Figure B.10b). Moreover, high amplitudes of SPG related temperature
changes are mainly limited to the layers with T> 9.5 °C while salinity increase covers
the entire channel. As for the northern North Sea, this region is much shallower
compared to the other two regions and hence seasonal heating and winds obscure
the SPG signal here. Nevertheless, Figure B.10c does indicate a tendency of North
Sea property changes to follow those of Rockall Trough and FSC. Here again, salinity
differences are more pronounced than corresponding temperature differences.

The volumetric water mass analysis illustrates an important aspect of subsurface
fingerprint of SPG circulation variability. For example, in the northern North Sea
we see that only a part of the water column is impacted coherently, and rather than
temperature, most of the information about forcing history is in salinity. This now
allows us to define a water mass and to quantify changes in its volume transport
through the FSC and northern North Sea (Figure B.11). We define the "total" inflow as
the volume transport of all northward flowing water into the FSC and all southward
flowing water into the North Sea. The "saline" inflow refers to that part of total volume
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Figure B.10: Composite difference (weak-strong SPG) of top 960m water volume [km?] for (a)
Rockall Trough, (b) FSC and (c) Northern North Sea. For FSC and northern North Sea, depth
is down to bottom. The respective regions are shown in Figure B.8b.

transport with salinity greater than a certain threshold (35.40 psu for FSC and 35.30
psu for North Sea) which marks the approximate boundary of volume changes (Figure
B.11). The total volume transport into both FSC and North Sea is not significantly
correlated with the SPGI (Table B1), and is marked by strong interannual variability.
On the other hand, the saline inflow through FSC and North Sea is significantly
correlated with SPGI (r= 0.64 and 0.37 respectively). For the North Sea, the change
in correlation when only high salinity (> 35.30 psu) water is considered is not large,
but nevertheless significant. Note that the "total" and "saline" inflow through North
Sea have a coefficient of determination (r?) of about 45 percent, suggesting that for
the North Sea, large part of inflow has high frequency variability. There is a one year
lag between the SPGI and FSC saline inflow, and a two year lag with the North Sea
saline inflow. The uncertainty associated with the lag identified between the SPGI
and North Sea Saline inflow suggests that it is within four years that the impact of
changes in SPG circulation is identified the North Sea. This includes the one year
propagation time of salinity anomalies from the Rockall Trough to the North Sea.
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Figure B.11: Time series of SPG index and volume transports into (a) FSC and (b) North Sea.
The total volume transport (inflow) comprises all water masses with northward velocities into
the FSC (across yellow line in Figure B.2d) and southward into the North Sea (approx. across
blue line in Figure B.2d). The "saline" volume transport (Saline inflow) is that part of total
inflow with salinity > 35.40 psu for the FSC and salinity > 35.30 psu for the North Sea.



B.3 RESULTS

The coherence of SPGI with the FSC Saline inflow peaks at period longer than 20
years (Figure B.12a), and with the North Sea Saline inflow the statistically significant
period is between 30-40 years (Figure B.12b). Thus, in this model simulation, it is the
decadal to multidecadal variability in the SPG circulation which influences the saline
inflow into these two regions. Also, the relatively high correlation between SPGI and
North Sea salinity as compared to the correlation between North Sea total inflow and
North Sea salinity at decadal timescales and beyond (Table B1) suggests that at least
at these timescales, the salinity in North Sea follows SPG variability rather than local
acceleration of inflow.
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Figure B.12: Square of the spectral coherence between SPGI and (a) FSC Saline inflow and (b)
NS Saline inflow. Statistically significant values at 95 percent confidence level are represented
by bold solid line.

B.3.3 Role of Atmospheric Variability

While we have illustrated that part of the inflow into the FSC and North Sea is
influenced by the SPG circulation, a detailed analysis of total FSC and North Sea
inflow hints at the role of local atmospheric forcing. Figure B.13 illustrates that the
total North Sea inflow is linked to the winds. Periods of strong Atlantic inflow to
the North Sea are concomitant with periods of strong southwesterly wind flow. The
mean sea level pressure pattern associated with a strong North Sea inflow results
in southwesterly winds which pile water onto the shelf through a strong Ekman
transport. Similar analysis of relationship between North Sea saline inflow and
atmospheric variability shows similar pressure and wind pattern but with lower
amplitudes (figure not shown). This suggests that part of the variability in saline
inflow not explained by SPGI is explained by atmospheric variability. For the FSC,
however, low amplitudes of the pressure pattern in Figure B.13a suggest that the
mechanisms driving the total FSC inflow are not entirely wind related (see for example
Sandg et al. (2012)).

The impact of large scale atmospheric variability on the NWES is now investigated
through a regression analysis (Figure B.14). The large scale atmospheric patterns
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Figure B.13: Composite difference of mean sea level pressure ([hPa], color) and 10-meter
winds ([m/s], arrows) for total (a) strong-weak FSC inflow and (b) strong-weak North Sea
inflow.

in the North Atlantic in this simulation resemble the NAO (Figure B.14a) and the
East Atlantic Pattern (EAP) (Figure B.14b). Over the NWES region, positive NAO
is associated with westerly winds (Figure B.14c). Consistent with earlier analysis,
westerly winds lead to an increased inflow of Atlantic water across the shelf break,
and thus SSH increases in the North Sea (positive regression co-efficients), particularly
the southern part. That the fresh Baltic outflow into the North Sea is also restricted
due to westerly winds is confirmed by the strong salinification in the Baltic outflow
region and along the Norwegian Trench. Thus, a positive NAO leads to an increase in
salinity in the North Sea (Figure B.14e) with no lag involved. On the other hand, the
atmospheric wind pattern associated with the EAP is such that it has no significant
impact on either the Atlantic inflow or the fresh Baltic outflow. As a consequence,
there is no significant impact of EAP on salinity in the northern North Sea (Figure
B.14f).

