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Abstract

A data-constrained, medium-resolution coupled sea ice-ocean state estimate, the Arctic Subpolar
gyre sTate Estimate, is evaluated in the Nordic Seas. The state estimate is dynamically and
kinematically consistent, and has a nominal resolution of 1/3◦, corresponding to 16 km in the
Nordic Seas. It is biased low in density throughout the domain, most prominently in the Greenland
and Iceland Seas where the water column above 1000 m is both too warm and too fresh. The
deepest mixed layers are found in the West Spitsbergen Current instead of in the Greenland Sea.
The overflow water spilling across the Greenland-Scotland Ridge is too light, and constitute a
smaller volume than observations from the same period indicate. Other main features of the
Nordic Seas are generally well reproduced. The state estimate is used to explore the overturning
in the Nordic Seas, in particular to quantify the rate of dense-water production in each basin, and
investigate the factors influencing the overturning. In the state estimate, the densest water of the
Nordic Seas is formed in the Greenland Sea, and the near-surface salinity greatly influences its
formation. The production rate of dense water is too low to realistically simulate the overflow
across the Greenland-Scotland Ridge, a bias that contributes to a weakened Atlantic Meridional
Overturning Circulation. In light of the expected increase in freshwater loading due to global
warming, the Arctic Subpolar Gyre sTate Estimate may be more representative of the overturning
in the Nordic Seas in a future warmer climate.
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1 | Introduction and background

1.1 The Atlantic Meridional Overturning Circulation

Meridional oceanic transport of heat, freshwater, carbon, and nutrients is crucial to the world’s cli-
mate (Bryden and Imawaki, 2011; Rhines et al., 2008). In the Atlantic Ocean, the poleward trans-
port of heat is strongly connected to the Atlantic Meridional Overturning Circulation (AMOC;
(Buckley and Marshall, 2016). The AMOC transports warm, saline water polewards from the
equator in the upper kilometer of the water column. As the water proceeds northwards, it loses
heat to the atmosphere, and thereby buoyancy. When returning to the south with increased den-
sity, it sinks into the abyss due to frictional forces from topography. It entrains ambient water
and ventilates the deep ocean as North Atlantic Deep Water (NADW). To close the overturn-
ing cell, the NADW is lifted towards the surface by diapycnal mixing in the global ocean, and
by wind-induced upwelling in the Southern Ocean (Marshall and Speer, 2012; Johnson et al.,
2019). Today, most climate models predict a weakening of the AMOC due to global warming
(Cheng et al., 2013). Global consequences on climate and marine ecosystems are expected follow-
ing changes in the AMOC (Kuhlbrodt et al., 2007; Buckley and Marshall, 2016). Regarding the
current state of the AMOC, results are contradictory; while the AMOC was in a state of reduced
overturning between 2008 and 2018 at 26◦N (Smeed et al., 2018), no such weakening has been
observed in the Nordic Seas (Østerhus et al., 2019). The inflow of light surface waters from the
North Atlantic to the Nordic Seas has instead increased (Årthun et al., 2019; Tsubouchi et al.,
2021). More knowledge is needed to understand what mechanisms drive and influence the AMOC,
as it is of great importance to make reliable climate predictions.

The sinking of dense water at high northern latitudes is not a driving mechanism of the AMOC,
as it adds no energy to the system. Yet, it is important to sustain the overturning circulation,
and it influences the volume transport and spatial extent of the AMOC (Kuhlbrodt et al., 2007;
Bretones et al., 2022). It is also important for replenishing the deep ocean with oxygen, carbon,
and other tracers (Fröb et al., 2016). Throughout this thesis, I will refer to the process where
surface-water densifies and sinks as overturning or dense-water formation. The origins of the
dense water sustaining the AMOC have been debated, and the prevailing view has gone through
major revisions over the years. The main location of dense-water formation to supply the AMOC
was long thought to be the Labrador Sea (Medhaug et al., 2012; Menary et al., 2015). To monitor
the AMOC, the Overturning in the Subpolar North Atlantic Program (OSNAP) observing system
was launched in 2014, deploying moorings along sections east and west of Greenland to observe
the northward flow of light water, and the southward flow of dense water. Most of the overturning
occurred east of Greenland, and thus the Labrador Sea was discarded as a major contributor of
dense-water to the AMOC (Lozier et al., 2019). The Irminger Sea and the Iceland Basin were
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1.2. The Nordic Seas Chapter 1

instead suggested as important locations of dense-water formation to supply the AMOC (Petit
et al., 2020), but Chafik and Rossby (2019) showed that the largest heat loss from the ocean to the
atmosphere occurs farther north, in the Nordic Seas. The Nordic Seas have since been regarded
as a major site of dense-water supply to the AMOC. In spite of constituting only 0.3% of the
global-ocean volume, the Nordic Seas have substantial influence on the world’s climate (Furevik
et al., 2007).

1.2 The Nordic Seas

The Nordic Seas is the collective name for the Iceland, Greenland and Norwegian Seas. They
are connected to the Arctic Ocean and the Barents Sea through the Fram Strait and the Barents
Sea Opening, respectively. There are four sub-basins in the Nordic Seas; the Greenland Sea, the
Iceland Sea, the Lofoten Basin, and the Norwegian Basin. The Greenland Sea is separated from
the Lofoten Basin by the Mohn and Knipovich Ridges, and from the Iceland Sea by the West
Jan Mayen Ridge. The Jan Mayen Ridge separates the Iceland Basin from the Norwegian Basin,
and between the Norwegian Basin and Lofoten Basin lies the Vøring Spur. An overview of the
bathymetry and general circulation of the Nordic Seas is shown in Figure 1.1. The Nordic Seas
are separated from the North Atlantic by the Greenland-Scotland Ridge (GSR), yet dense water
is allowed to pass from the Nordic Seas into the North Atlantic through gaps in the ridge. Wa-
ter denser than σθ = 27.8 kg/m3 that spills from the Nordic Seas across the GSR is referred to
as overflow water. As it crosses the ridge, it encounters the lighter water masses of the North
Atlantic, and sinks into the abyss due to frictional forces. While sinking, it entrains ambient
water and forms NADW. The Denmark Strait between Iceland and Greenland is an important
gateway through which overflow water from the Nordic Seas enters the North Atlantic. With a
sill depth of 630 m (Østerhus et al., 2019), about 3.2 Sv (1 Sv = 106 m3/s) of overflow water
flows through Denmark Strait, accounting for 60% of the total overflow across GSR (Harden et al.,
2016; Jochumsen et al., 2017; Lin et al., 2020). The Faroe-Shetland Channel between the Faroe
Islands and Scotland, with a sill depth of 840 m, is the other major overflow where 1.8 Sv of dense
water enters the North Atlantic. The total overflow across GSR is estimated to 5.8 Sv (Østerhus
et al., 2019).

At the surface, the Nordic Seas are dominated by warm and saline Atlantic Water (AW) in
the eastern basins, and by cold and fresh Polar Water (PW) near the East Greenland shelf. These
areas are referred to as the Atlantic Domain and the Polar Domain (Swift and Aagaard, 1981).
Between the Atlantic and Polar Domains lies an area confined by pronounced hydrographic fronts
towards east and west. Swift and Aagaard (1981) named this area the Arctic Domain. Most of
the Greenland and Iceland Seas are part of the Arctic Domain. East of Iceland, the AW enters the
Nordic Seas from the North Atlantic as the Norwegian Atlantic Current, an extension of the Gulf
Stream. West of Iceland, AW enters the Nordic Seas with the North Icelandic Irminger Current
(Figure 1.1). AW occupies the upper 400 - 600 m of the Norwegian and Lofoten Basins, overlying
the colder and fresher Norwegian Sea Arctic Intermediate Water which enters the basins from the
Greenland and Iceland Seas (Latarius and Quadfasel, 2016; Jeansson et al., 2017). As the Nor-
wegian Atlantic Current continues northwards through the Norwegian Basin, it meets the Vøring
Plateau and bifurcates into two branches: the Norwegian Atlantic Slope Current (NASC) and
the Norwegian Atlantic Frontal Current (NAFC; Orvik and Niiler, 2002). The NASC follows the
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Chapter 1 1.3. Overturning in the Nordic Seas

Figure 1.1: Circulation and bathymetry of the Nordic Seas, from Brakstad et al. (2019).

slope of the Norwegian Shelf. Some of it enters the Barents Sea through the Barents Sea Opening,
before making its entrance to the Arctic Ocean. The rest continues towards Fram Strait as the
West Spitsbergen Current (WSC). The NAFC is located at the hydrographic front between the
Atlantic Domain and the Arctic Domain, following the Mohn and Knipovich Ridges. It reunites
with the NASC (now the WSC) at Fram Strait. There, some of the AW enters the Arctic Ocean,
to circulate until it re-enters the Nordic Seas as the intermediate water mass Arctic Atlantic Water
(Mauritzen, 1996). The rest of the AW recirculates in Fram Strait, to continue along the slope of
Greenland beneath the cold and fresh PW of the East Greenland Current (EGC). The EGC was
long considered the only pathway for dense water to reach the Denmark Strait. In recent years,
another pathway was discovered: the North Icelandic Jet originating along the Iceland slope (Jons-
son and Valdimarsson, 2004; Våge et al., 2011; Semper et al., 2019). Two other recently discovered
currents, the Iceland-Faroe Slope Jet (IFSJ; Semper et al., 2020) and the Faroe-Shetland Channel
Jet (Chafik et al., 2020), transport dense water toward the Faroe-Shetland Channel along the
Iceland-Scotland Ridge.