As the direct influence of the NAO on North Sea salinity is through the atmospheric
winds, the NAO mainly explains short term (interannual) variability in the North Sea
salinity time series. This is illustrated through comparison of reconstructed North Sea
salinity time series using SPGI and NAO as predictors (Figure B.14g). The regression
co-efficients are estimated from the time period 1853-1950 and thereafter the same
regression coefficients are used to reconstruct North Sea salinity for the time period
1951-2005 (see section 2.2 on methods). Quite clearly, short term variations in North
Sea salinity are captured by that regression model which includes NAO as one of the
predictors. On the other hand, long term (decadal to multi-decadal) variations are
largely explained by the regression model based on SPGI alone (SPGI leads North
Sea salinity by 3 years, see Table B1) which confirms the impact of oceanic variability
associated with the SPG circulation on long term variations in North Sea salinity.
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Figure B.14: Modes of variabililty of MSLP: (a) EOF1 (NAO) and (b) EOF2 (EAP). Regression of
10-meter winds (m/s, arrows) and SSH (cm, contours) on normalized (c) NAO (PC1 of MSLP),
(d) EAP (PC2 MSLP) index. Regression of salinity (psu) on normalized (¢) NAO and (f) EAP
index. Only statistically significant regression coefficients are shown (for winds) and stippled
(for filled contours). (g) Time series of North Sea salinity (black line), reconstructed NS salinity
from regression coefficients based on SPGI (blue line), and NAO and SPGI combined (red
line). The thickness of blue and red lines denotes the 95 percent confidence bounds.

B.4 DISCUSSION

We began with the following question: what part of the variability in the North Sea is
of Atlantic origin? This question could not have been investigated using a regional
model because regional models of the North Sea tend to discount open-ocean signals
at their boundaries. This is due to the issues associated with specifying lateral open
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boundary conditions. Therefore, the nature of the question at hand and the focus on
decadal to multidecadal timescales facilitates the usage of a global model.

The inflowing Atlantic water properties and its transport play a critical role in
North Sea variability at timescales longer than those dominated by internal North
Sea processes. This remote oceanic control on North Sea was already suggested by
Holt et al. (2012) who showed that lateral transport of Atlantic water deficient in
nutrient content is an important constraint on primary production. Such realization,
therefore, opens up the scope for global models to be used for studying open ocean
influence on North Sea via advection of anomalies of remote oceanic origin. However,
along with the important prerequisite of being able to resolve broader North Sea
circulation characteristics satisfactorily, such analysis using global models would have
to be limited to timescales longer than flushing time (> 1 year) of the North Sea.

In this study, using a century long simulation with a global model, we showed
that large scale open-ocean circulation has an impact on North Sea inflow. However,
there are some caveats that must be considered while interpreting these results. First,
we have not assessed the impact of local processes on water mass properties from
the Rockall Trough to the North Sea. Second, we have also not looked into the role
of changes in the source water mass properties in the North Atlantic, for example
in the Labrador Sea or in the vicinity of Bay of Biscay. This analysis also excludes
the shallower southern parts of the North Sea where local processes internal to the
North Sea are dominant. In these parts of the North Sea, river runoff and tidal mixing
dominate. Also, our results are derived from a single model, it would be interesting
to examine if other global coupled models show similar SPG-North Sea connections.

Coming back to the results presented in this study, we note that several processes
might act together or individually lead to increased salinity levels in the North Sea.
These are: a) increased volume transport of Atlantic water, b) increased salinity of the
Atlantic water and c¢) imbalance in the large scale evaporation minus precipitation
(E-P) field. As the focus of the present study is on those regions of the North Sea
which are away from the coast, river runoff can be excluded as a potential cause. As
far as the role of large scale E-P field is concerned, the advective delays from the
Rockall Trough rule out that possibility as well. This is because changes in the large
scale E-P field would lead to concurrent changes in the surface salinity in the Rockall
Trough, FSC and North Sea, which we do not find in our analysis. The large scale E-P
field can however enhance or suppress the open ocean signal.

In the present analysis, we identify periods of elevated salinity levels in the Rockall
Trough, FSC and the northern North Sea in our simulation, and we show that the
recurring high saline periods in these regions are due to the increase in salinity of
the Atlantic inflow and not due to the acceleration of the inflow. Although inter
annual variability in salinity in the NWES region has often been linked to variability
in volume transport (Ellett & Turrell, 1992; Sundby & Drinkwater, 2007; Hjello et al.,
2009), the persistence of salinity anomalies for multiple years and their recurrence
is difficult to explain through changes in volume transport only. One such example
is the gradual increase and persistence of high salinity for more than three years in
the late 1950s in the NWES which was studied by Dickson (1971). Since his analysis
had allowed him to neglect the role of E-P field and river runoff, he had to either
show that the volume transport for those years was also increasing from year to
year and/or that the source water masses recruited in the inflow stream had a more
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southern origin than normal. A persistent pressure anomaly pattern and the resulting
air-sea feedback processes were thus conjectured as the mechanism that allowed
sustained advective interventions in the eastern North Atlantic which then resulted
in increased "southernliness" of the water masses entering the inflow stream to the
NWES. However, given observational constraints, it was not still clear if the increased
salinity was also due to actual acceleration of the inflow.

The question then arises, why are there periods of high salinity anomalies in the
absence of high volume transport anomalies in this simulation? The mechanism
identified as the cause of recurring and persistent salinification is the quasi-periodic
variability in SPG strength. The "southerliness" of the source water masses is found
to be due to higher throughput of subtropical water during those periods when the
SPG is weak. Thus, water masses of subtropical origin entering the Atlantic inflow

dominate those of subpolar origin which would then lead to elevated salinity levels.

Becker et al. (1997) also found peak spectral power between 15 to 20 years in long term
temperature and salinity time series of various regions in the NWES. They attributed
those spectral peaks to "long-period fluctuations in the North Atlantic circulation
system". They speculated that a varying interaction between the SPG and subtropical
gyre could lead to elevated salinity levels in the NWES. In the present study, we find
that "long-period fluctuations in the North Atlantic circulation system" of 30 to 40
year period are closely related to the strength in the SPG circulation.

Another important aspect of our results is related to the interpretation of the EOF1
mode. The EOF1 mode presented by Hdkkinen & Rhines (2004) was based on a short
altimeter record and hence does not capture decadal to multi decadal variability
associated with the NAC/GS position. Strong weights in the NAC/GS region in the
present simulation indicate that meridional shifts in the NAC/GS position lead to
heat content changes in the SPG which then spins up/spins down the SPG circulation
(see for example Zhang (2008)), and the concomitant reorganization of major current
pathways (i.e. expansion and contraction of SPG circulation) in the eastern North
Atlantic leads to salinity changes in the NWES. Causes of the meridional shifts in
the NAC/GS position and its relationship with the SPG strength are not investigated
further in the present paper.

We also show that the atmospheric variability influences North Sea salinity. The
direct impact of NAO leads to salinification in the North Sea while the EAP has no
significant impact on North Sea salinity in this simulation. It is important to note
that while the direct influence of NAO on North Sea salinity is limited to short term
variations, NAO can also influence North Sea salinity indirectly through its influence
on oceanic circulation in the subpolar North Atlantic. We have not investigated this
aspect further in this study, however, we conjecture that the indirect influence of NAO
would be opposite to its direct influence. This is because a postive NAO tendency
over multiple years leads to strengthening of the SPG circulation, which would then
lead to freshening in the eastern North Atlantic and the northern North Sea.

B.5 CONCLUSIONS

Based on our analysis of the connections between the subpolar North Atlantic and
the North Sea in a historical simulation with the MPI-ESM-LR, we conclude that:
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e A low frequency oceanic perturbation of Atlantic origin drives the re-occurrence
and persistence of high salinity pulses on a section from Rockall Trough to the
North Sea. In all three regions examined, Rockall Trough, FSC and northern
North Sea, salinity varies coherently, albeit with advective delays. The advective
delay from Rockall Trough to the northern North Sea is found to be about one
year.

e At decadal timescales, the leading mode of SSH variability (20 percent explained
variance in this simulation) captures the earlier reported eastern North Atlantic
salinity and SPG strength connection.

e While the total volume transport of Atlantic water into the North Sea is wind
driven and does not co-vary with SPG strength, the properties of the inflowing
Atlantic water are modulated by the variability in Subpolar Gyre strength at
decadal to multidecadal timescales (30-40 year period).

The SPG-driven changes in salinity in the eastern North Atlantic and the northern
North Sea can influence local hydrographic variability by influencing stratification
(Nuafez-Riboni & Akimova, 2017) and also influence marine ecosystems in the Rockall
Trough (Miesner & Payne, 2018) and the North Sea (Akimova et al., 2016). It also
remains to be seen if the influence of SPG variability is present in nutrient concen-
trations with potential implications for North Sea marine ecosystems. As we have
identified oceanic (SPG driven) impacts on the North Sea and as SPG variability
has been shown to be predictable with state-of-the-art decadal prediction system at
multi-year lead times (Robson et al., 2012a), there might in turn be a potential for the
North Sea system too. Current decadal prediction systems are all based on global
coupled models. Assessment of such initialized global coupled model simulations in
the eastern North Atlantic and in the northern North Sea would illuminate whether
the open ocean impacts revealed in the present study also translate into a significant
prediction skill.
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In the North Atlantic, overwhelming evidence suggests strong climate-ecosystem
linkages which can lend predictability to marine resources. However, a consider-
able gap remains between the success of decadal climate predictions and marine
ecosystem predictions. The main challenge towards bridging this gap is posed by the
poor performance of global coupled models in the shallow shelf seas, such as the
Barents Sea, where some of the highly productive fisheries reside. It is also unclear
whether initialized climate predictions provide significantly better predictions than
uninitialized predictions in the shelf seas at interannual to decadal timescales. Here,
for the first time, we assess decadal predictability of Cod biomass in the Barents
Sea using climate predictions from a global Earth System Model (ESM). We show
that a high predictive potential emerges from a strong positive relationship between
Cod biomass in the Barents Sea and low frequency variability in the Subpolar Gyre
(SPG) temperature. We demonstrate that by combining dynamical predictions of SPG
temperature from the ESM with the statistical SPG-Cod relationship, the biomass of
this stock can be predicted 11-years in advance. Such an extended prediction horizon
can not be achieved by using uninitialized predictions of SPG temperature. Overall,
our results reveal that it is possible to translate predictability from the physical envi-
ronment to marine resources, and we forecast that environmental conditions in the
decade 2016-2026 would be detrimental for Barents Sea Cod.
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C.1 INTRODUCTION

The impact of decadal climate variability on marine ecosystems and its predictability
presents great opportunities for sustainable long term management of marine re-
sources. Conventionally, environmental variables have been excluded from ecosystem
resource management procedures because of the assumption that exploitation domi-
nates such resources (Skern-Mauritzen et al., 2016; Stock et al., 2011). With the growing
evidence of climate driven responses in key aspects of marine ecosystems, such as fish
abundace and distribution (Stenseth et al., 2002; Chavez et al., 2003; Drinkwater et al.,
2003; Lehodey et al., 2006; Brander, 2010), there is real potential in utilizing climate-
ecosystem connections to predict spatio-temporal variability in fish stocks (Stock
et al., 2011; Tommasi et al., 2017b; Payne et al., 2017). The necessity to assess climate
based marine ecosystem predictability stems not only from the strategic management
perspective but also from the limitations of present ecosystem forecast procedures,
which either discount or can not foresee the changes in climatic conditions (Pershing
et al., 2015; Skern-Mauritzen et al., 2016). Regions with strong climate-ecosystem
connections might lend predictability to fish stocks, provided, climate variability in
these regions is predictable. Such an investigation on decadal predcitability in fish
atocks, derived from the predictability of the physical environment, has not been
carried out.

In the North Atlantic Subpolar gyre (SPG), decadal variability of the physical
environment is highly predictable using global coupled models (Matei et al., 2012;
Msadek et al., 2014; Robson et al., 2018). However, the prediction of fish abundance in
the biologically productive shelf seas of the eastern North Atlantic, such as the Barents
Sea, has remained considerably behind the predictability of the physical environment
of the SPG. Challenges came from the complexity and feedbacks within the foodwebs
(Glaser et al., 2014; Subbey et al., 2014) and the impact of fishing mortality on many
fish stocks in the North Atlantic (Hutchings, 1995; Myers et al., 1997; Frank et al., 2016;
Sguotti et al., 2019). However, while the interaction between the inherent non-linearity
in foodweb and fishing mortality may limit the prediction horizon over short time
scales, the integrated impact of decadal climate variability in the SPG on fluctuations
in fish abundance might provide a predictive potential.