1.3 Overturning in the Nordic Seas

Historically, overturning in the Nordic Seas was thought to occur through open-ocean convection
in the Arctic Domain (Swift et al., 1980; Swift and Aagaard, 1981; Strass et al., 1993). The Arctic
Domain is an ideal place for open-ocean convection because of the low stratification and high at-
mospheric heat fluxes. Due to cyclonic circulation in the Greenland and Iceland Seas, isopycnals
dome upward in the centres of the gyres, which brings dense water closer to the surface and reduces
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1.4. Overturning in the Greenland Sea Chapter 1

stratification (Ronski and Budéus, 2005). In addition, proximity to the sea-ice edge enhances the
formation of dense water, in particular during cold-air outbreaks. Cold-air outbreaks occur when
cold and dry winds from sea-ice covered areas first encounter the relatively warm ocean. Close
to the sea-ice edge, the ocean surface becomes subject to substantial heat loss to the atmosphere
because of the strong temperature gradient. Up to 80% of the heat loss from the ocean to the
atmosphere in the interior basins of the Nordic Seas occur during cold-air outbreaks (Papritz and
Spengler, 2017), and water-mass transformation in these areas are thus greatly influenced by such
events (Svingen et al., in prep; Våge et al., 2015). The gyres in the Greenland and Iceland Seas
are in proximity of the ice edge, which makes them ideal locations for deep convection in terms of
stratification and heat fluxes.

Mauritzen (1996) proposed a different scheme of overturning in the Nordic Seas. She argued
that dense water was formed primarily through gradual cooling of AW within the boundary-
current system, and that it was transported to the GSR by the EGC. She argued that dense-water
formation in the interior basins could not be the main source of overflow water as there were
no direct pathways from the interior basins toward the overflows. The convection in the interior
basins also exhibits seasonal and interannual variability, which the overflow in Denmark Strait
does not (Jochumsen et al., 2017). In addition, the largest heat loss to the atmosphere occurs in
the Lofoten Basin (Isachsen et al., 2007), suggesting extensive water-mass transformation there.
The discovery of the NIJ and the IFSJ revealed two additional pathways toward the North At-
lantic. Both currents originate along the Iceland slope, and may transport water from the interior
basins toward the overflows. The bulk of the water transported by the two currents have similar
characteristics as that of dense water formed in the Greenland Sea. The Greenland Sea is therefore
suggested as a potential source to the NIJ and IFSJ. Later studies have shown that water formed
during winter in the Iceland Sea is mostly insufficiently dense to supply the NIJ and IFSJ (Våge
et al., 2015). Today, the general consensus is that both the boundary-current system and the
interior basins of the Nordic Seas supply the overflow water.

1.4 Overturning in the Greenland Sea

The densest water formed in the Nordic Seas originates in the Greenland Sea. Already in the early
1900s, Helland-Hansen and Nansen (1909) reported bottom-reaching convection in the Greenland
Sea. Such bottom-reaching convection ventilating the entire water column was reported until the
1980s (Swift and Aagaard, 1981; Ronski and Budéus, 2005). The resulting product of this deep
convection was Greenland Sea Deep Water (GSDW) and Greenland Sea Bottom Water (GSBW);
fresh and very cold water masses that occupied most of the water column in the Greenland Sea,
and contributed to the deep waters of the other basins of the Nordic Seas and Arctic Ocean.

The bottom-reaching convection ceased in the 1980s (Ronski and Budéus, 2005; Meincke et al.,
1992), and only shallow (< 300m) convection took place until 1994 (Brakstad et al., 2019). The
absence of deep-reaching convection allowed an intermediate temperature maximum to develop,
increasing the stratification at intermediate depths (Figure 1.2). The maximum was pushed deeper
in the water column as convection occured, but no convective event has been strong enough to
completely erode it. The maximum prevents the formation of GSDW and GSBW, which have
not been produced since the emergence of the maximum. Another water mass is now the main
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Chapter 1 1.5. Motivation

product of the Greenland Sea: the Greenland Sea Arctic Intermediate Water (GSAIW; Brakstad
et al., 2019). Located between 500 m and the stratification maximum in the water column, it is
lighter than the GSDW, but still the densest local product of the Nordic Seas. The GSAIW may
be more important to the overflow across GSR than the GSDW was, as the latter may have been
too dense to cross the shallow sills in the ridge. The GSAIW is thought to supply the densest
portion of overflow water across GSR (Huang et al., 2020).

Figure 1.2: Evolution of the buoyancy frequency from 1986 to 2016, with contours of potential density anomaly
referrenced to 1000 m in black (from Brakstad et al., 2019)

1.5 Motivation

As the atmospheric temperature rises faster than the ocean temperature, the temperature gra-
dient between the ocean and atmosphere is reduced. Sea ice retreats, and so does the location
of the cold-air outbreaks. The wintertime air-sea heat fluxes in the Greenland and Iceland Seas
were reduced by 20% between 1979 and 2015 (Moore et al., 2015). This motivates the question:
how will climate change affect the overturning in the Nordic Seas, and what will be the conse-
quences for the AMOC? Some models predict that dense-water formation will diminish as the
sea-ice edge retreats, and future dense-water supply to the AMOC may shift northward into the
Arctic Ocean (Bretones et al., 2022). To better predict future dense-water formation, knowledge
and understanding about the present state is needed. Observations are sparse in the Nordic Seas
compared to lower latitudes due to rough wintertime conditions. Models and reanalyses provide
information where observations are lacking, and increase our knowledge about the sparsly-sampled
oceans. Models have the disadvantage that they are unsupported by observations, and reanalyses
have the disadvantage that they contain artificial sources and sinks to force an optimal fit with
observations. A state estimate, on the other hand, is guided by observations while being obedient
to physical laws. The Arctic Subpolar gyre sTate Estimate (ASTE; Nguyen et al., 2021) is the first
Arctic-focused state estimate, and it includes the majority of observations made between 2002
and 2017 in the Arctic Ocean and adjacent seas. As its predecessor Estimating the Circulation
and Climate of the Ocean (ECCO; Forget et al., 2015), it satisfies the laws of physics and thus
conserves heat, salt, volume, and momentum. This makes the state estimate an ideal tool for
investigating the overturning in the Nordic Seas.