The prospect of decadal prediction of fish abundance emerging from the predictabil-
ity of physical environment in the SPG can arise from the influence of SPG circulation
on the adjoining shelf seas (Koul et al., 2019a). While, climate-based statistical pred-
cition of Barents Sea Cod stock shows promisng skill (Arthun et al., 2018), such
prediction only exploits the observed advective delay of oceanic anomalies from the
North Atlantic to the Barents Sea. It is unknown whether the dynamical prediction
of the physical environment of the SPG can be transfered to fish abundance. The
variability in the size and strength of the SPG and its interaction with the meridional
overturning circulation creates hydrographic anomalies in the eastern subpolar North
Atlantic (Bersch, 2002; Hatan et al., 2005; Hakkinen et al., 2011b). Both observations
and global coupled models agree that these anomalies are advected downstream by
the Atlantic inflow across the Greenland-Scotland Ridge (GSR, Holliday et al. (2008),
Arthun & Eldevik (2016), and Koul et al. (2019a)), where these anomalies influence lo-
cal hydrography. The properties of the Atlantic inflow are known to influence marine
ecosystem in the eastern North Atlantic shelf seas, such as the Barents Sea. through
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temperature related effects on recruitment, food availability, fecundity, growth and
migration patterns (Ottersen et al., 1994; Beaugrand & Kirby, 2010; Drinkwater et al.,
2010).

Recent success in the prediction of fish abundance and distribution have been
achieved at seasonal lead times (Payne et al., 2017). These seasonal predictions benefit
not only from high resolution of the underlying models which forecast environmental
variables but also from the robust mechanistic understanding of climate-ecosystem
relationship at these timescales. However, for decadal predictions, along with the
low resolution of the underlying global coupled models in the shelf regions, there
are multitude of challenges that have impeded the translation of decadal predictions
of climate to marine resources (Tommasi et al., 2017b). For example, global coupled
models poorly represent northward propagation of oceanic anomalies across the GSR
(Langehaug et al., 2017). Further limitations are posed by the exclusion or inadequate
parameterization of shelf-sea related processes in global coupled models. While the
recent assessment of decadal predictability of climatic conditions in the shelf regions
using global models instills confidence (Tommasi et al., 2017c¢), the looming question
on the added value of decadal predictions for marine ecosystem predictions has
remained unanswered.

In the present contribution, we use decadal predictions of temperature from an
Earth System Model to reveal decadal predictability of the Barents Sea Cod stock.
The focus of this study is on the prediction skill of total stock biomass of Barents Sea
Cod, a quantity that reflects the integrated impact of climate. Our investigation builds
on the promising forecast of Barents Sea Cod biomass using observations (Arthun
et al., 2018), and here, we provide new insights into the source of prediction skill in
Barents Sea Cod biomass. Supported by new estimates of dynamical prediction skill
in eastern North Atlantic hydrography, our analysis provides novel insights into what
kind of climate predictions are best suited for predicting marine resources in these
regions.

C.2 MODEL DETAILS AND METHODS
c.2.1  Model Details

The Max Planck Institute Earth System Model (MPI-ESM) is used in its low resolution
(LR) setup in the present study (MPI-ESM-LR, Giorgetta et al. (2013)). The ocean
general circulation component of MPI-ESM-LR, the Max Planck Institute Ocean Model
(MPIOM, Jungclaus et al. (2013)), is a free surface model with primitive equation
solved on an Arakawa C-grid, and with hydrostatic and Boussinesq approximations.
It has a total of 40 z-levels in the vertical with closely spaced upper levels; the surface
layer thickness is 12 meters. The MPIOM setup used in the study has a rotated
grid configuration (GR15) for which the singularity at the North Pole is replaced
over Greenland. This has the advantage that horizontal resolution is enhanced north
of 50°N, reaching 15Km near Greenland. The resolution increases gradually to 1.5
degrees towards the equator. Embedded in MPIOM is also the ocean biogeochemistry
component, the Hamburg Ocean Carbon Cycle model (HAMOCC, Ilyina et al. (2013)).
Among other processes, HAMOCC incorporates phosphate and oxygen cycles, and
defines the marine food web based on nutrients, phytoplankton, zooplankton and
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detritus (NPZD) based approach. The atmospheric general circulation component of
MPI-ESM1.2-LR is the European Center-Hamburg (ECHAM, Stevens et al. (2013)).
In MPI-ESM1.2-LR, the ECHAM is run at a horizontal resolution of T63 and with
47 vertical levels, the model top being at o.01thPa. The land surface-atmosphere
interactions are simulated by the land vegetation module JSBACH (Reick et al., 2013)
which is embedded in ECHAM.

c.2.2  Methods

c.2.2.1  Decadal Prediction System

We use one set of retrospective initialized decadal predictions (hindcasts) from the
MiKlip project (Marotzke et al., 2016; Polkova et al., 2019), carried out with the
MPI-ESM-LR. 10-year long ensemble hindcasts with 16 members are started on 1%
November every year from 1960-2016. The initial conditions for each member come
from an assimilation experiment (1958-2016) with an oceanic ensemble Kalman filter
(EnKF) and atmospheric nudging. The oceanic EnKF in MPI-ESM-LR (Brune et al.,
2015, 2018) assimilates monthly profiles of temperature and salinity from ENg (Good
et al., 2013). Simultaneously, atmospheric vorticity, divergence, temperature and sur-
face pressure are nudged to ERA40/ERAlInterim re-analyses (Uppala et al., 2005; Dee
et al., 2011). It should be noted that neither sea surface temperature from satellite
observations nor atmospheric temperature below goo hPa are assimilated in order to
allow for a model-consistent assimilation across the atmosphere-ocean boundary. The
assimilation experiment as well as the initialized hindcasts use observed solar irradi-
ation, volcanic eruptions, and atmospheric greenhouse gas concentrations (RCP4.5
concentrations from 2006 onward) as boundary conditions, taken from CMIP5 (Taylor
et al., 2012).

An additional 16-member uninitialized historical simulations (1850-2005) taken
from the MPI-ESM-LR Grand Ensemble (Maher et al., 2019) are analysed to isolate
the skill due to external forcing. These historical simulations are performed under
natural and anthropogenic forcings derived from observations covering a total of
156 years (1850-2005). For comparison with initialized hindcasts, these historical
simulations are extended with a future RCP4.5 concentrations from 2006-2020. The
natural forcing includes solar insolation, variations of the Earth orbit, tropospheric
aerosol, stratospheric aerosols from volcanic eruptions, and seasonally varying ozone.
The anthropogenic forcing includes the well mixed gases CO,, CHy, N>O, CFC-11,
and CFC-12 as well as O3, and anthropogenic sulfate aerosols. Atmospheric CO,
concentrations are prescribed and the carbon cycle is not interactive. It must be noted
that this historical simulation is started from a pre-industrial control run and is
not initialized from observations. Therefore, the internal variability in this model
simulation may not be in phase with observations, and hence may not reproduce
the observed timing of certain climatic events which are related to internal (natural)
variability.



C.2 MODEL DETAILS AND METHODS

c.2.2.2  Regression Analysis

In order to predict the evolution of Total Stock Biomass (TSB) of Barents Sea Cod
(CrsB), we construct a simple linear regression model with Temperature (T) as the
predictor (independent variable) and the Crsp as the predictand (dependent variable):

Crsg(y) = Bo+B1T(y— L) +e, (C.1)

where y is the year, L is the lag in years at which the correlation between Crsp and
T is maximum, f3, is the intercept, B; is the slope and € is the error term.

The regression model is trained on output from the assimilation experiment and the
resulting regression coefficients are applied to the ensemble mean temperatures from
the initialized and uninitialized hindcasts. This is done to isolate the training and
testing data sets. The uncertainties in regression coefficients (slopes and intercepts)
are estimated using a bootstrapping methodology. First, 10,000 new predictor and
predictand time series of the same length as the original time series are constructed by
random sampling with replacement from 80% of parent time series, while preserving
their relationship. These new time series are then used to get 10,000 estimates of
regression coefficients. The 95% confidence interval is the 2.5 and 97.5"" percentile
range of these 10,000 regression coefficients. We also applied the cross validation
method on the assimilation output to test various simple and multiple regression
models in order to identify the best performing predictor (see Arthun et al. (2018)). In
addition to the SPG temperature, we use two other predictors. One is the Atlantic
Multidecadal Oscillation (AMO) index, defined as the detrended area averaged sea
surface temperature over the North Atlantic (0:70°N, 0:90°W). The other predictor is
the subsurface (50-200 meter) temperature of the Atlantic inflow at the Barents Sea
Opening. The lag (L) in the above equation is calculated separately for each predictor
before testing various simple and multiple linear regression models based on these
three predictors.

c.2.2.3 Hindcast Skill and Hindcast Uncertainty

We use anomaly correlation coefficient (ACC) as the measure of skill of ensemble
mean initialized hindcasts and uninitialized historical simulations against annual
mean observations for the period (1960-2016). Prior to calculating ACC, the both
linear trend and lead-year dependent climatology are removed from the initialized
hindcast to account for the lead-year dependent drift in the hindcasts. The uncertainty
in hindcast skill is determined using a block bootstrapping approach. The block
bootstrapping is done only in time and not across ensemble members. We use a 5-year
overlapping block bootstrap to account for the autocorrelation in the time series.
The estimated uncertainties are not sensitive to a reasonable choices of block length
that allow sufficient number of blocks for sampling. Through random resampling
with replacement, 10,000 new block-bootstrapped time series of predictions and
observation are used to obtain 10,000 new estimates of ACCs. The 95% confidence
interval is the 2.5 and 97.5!" percentile range of these 10,000 ACCs.

Observations of temperature and salinity for the period 1960-2016 are from the EN4
gridded dataset (Good et al., 2013), while the observed Cod time series (1946-2016)
is obtained from the International Council for the Exploration of the Sea. Prior to
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correlation analysis, annual mean values are calculated, and the long term mean and
linear trend is removed.

C.3 RESULTS
c.3.1  Decadal Prediction of the Physical Environment

We begin with the assessment of the prediction skill of the physical environment
in the North Atlantic. The annual upper ocean temperature (0-500m) shows high
hindcast skill in the SPG, as well as in the eastern North Atlantic (Figure C.1). In
general, the skill degrades as the prediction horizon moves farther from the year of
initialization (i.e. at longer lead-years). Furthermore, most of the skill in the North
Atlantic, including North Sea and Barents Sea, can be explained by the long term
linear trend during the verification period (1970-2016). A noticeable exception is the
SPG where the multi-year skill is largely intact irrespective of the trend. Within the
SPG, most of the skill is present west of 20 °W and degrades sharply towards the east.
Detrending also improves the skill in the SPG where internal variability dominates
the forced response. Thus, it appears that initialization is the dominant source of
predictability of the upper ocean heat content within the SPG, while the long term
trend, arising from the external forcings, seems to dominate predictability north of
the Greenland-Scotland Ridge (GSR, Figure C.1).

In the case of annual upper ocean salinity, hindcast skill is not dominated by the
long term linear trend (Figure C.2). Within the SPG, highest skill is present southwest
of Iceland, which is different from the region of maximum skill for temperature. Also,
in this case, hindcast skill in the regions north of the GSR is comparable to that in
the SPG, and does not degrade as was the case for temperature. Skill is particularly
high along the pathways of Atlantic inflow in the Nordic Seas. The existence of such
trend-independent hindcast skill along the Atlantic inflow across the GSR suggests
that the majority of the skill is derived from initialization and slow dynamics of
the ocean circulation. Salinity, being a passive tracer in the eastern North Atlantic,
preserves the memory of initialization far longer than temperature.