In this thesis, I will utilize ASTE to address the overturning in the Nordic Seas. As the state
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1.5. Motivation Chapter 1

estimate has not yet been evaluated or utilized in the Nordic Seas, this is novel work. The thesis
is divided into two main parts; the first is an evaluation of ASTE in the Nordic Seas, and the
second is an investigation of the overturning in the Nordic Seas from 2002 to 2017 in the state
estimate. In particular, I will attempt to address the following questions: How well does ASTE
reproduce the main features of the Nordic Seas? How much dense water is formed in the Nordic
Seas? Where is the dense water formed, and what influences the formation of dense water?
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2 | Theory

Dense-water formation and sinking of dense water in the North Atlantic are required to maintain
the AMOC. This chapter is dedicated to describing the two processes, which are connected, but
not synonymous.

2.1 Dense-water formation

The density of seawater is dependent on temperature, salinity, and pressure, expressed by the
equation of state:

ρ = ρ (T, S, p) (2.1)

Here, ρ is density, T is temperature, S is salinity, and p is pressure. The equation is often simplified
to the form

ρ = ρ0[1− αT (T − T0) + βS(S − S0)] (2.2)

where αT and βS are the thermal expansion coefficient and the haline contraction coefficient,
respectively, and T0 and S0 are reference values of temperature and salinity. The coefficients αT
and βS are often treated as constants, yet they vary with temperature and pressure (Marshall and
Schott, 1999) and care is needed when applying the equation.

There are two ways of increasing the density of sea water at the surface: by increasing its
salinity and by decreasing its temperature (Equation 2.2). Both mechanisms are important in
dense-water formation. In Antarctica, increased density due to increased salinity from sea-ice
formation is an important factor in forming the bottom water occupying the abyss of the world
oceans, called Antarctic Bottom Water (Nicholls et al., 2009). On the shallow shelves around the
Arctic Ocean, sea-ice formation drastically increases the salinity of the underlying, shallow water
column, which in turn spills down into the deep basins as dense plumes of high salinity (Jones
et al., 1995; Swift and Aagaard, 1981). In the Nordic Seas, however, atmospheric cooling in winter
is the main mechanism that produces dense water.

In the interior basins of the Nordic Seas, atmospheric cooling can induce open-ocean convec-
tion. Open-ocean convection is a process where the ocean surface is cooled by the atmosphere to
an extent where it exceeds the density of the underlying water. The water column becomes unsta-
ble, and convective plumes start to form. The plumes are of small horizontal scale (< 1 km), and
move downward with vertical velocities up to 10 cm/s (Marshall and Schott, 1999). The plumes
efficiently mix the water column down to the depth at which they encounter water with higher
densities. This depth is referred to as the mixed-layer depth or the convection depth. The water
above the convection depth, the mixed layer, is well mixed and characterized by low stratification.
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2.1. Dense-water formation Chapter 2

When considering areas larger than the scale of the convective plumes, open-ocean convection does
not necessarily lead to net sinking of water - it is rather a process of densification and vertical
mixing. When cooling diminishes, convection stops and the water column restratifies (Marshall
and Schott, 1999).

The depth of convection is not only dependent on the amount of atmospheric cooling of the
ocean surface, but also by the stratification of the water column, given by

N2 = g

ρ0

δρ

δz
(2.3)

where N2 is a measure of the frequency of internal waves, called the buoyancy frequency, g is
the acceleration due to gravity, and δρ

δz is the vertical stratification of the water column. Ideal
locations for open-ocean convection tend to be preconditioned with a weakly-stratified water col-
umn beneath the pycnocline before the onset of wintertime cooling. Cyclonic circulation is also
favourable for deep open-ocean convection. Cyclonic circulation causes isopycnal doming due to
Ekman-divergence in the Ekman layer, lifting dense water closer to the surface. The stratification
then decreases and the weakly stratified interior of the basin is brought closer to the surface and
becomes more readily exposed to the atmosphere. The surface salinity prior to the winter cooling
is also of importance (e.g. Brakstad et al., 2019). If the surface water is too fresh, cooling will
result in formation of sea ice rather than densification of the water. Sea ice efficiently isolates
the underlying water from the atmospheric forcing, and thus inhibits dense-water formation. In
today’s climate, open-ocean convection is confined to the Nordic Seas, the Labrador Sea, the
Irminger Sea, and the Mediterranean Sea. Open-ocean convection has also been observed occa-
sionally in the Weddell Sea. In this thesis, I will exclusively address overturning in the Nordic Seas.

Open-ocean convection is not the only process through which dense water is produced in the
Nordic Seas, dense water is also formed in the boundary-current system. A schematic of the two
processes is shown in Figure 2.1. The warm AW that enters the Nordic Seas quickly loses heat to
the atmosphere as it proceeds northward, especially in the Lofoten Basin where the atmospheric
forcing is largest (Isachsen et al., 2007). Water in the boundary-current system may also cool as
a result of eddy exchange between the current and the colder interior basins, depending on the
baroclinicity of the current. The NAFC is baroclinic, moving northward with the cold and dense
waters of the Greenland Sea to the west. Isopycnals tilt upwards towards the Greenland Sea.
Eddies smooth the density differences and thus flatten the isopycnic slope. The current in turn
becomes less baroclinic, and the vertical velocity shear is reduced - meaning that surface velocities
are reduced while velocities at depth increase. This, in turn, leads to a horizontal convergence
in the surface layers and a horizontal divergence at depth, which is compensated by downwelling.
In such terms, densification of water along the boundary-current system of the Nordic Seas also
results in a net sinking of water (Johnson et al., 2019).
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Chapter 2 2.1. Dense-water formation

Figure 2.1: Schematic illustrating dense-water formation and sinking in the boundary-current system and in
the interior basins: a) inflow of warm water at surface, b) atmospheric cooling, c) convective plumes, d) eddy
activity, e) outflow of cooled, dense water and f) downwelling along the boundaries (from Johnson et al. ,2019)
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3 | Data and Methods

In this chapter I will describe the Arctic Subpolar gyre sTate Estimate, which is the main subject
of my analysis. I will also introduce the different observational datasets used to evaluate the state
estimate, as well as the method used to quantify water-mass transformation.

Figure 3.1: Bathymetry and basins of the Nordic Seas. The black contours show the outlines of the Greenland
Sea (GS), the Greenland Sea Gyre (GSG), the Iceland Sea (IS), the Lofoten Basin (LB) and the Norwegian
Basin (NB). The green crosses show the location of the three moorings. The cyan and blue lines show the
positions of the Greenland Sea - Lofoten Basin section and the GSR section, respectively.

3.1 The Arctic Subpolar gyre sTate Estimate

ASTE is a medium-resolution ocean state estimate of the Arctic Ocean and surrounding seas be-
tween 2002 and 2017 (Nguyen et al., 2021). It is based on the global ECCO (Forget et al., 2015)
which, because of its coarser resolution and the sparse sampling of the Arctic region compared
to lower latitudes, resulted in large biases there. ASTE is not the first data-constrained product
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Chapter 3 3.1. The Arctic Subpolar gyre sTate Estimate

in the Arctic region, as several ocean reanalyses exist (e.g. C-GLORS025v5, ECDA3, GECCO2,
Glorys2v4, GloSea5-GO5, MOVE-G2i, ORAP5, SODA3.3.1, TOPAZ4 and UR025.4; Uotila et
al., 2019). Yet, as the first Arctic-focused ocean state estimate, ASTE has a valuable advantage
compared to the reanalyses: it is strictly obedient to physical laws and is thus free of artificial
sources and sinks.

Figure 3.2: (a) Horizontal grid spacing and (b) bathymetry in ASTE (from Nguyen et al., 2021)

As ECCO, ASTE is based on the Massachusetts Institute of Technology General Circulation
Model (MITgcm), which solves the primitive equations in re-scaled z-coordinates using a nonlinear
free surface. With horizontal grid spacing of 1/3◦(corresponding to approximately 16 km in the
Nordic Seas), ASTE’s resolution is higher than that of ECCOv4r3 (1◦). Still, it is not sufficiently
high to resolve the Rossby radius of deformation in the Nordic Seas, which is generally small due
to the weak stratification and the high latitudes (Nurser and Bacon, 2014). The state estimate
has 50 unevenly-spaced vertical levels with thicknesses ranging from 10 m near the surface to 500
m in the abyss. ASTE’s domain covers the Atlantic Ocean north of 32.5◦S, the Labrador Sea, the
Nordic Seas, the Barents Sea, the Canadian Archipelago, the Arctic Ocean, and the Bering Sea
north of 47.5◦N (Figure 3.2a).

The bathymetry used in ASTE is a combination of the bathymetry data created and provided
by (Smith and Sandwell, 1997; version 14.1) south of 60◦N and the international bathymetric
chart of the Arctic Ocean (IBCAO; Jakobsson et al., 2012) north of 60◦N. The two are blended
over a range of 200 km centered around this latitude, with special care taken to remove abrupt
transitions. Model depths in particularly critical regions, such as the Greenland-Scotland Ridge,
are forced to agree with observations (Figure 3.2b).

Output from ECCOv4r3 is used as lateral boundary conditions, but not to initialize the model
due to the large errors in the Arctic Ocean. Instead, existing estimates based on observations
and models are selected as first-guess model input parameters (albedo of sea ice and snow, drag
coefficients, mixing and dissipation parameters, velocity, thickness and concentration of sea ice,
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3.1. The Arctic Subpolar gyre sTate Estimate Chapter 3

Figure 3.3: In situ data used in ASTE (from Nguyen et al., 2021).

and salinity, temperature, and velocity of the ocean). The model was spun up for 6 years with
repeated atmospheric forcing and open boundary conditions from 2002, and the ocean state at
the end of these 6 years was used as initial conditions for ASTE. The atmospheric forcing applied
to ASTE is provided by the atmospheric reanalysis JRA-55 made by The Japan Meteorological
Agency, as it has previously shown to result in reasonable sea-ice concentrations in the Arctic
Ocean (Nguyen et al., 2011). The forcing is applied through the bulk formulae over the open
ocean. Freshwater fluxes from river runoff are taken from the Regional, Electronic, Hydrographic
Data Network for the Arctic Region (R-ArcticNET) dataset.