The preceding results suggest that external forcing is not the dominant source
of hindcast skill for the SPG temperature. To support this result, a more rigorous
estimate of the hindcast skill is presented in Figure C.3. Consistent with preceding
results, hindcast skill for SPG temperature and salinity is significantly higher when the
model is initialized compared to when the model is driven with external forcing only
(see Methods). At lead-year 4, the hindcast skill due to initialization even outperforms
the skill due to persistence. On the other hand, for temperature in the inflow layer
(50-200m) at the Barents Sea Opening, the hindcast skill is high at lead-year 1 but then
drops sharply at later lead years, and the hindcast skill is not significantly different
than either persistence or uninitialized externally forced simulation. However, the
hindcast skill for salinity in this region is higher than the externally forced skill and
significantly higher than persistence at lead-years 4 to 7. These results therefore point
towards large difference in hindcast skill between temperature ans salinity north of
the GSR in MPI-ESM-LR.

In order to understand the cause behind the low hindcast skill in temperature north
of the GSR, we now diagnose the heat budget in these regions. A heat budget analysis
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Figure C.1: Anomaly correlation coefficient (ACC) for initialized upper 500 meter temperatures
against observations at lead-year 1, 3 and 5. ACCs for non-detrended (left column) and
detrended (right column) temperature are shown. Grid points shallower than 50om are
averaged till bottom. Stippling denotes statistically significant skill at 95% confidence interval.
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Figure C.2: Anomaly correlation coefficient (ACC) for initialized upper 500 meter salinity
against observations at lead-year 1, 3 and 5. ACCs for non-detrended (left column) and
detrended (right column) salinity are shown. Grid points shallower than 50om are averaged
till bottom. Stippling denotes statistically significant skill at 95% confidence interval.
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Figure C.3: ACC as a function of lead-year for initialized hindcasts (red), persistence (blue)
and historical simulation (magenta dot) for temperature and salinity in (a) SPG and (b) Barents
Sea Opening. The locations of these regions are shown by green boxes in Figure C.1a. The
shading and whiskers depict 95% confidence intervals.
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of upper 500 meter of the SPG is performed to assess the impact of assimilation
procedure and the contribution of freshwater flux, surface heat fluxes and ocean heat
convergence in driving the changes in ocean heat content (Figure C.4). The vertical heat
flux at 500 meter is neglected for this analysis. The assimilation procedure introduces
additional sources and sinks of heat which impact the heat budget, however, we find
that this impact is small compared to the contribution due to surface heat fluxes and
heat convergence at lateral boundaries. The contribution to heat content variability
from the surface freshwater flux is also negligible. Diagnosis of SPG heat content
variability hints at a dominant role of oceanic heat convergence at the northern
and southern boundaries of the SPG. Large variability present in the ocean heat
convergence term matches the extended periods of cooling and warming in the
SPG. In the 1960s, pronounced reduction in the oceanic heat convergence is followed
by cooling in the SPG, while during this period, surface heat fluxes show low to
moderate variability. From early 2000s, reduction in oceanic heat content is followed
by cooling in the SPG. During this period surface heat fluxes show low to moderate
variability, which does not explain the recent SPG cooling. In fact, the correlation
between 5-year running mean heat content tendency (delHC) and the net surface
heat flux term (NHflux) is 0.02 while the correlation between delHC and the oceanic
heat convergence term (OHCG) is 0.73. Consistent with analysis in other decadal
prediction systems (Msadek et al., 2014; Robson et al., 2018), our analysis also suggests
that initialization of oceanic parameters is responsible for high predictability in the
SPG.

North of the GSR, at the Barents Sea Opening, heat budget analysis also suggests a
dominant role of oceanic heat convergence (Figure C.5). In this region, correlation
between 5-year running mean delHC and NHflux is lower (0.38) than the correlation
between delHC and OHCG (0.68). However, while the ocean plays an important role
in determining temperature variability at longer timescales, this does not translate into
high prediction skill in temperature in this region, as was the case with SPG (Figure
C.3). This discrepancy might be related to either initialization errors or propagation
of oceanic thermal anomalies across the GSR in MPI-ESM-LR. Nevertheless, the high
skill in salinity across the GSR points to advection of oceanic anomalies from the SPG
to the far eastern North Atlantic.

In summary, decadal hindcast skill in the SPG temperature and salinity can be
largely derived from oceanic initial conditions and the predictive component of
external forcings, and not from the external forcing alone. At the Barents Sea Opening,
persistence and external forcing dominate hindcast skill of temperature and salinity in
inflow layers, except for lead-years 4 to 7 for salinity. The continuity of high hindcast
skill in salinity, which is a more conservative tracer than temperature, from the SPG
to the Barents Sea Opening, suggests an oceanic linkage between these regions. This
is consistent with the recent study by (Koul et al., 2019a) who showed that in MPI-
ESM-LR, decadal variability associated with strengthening and weakening of the SPG
circulation impacts shelf seas in the eastern North Atlantic.

c.3.2 Decadal Prediction of Barents Sea Cod (Gadus morhua)

In the SPG, the decadal variability in temperature is larger than the interannual
variability (Hermanson et al., 2014). The emergence of remarkable hindcast skill



C.3 RESULTS 13

ASSIM
OHCG

D i
g i
% 0.00 1 To———— e —-—
i} |
0
o, |
-0.20 +
_0.40 ; L 1 L 1 i 1 L 1 L i L 1 L 1 i Il L 1 L i 1 Il L L i L 1 L
1960 1970 1980 1990 2000 2010
Year
(b)
3.0 T
2.0 4

Normalized
o
o
]
L

-1.0 1
-2.0 4
[ SPG Tem
_3.0 ; L 1 L 1 i 1 L 1 L i L 1 L 1 i Il L 1 L i 1 Il L L i L 1 L
1960 1970 1980 1990 2000 2010