The solution was then constrained by over 109 satellite and in situ observations (see Figure 3.3),
through gradient-based iterative least-squared minimization of the cost function, which describes
the misfit between the model and data:

J =
tf∑

t=t0+∆t

[y(t)− E(t)x(t)]TR(t)−1[y(t)− E(t)x(t)]

+[x0 − x(t0)]TB(t0)−1[x0 − x(t0)]

+
tf −∆t∑
t=t0

u(t)TQ(t)−1u(t)

where t0 and tf are the initial and final time, ∆t is the time-step, y(t) is the observation vector,
x(t) is the state vector containing the model solution at all grid points, x0 is the initial guess and
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x(t0) is the initial state. E is the operator mapping the state variables to the observations, and
the model-data misfit y(t)−E(t)x(t) is weighted by the inverse error covariance R(t). B(t0) and
Q(t) are error covariances of x0 and u(t) respectively, and u is the parameter adjustment.

The cost function includes three major contributions. The first term is the normalized squared
model-data misfit that is to be minimized. The second term gives less weight to the initial guess if
the deviation of the initial state from the initial guess is large, and the third term moderates the
amplitude of the input parameter adjustments. This is to make sure that the input parameters
are not adjusted to exceed their expected ranges (Nguyen et al., 2021).

The mixed-layer depths in ASTE are calculated following a procedure by Kara et al. (2000),
which determines the vertical extent of the mixed-layer by the depth where the density increases
by ∆ρ compared to the density at 10 m depth:

∆ρ = ρ(T + ∆T, S, P )− ρ(T, S, P )

where ρ is density, T is temperaure, S is salinity, and P is pressure. In ASTE, ∆T = 0.8◦C is
used as criterion.

3.2 Observations

Various observational datasets were used to evaluate the performance of ASTE in the Nordic Seas.
They will be introduced in the following.

Hydrographic climatology

The late-winter (February - April) hydrographic climatology from 2000 to 2019 (Brakstad et al.,
in prep) consists of data collected from several sources, including the Unified Database for Arctic
and Subarctic Hydrography (UDASH), the International Council for the Exploration of the Seas
(ICES), the Marine Freshwater and Research Institute of Iceland, the World Ocean Database
(WOD), the Global Ocean Data Analysis Project version 2 (Glodapv2), the Argo Program, the
Norwegian Iceland Seas Experiment (NISE), the Institute of Marine Research (IMR), the Iceland-
Greenland Seas Project, and shipboard measurements along the continental slope of Iceland. The
data was combined and quality controlled, the control including removing duplicates, density in-
versions exceeding 0.05 kg/m3, and data outside the expected range of 0 - 36 g/kg and -2 - 30
◦C for salinity and temperature, respectively. Data from 2000 to 2019 were interpolated onto a
three-dimensional grid with zonal resolution of 1/3◦, meridional resolution of 1/8◦, and 46 un-
evenly spaced vertical grid points (Brakstad et al., in prep).

The dataset represents late-winter hydrography, yet late-winter observations have not been
obtained at all locations, and some adjustments were needed to represent realistic winter mixed
layers (Brakstad et al., in prep). The mixed-layer depths from Brakstad et al. (2019) and Våge
et al. (2015) were used in the Greenland and Iceland Seas, respectively. At locations where
only summer profiles were obtained, late-winter mixed layers from nearby profiles were applied
while keeping the summer profile beneath the the mixed-layer depth. Mixed-layer depths in the
remaining parts of the domain were estimated from the late-winter profiles using a procedure
from Nilsen and Falck (2006), which identifies the base of the mixed layer in a manner similar to
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that used in ASTE (Kara et al., 2000). Following Våge et al. (2015) and Brakstad et al. (2019),
the density difference criterion was set to ∆T = 0.2◦C instead of ∆T = 0.8◦C due to the low
stratification in the area.

Moored time series from the central Greenland Sea

In an attempt to evaluate ASTE’s temporal evolution, the results are compared to indepen-
dent moored measurements in the central Greenland Sea. The measurements stems from three
moorings that were deployed annually in the central Greenland Sea between 1999 and 2009
(Svingen et al., in prep). This dataset overlaps with the time period of ASTE from 2002 to
2009, and thus provides 8 years of direct comparison. The dataset is published in Pangaea (
https://doi.org/10.1594/PANGAEA.911001).

Figure 3.4: Annual number of profiles per deployment at each mooring site, color coded by season (from
Svingen et al., in prep)

The three moorings were deployed inside the Greenland Sea Gyre, between 2◦30’ W and 4◦37’
W, and 74◦50’ N and 75◦05’ N (Figure 3.1). Each of the moorings was equipped with a pro-
filing vehicle, measuring conductivity, temperature, and pressure every second day, with some
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Chapter 3 3.3. Quantifying water-mass transformation

gaps in 2002, 2003, and 2005 (Figure 3.4). The data were calibrated annually to shipboard CTD
measurements, interpolated to integer pressure values, and smoothed with a 10-m running mean
(Svingen et al., in prep). Temperature and salinity data outside the range of -2◦C - 20◦C and
20-36 were excluded respectively. Data from unsuccessful casts, where the moored profiler was
parked at constant depth, were removed. The data were converted from practical salinity and
potential temperature to absolute salinity and conservative temperature according to the Inter-
national Thermodynamic Equation of Seawater - 2010 (TEOS-2010; IOC et al.,2010). As the
output from ASTE is presented following the Climate and Forecast Metadata Convention version
1.6, I used the Gibbs-SeaWater (GSW) Oceanographic Toolbox to re-convert the data for direct
comparison.

Mixed-layer depths were estimated using two routines: the routine from Nilsen and Falck
(2006) and a routine from Lorbacher et al. (2006). The routine from Lorbacher et al. (2006)
estimates the base of the mixed-layer where the temperature profile has a curvature extremum.
All the profiles were then visually insepcted, and were neither of the two procedures correctly
identified the base of the mixed layer, a manual procedure was applied (Pickart et al., 2002).
In this procedure, the top and bottom depths of the mixed-layer are estimated visually and the
means and standard deviations of salinity, temperature and density are calculated between the
two depths. The extent of the mixed layer are then defined where the density profile exceeds two
standard deviations from the calculated means.

Surface geostrophic velocity

The surface geostrophic velocities are provided by Copernicus (https://doi.org/10.48670/

moi-00148), derived from altimeter satellite sea level anomalies with respect to a twenty year
mean. The product contains data from several altimeter missions (Jason-3, Sentinel-3A, HY-2A,
Saral/AltiKa,Cryosat-2, Jason-2, Jason-1, T/P, ENVISAT, GFO,ERS1/2) which were regridded
onto a 0.25◦×0.25◦ grid and processed by the DUACS multimission altimeter data processingsys-
tem.

3.3 Quantifying water-mass transformation

To address water mass transformation in the Nordic Seas, I defined five domains within the
Nordic Seas which were used as control volumes: the Greenland Sea, the central Greenland Sea
(the Greenland Sea Gyre), the Iceland Sea, the Lofoten Basin, and the Norwegian Basin (Figure
3.1).

Using density anomaly levels of σθ(j) where j = 1, 2, ..., J separated by ∆σθ = 0.04kg/m3 and
within the range of 27.00− 29.00 kg/m3 in such a way that

σθ(j = 1, j = 2, j = 3, ...j = J) = 27.00, 27.04, 27.08, ..., 29.00

I defined density classes D(j1, j2, j3, ..., jJ−1) so that the upper and lower density limit of D(j)
was σθ < σθ(j + 1) and σθ ≤ σθ(j), respectively.

The output from ASTE has zonal dimension x(i1) where i1 ∈ [1, X], meridional dimension y(i2)
where i2 ∈ [1, Y ], vertical dimension z(i3) where i3 ∈ [1, Z] and temporal dimension t(i4) where
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i4 ∈ [1, T ]. The estimated density σASTE(x, y, z, t) of each grid cell within the control volume of
interest at each time step was then addressed the appropriate density class D by checking if it
satisfied the following condition:

σθ(j − 0.005) ≤ σASTE(i1, i2, i3, i4) < σθ(j + 1.005)

If it did, the corresponding grid cell volume vASTE(i1, i2, i3, i4) was added to a matrix V (t, σθ) so
that

V (i4, j) = v(i1, i2, i3, i4) + V (i4, j)

This results in a volume matrix V (t, σθ) with one dimension σθ with length J equal to the number
of density classes and one dimension with length T equal to the number of time steps. It contains
the total volume constituted by each density class at each time step inside the control volume.
In an attempt to reduce the sensitivity of V to the chosen values of σθ, I utilized an overlap of
0.01kg/m3 when addressing values to the belonging density class. The resulting excess volume
was controlled for.

To examine the horizontal distribution of volume in each density class, the procedure was
repeated using a volume matrix V (x, y, t) so that

V (i1, i2, i4) = v(i1, i2, i3, i4) + V (i1, i2, i4).
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4 | Evaluating ASTE in the Nordic
Seas

All figures in this chapter, unless stated otherwise, show data from February, March, and April.
I will refer to these months as late winter. The figures show fall or late-winter values averaged
over several years. The output from ASTE is averaged over the entire ASTE period, from 2002
to 2017. The observations are averaged from 2000 to 2019. In the following sections, the mean
late-winter potential temperature, salinity, potential density anomaly, and mixed-layer depths will
be referred to simply as temperature, salinity, mixed-layer depth, and density.

4.1 Mean late-winter hydrography

Surface salinity and surface temperature in the Nordic Seas are shown in Figures 4.1 and 4.2.
ASTE reproduces the main surface hydrographic features of the Nordic Seas to the extent that
warm, saline AW enters the domain from the North Atlantic east and west of Iceland, and cold and
fresh PW enters through Fram Strait with the EGC. The warm and saline AW spreads horizon-
tally across the Lofoten and Norwegian Basins. This indicates the division of the North Atlantic
Current into the NAFC and the NASC. The warm, saline water also extends into the Barents
Sea through the Barents Sea Opening, and the Arctic Ocean through Fram Strait - indicating the
bifurcation of the NASC into the WSC and an eastern Barents Sea branch.