Year

Figure C.4: (a) Time series of the heat budget terms in the SPG region (50:62°N, 10:60°W)
for the upper 500 meters in the assimilation run. Contribution to heat budget comes from
surface heat fluxes (NHFLX, blue), assimilation nudging (ASSIM, green), freshwater flux at
the surface (PEM, black) and the ocean heat convergence from the lateral boundaries (OHCG,
brown). The heat content tendency (delHC) is shown in yellow. All values are in Petawatt
(1 PW = 10"°W). Thin lines show annual mean values and bold lines show 5-year running
means. (b) Normalized heat budget terms NHFLX, OHCG and delHC and SPG temperature
(0-500m, red)
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Figure C.5: As in Figure C.4 but for Barents Sea Opening (smaller green box in Figure C.1a).
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in SPG properties and its linkage to Barents Sea raises the question whether such
profound decadal variability can influence marine resources to the extent that they
too exhibit multiyear predictability. The low hindcast skill in temperature at the
Barents Sea Opening precludes its application to Cod predictability. Therefore, as a
tirst step, we test the robustness of Cod-SPG linkage using SPG temperature from the
assimilation run (see Methods). From the time series of SPG temperature and Barents
Sea Cod (Figure C.6a), it is evident that the cooling of SPG in the 1960s precedes
the decline in Barents Sea Cod in the 1970s. Furthermore, the recent decadal shift in
the SPG — warming from 1995 to 2005 and cooling from 2005 onward — seems to be
mirrored by the Barents Sea Cod: a rise from mid 2005 to 2014 and the beginning of a
decline thereon. We find a significantly high positive correlation between Barents Sea
Cod and SPG temperature (Figure C.6b). Consistent with the observational analysis
of (Arthun et al., 2018), the correlation between the SPG temperature (leading) and
Barents Sea Cod stock (lagging) peaks at a lag of 7 years (r=0.79, p< 0.05). High
correlation values are spread throughout the SPG which suggests that basin wide
oceanic variability in the SPG influences Barents Sea Cod 7 years later.

Further diagnosis of SPG-Cod relationship suggests that their correlation remains
high down to 700 meters in the SPG (Figure C.6c). The hindcast skill (ACC) for
SPG temperature at lead-year 4 is maximum between 200-500 meters. Compared to
surface layers, this depth range also corresponds to low root mean square errors in
the hindcast. The choice of lead-year 4 is guided by our finding that at this lead-year
the hindcast skill for SPG temperature is high and statistically significant than both
persistence and the historical skill (see Figure C.3a). All of these consideration suggest
that subsurface SPG temperature might be the best predictor for Barents Sea Cod
biomass. To test this hypothesis, we use temperature at 500 meter depth and area
averaged over the SPG domain from the assimilation run as a predictor for Cod
biomass, and we compare its performance with other predictors (Figure C.7). The
other two predictors are the AMO and subsurface temperatures at the Barents Sea
Opening (see Methods). The existence of a 7-year lagged SPG-Cod relationship clearly
makes the case for a simple linear regression model that would "predict" Cod biomass
using SPG temperature as a predictor. The comparison of various regression models
suggests that the regression model based on SPG temperature alone outperforms all
other regression models based on various combinations of predictors.

Now, we focus on assessing predictability of Barents Sea Cod Stock at decadal lead
times by combining the dynamical prediction of SPG temperature with the statistical
SPG-Cod relationship. Since the dynamical model does not have biological variables

as output, we feed the statistical model with lead-year 4 hindcasts of SPG temperature.

Inb, the results from the dynamical-statistical prediction clearly illustrate that the
Barents Sea Cod is predictable 11 years in advance (Figure C.8). Lead-year 4 SPG
hindcast predicts Barents Sea Cod 7 years later, thus giving a prediction horizon
of 11 years beyond which the prediction quality degrades. The prediction from the
dynamical-statistical model also outperforms persistence forecast, which is statistically
insignificant at a lead-time of 8 years (blue dot in Figure C.8a). Note that limiting the
training period for the regression model to 1995-2016 gives similar results (figure not
shown).

Can this prediction skill be achieved using historical SPG temperature instead of the
hindcasts? To assess this, we run the statistical model with historical SPG temperature
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Figure C.6: (a) Time series of SPG temperature and Total Stock Biomass (TSB) of Barents Sea
Cod. (b) Correlation of upper 500 m temperature at each grid point with observed time series
of TSB of Barents Sea Cod. The temperature field is shifted backward in time by 7-years before
correlating with the Barents Sea Cod. Stippling denotes statistically significant correlation
at 95% confidence level. (c) Correlation, ACC and root mean square error (RMSE) between
area-averaged SPG temperature (leading) at various depth levels and TSB of Barents Sea Cod
at lag-7.
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Figure C.8: (a) ACC of hindcast Barents Sea Cod against observations for the period 1971-2016
(red dots). The ACC of the Lag-8 persistence forecast is shown by blue dot and that of the
historical simulation is shown by the magenta dot. The whiskers denote 95% uncertainly
bounds in ACCs. (b) Reconstructed (1971-2016) and forecast (2016-2027) time series of Barents
Sea Cod (red) from LY-11 initialized hindcasts (LY-4 dynamical hindcast of SPG temperature
(s00om) combined with 7-year lagged linear regression) and historical simulation (magenta)
for the period 1971 to 2027. Shading denotes 95% uncertainly bounds. The green circles show
observed time series of Barents Sea Cod from 1946-2016.
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as input. The correlation skill associated with historical simulation is lower but
not statistically different from the hindcast skill. However, the variability in the
reconstructed Barents Sea Cod time series using historical simulation is suppressed
(magenta line in Figure C.8b). This reconstructed time series fails to capture the
recent decadal shift in the Barents Sea Cod Stock, which as shown above follows
internal variability in SPG temperature. While these results confirm that there is
value in using initialized hindcasts, these results also provide first such evidence
that initialized hindcasts can be deployed for prediction of marine resources through
climate-ecosystem linkages.

C.4 SUMMARY AND DISCUSSION

Sustainable management of fish stocks in the eastern North Atlantic requires a
reliable assessment of future fish stocks. In order to predict future evolution of
fish stocks, contemporary stock assessment models mainly rely on estimating future
recruitment using spawner biomass of previous years and assuming a certain mortality
rate. Incorporating environmental information in such assessment models might
not improve their prediction skill because of large uncertainties associated with
recruitment-climate relationship, and also because these uncertainties might grow in a
warming climate (Myers, 1998; Stock et al., 2011). However, ecosystem characteristics
such as the total stock biomass assessed in the present study reflect the integrated
effect of large scale climate on fish stocks, and hence the low frequency variability
in total stock biomass might be predictable. Our study attempts to bridge the gap
between environmental and fisheries prediction by assessing such variable.

The physical climate of the North Atlantic, particularly the heat and salt content
of the Subpolar Gyre (SPG), has repeatedly been shown to exhibit multiyear to
decadal predictability (Robson et al., 2018; Yeager et al., 2015; Hermanson et al., 2014;
Msadek et al., 2014). Consistent with these reports, the 16-member decadal prediction
system based on MPI-ESM-LR (see Methods) reveals significantly high skill in the
SPG heat and salt content. In the SPG, initialized hindcasts perform better than both
uninitialized historical simulation and persistence. There are, however, differences in
the source of skill in the shelf seas adjoining the SPG. First, we find that the hindcast
skill in temperature north of GSR does not benefit from initialization and most of the
skill in temperature north of the GSR is explained by the long term trend. Second,
we find that the impact of trend on the skill in predicting salinity is small. This, and
a recent finding that the influence of local processes on salinity does not dilute the
memory of large scale variability carried by the inflowing atlantic water (Koul et al.,
2019a) in MPI-ESM-LR, extends high predictability originating in the SPG to the
Barents Sea salinity.

In the present contribution, we assess the feasibility of decadal prediction of Cod
stock in the Barents Sea using predictions of the environmental conditions from
the MPI-ESM-LR. Such an extended prediction relies on two conditions: (a) that
there is robust relationship between Cod and the physical environment and (b) that
the physical environment is predictable at multiyear lead times. We find a strong
positive correlation between SPG temperature and Cod biomass in the Barents Sea.
The strong correlation between temperature and Cod biomass is justified by the
direct and indirect effect of temperature on life history of Cod in the Norwegian-
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Barents Sea ecosystem (Ottersen et al., 1994; Brander, 1995). While the details of
how the temperature influences Barents Sea Cod are well known (see for example
Hamre (1994), Ottersen et al. (1994), and Drinkwater et al. (2010)), the importance
of the pronounced low frequency variability associated with the SPG, which lends
predictability to the Barents Sea Cod, is worth highlighting here. The hydrography
of Norwegian-Barents Seas is related to the Atlantic inflow via the Faroe-Shetland
Channel. When the SPG circulation is weak, the proportion of subtropical waters in
the Atlantic inflow through the Faroe-Shetland Channel increases (Larsen et al., 2012;
Koul et al.,, 2019a). The resulting increase in the transport of warm and saline water
masses pushes the ice edge northwards (Arthun et al., 2012; Fossheim et al., 2015),
which leads to increased productivity through extended periods of increased primary
production and also due to expansion of feeding grounds. Low frequency changes in
temperature in the Barents Sea are also known to impact prey availability of Barents
Sea Cod (Hamre, 1994).

While a 7-year predictability horizon in Barents Sea Cod stock has been shown to
emerge from observations of sea surface temperatures (S5ST) in the North Atlantic
(Arthun et al., 2018), in the present study, we extend the predictability horizon to
11-years using dynamically-predicted subsurface SPG temperature as a predictor.
The largest correlations of Barents Sea cod with temperature, in the assimilation
run, are found with SPG temperature. Additionally, we reveal that subsurface SPG
temperature at 500 meter is a better predictor of Cod biomass than either AMO or
local temperatures at the Barents Sea Opening. At first it might seem counter-intuitive
that remote oceanic temperatures are better predictors of Barents Sea Cod biomass
than local temperatures. But it is entirely possible that the impact of oceanic anomalies
advected into the Barents Sea is more pronounced in Cod Stock, because, fishes are
not as geographical limited as is our definition of local temperature variability. Fur-
thermore, our results emphasize the importance of initialization of oceanic conditions
in the SPG. The uninitialized historical predictions fail to capture decadal fluctuations
in Barents Sea Cod stock. Further confidence in our results is derived from the fact
that these predictions are based on ensemble mean of a 16-member ensemble (see
Methods), which samples the uncertainty associated with the future evolution of the
climate system.

We have attempted to bridge the gap between decadal climate predictions and
marine ecosystem predictions. The methodology applied here is based on correlational
analysis of environment-ecosystem connections. We remind the reader that a degree
of caution must be exercised while interpreting the future success of our predictions of
Barents Sea Cod. An underlying assumption in our methodology is that the SPG-Cod
linkage will remain stable in the near future. This assumption will not hold in case
the future harvest rates are high enough to dominate the variability in the Barents
Sea Cod stock. By incorporating the impact of fishing pressure, prediction errors can
be further minimized. The SPG-Cod linkage identified here must also be re-tested in
future as new data accumulate.

C.5 CONCLUSIONS

Based on the results presented in this study, we conclude that:
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1. In the 16-member decadal prediction system based on the MPI-ESM-LR, ini-
tialized hindcasts of SPG-temperature show higher skill than both persistence
and uninitialized hindcasts. North of the Greenland-Scotland Ridge (GSR) the
hindcast skill in temperature drops remarkably. In these regions, most of the
skill is explained by the long term trend. However, the hindcast skill of salinity
does not depend on the long term trend and remains high across the GSR along
the Atlantic water pathways.

2. There is a strong positive correlation between SPG temperatures and Barents
Sea Cod. The variability in SPG temperature is reflected in Barents Sea Cod
biomass 7 years later.

3. The total stock biomass of Barents Sea Cod can be predicted 11-years in advance,
and we forecast that Barents Sea Cod stock would decline in the decade 2016-
2026 due to unfavourable temperatures during this time.

Various incentives as well as the lessons learnt from past failures have motivated
the efforts toward the decadal prediction of marine resources. Foremost is the added
value that such predictions can bring to the integrated approach for sustainable
management of fish stocks in the near future. For example, reliable predictions of
fish biomass would enable the adjustment of future catch targets to account for
climate-driven fluctuations in productivity (Sharp, 1987; Mills et al., 2013; Tommasi
et al., 2017a). Climate-informed fishery management could also benefit from rapid
advances in multiyear prediction of other fishery-related variables such as net pri-
mary production by global earth system models (Séférian et al., 2014). The present
contribution emphsizes that proper representation of Subpolar Gyre variability in
such models is the key to long term predictions in the North Atlantic.
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