Figure 4.1: Surface salinity from observations (left panel) and ASTE (right panel).
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Figure 4.2: Surface temperature from observations (left panel) and ASTE (right panel).

Figure 4.3: Difference between observations and ASTE in salinity (left panel) and temperature (right panel)
at the surface. Note the nonlinear color scale.

However, the discrepansies between model and observations appear clearly in Figure 4.3. In
ASTE, the salinities of the EGC and the Norwegian Coastal Current are overestimated by values
up to 4. This is a remarkable difference, but observations on the East Greenland shelf are sparse
in winter, and thus the difference is uncertain. Apart from the EGC and the Norwegian Coastal
Current, the rest of the surface waters in the Nordic Seas are slightly fresher in ASTE than in
the observations, by approximately 0.25 (Figure 4.3). The output from ASTE is generally colder
than the observations, by around 1◦C. The exceptions are the Arctic Domain and the Norwegian
Coastal Current, which are up to 4◦C warmer. The differences in surface temperature are mainly
due to ASTE’s too smooth and wide representation of the hydrographic front between the At-
lantic and Arctic Domains. In ASTE, the warm AW is allowed to cross the Jan Mayen and Mohn
Ridges, while the bathymetry appears to present a more pronounced barrier in the observations.
The differences in salinity between ASTE and observations in the EGC and Norwegian Coastal
Current may be caused by ASTE’s resolution. The horizontal resolution of 16 km is too coarse to
resolve the freshwater runoff into the fjords of Greenland and Norway, which are of smaller scale.
This leads to biases also in the Arctic Ocean (Nguyen et al., 2021).
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Figure 4.4: Salinity at 250 m depth from observations (left panel) and ASTE (right panel).

Figure 4.5: Temperature at 250 m depth, from observations (left panel) and ASTE (right panel).

At 250 m depth, the absolute differences in salinity are reduced, and most of the domain is too
fresh by values between 0.02 and 0.10 (Figures 4.4 and 4.6). While the surface temperature was
overestimated mostly in the Arctic Domain, the temperature in the western part of the Norwegian
Basin is also estimated high at 250 m (Figure 4.5). The temperatures in the Greenland Sea, Ice-
land Sea, and Norwegian Basin are overestimated by approximately 2◦C, while the surrounding
areas are too cold by approximately 1◦C .The pattern seems to be connected to the different water
masses: the inflowing AW is generally too cold, while the ambient water is too warm.

At 500 m depth, the ASTE salinity is further improved in three of the basins of the Nordic
Seas, the exception being the Lofoten Basin which is still too fresh by 0.25. In the rest of the
domain, differences between ASTE and observations are less than 0.05 (see Figures 4.7 and 4.9).
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Figure 4.6: Difference between observations and ASTE in salinity (left panel) and temperature (right panel)
at 250 m depth. Note the nonlinear color scale.

Figure 4.7: Salinity at 500 m depth from observations (left panel) and ASTE (right panel).

The temperature is overestimated by up to 2◦C almost everywhere north of the GSR (Figures 4.8
and 4.9), the exception being the Lofoten Basin where the temperature is too cold by up to 4◦C.
The warm, fresh bias in ASTE increases down to 500 m depth. The signal seems to follow the
spreading of locally formed intermediate water, a product of convection in the Arctic Domain.
The process of convection is often poorly resolved in models, and its product tends to be biased
towards lower densities (Heuzé, 2021).

At 1000 m, ASTE generally estimates the temperature and salinity better compared to shal-
lower depths (Figures 4.10, 4.11 and 4.12). Salinity is slightly overestimated in almost the entire
domain by values up to 0.025, while temperature is generally overestimated by 0.2◦C everywhere
except in the Lofoten Basin which is colder by up to 3◦C.

To summarize, the Nordic Seas are characterized by warm and saline inflow from the North
Atlantic, and cold and fresh inflow from the Arctic Ocean. This relative hydrographic distribution
is reproduced by ASTE; the eastern basins are warmer and more saline than the western basins.
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Figure 4.8: Temperature at 500 m depth, from observations (left panel) and ASTE (right panel).

Figure 4.9: Difference between observations and ASTE in salinity (left panel) and temperature (right panel)
at 500 m depth. Note the nonlinear color scale.

From the surface to 250 m, the inflowing AW is biased fresh and cold in ASTE. The Arctic Domain
is too warm and fresh. ASTE overestimates the temperature in increasing areas of the Nordic Seas
from the surface to 500 m depth. Below 500 m depth, the bias is reduced. Freshwater discharge
into the Nordic Seas is not properly resolved, resulting in a bias towards high salinities in the EGC
and Norwegian Coastal Current. From 250 m to 1000 m depth, ASTE is not able to reproduce the
hydrography of the Lofoten Basin. At depth, the differences are most pronounced in the vicinity
of the Lofoten Basin Eddy, which reaches down to 1200 m and has a radius of 15 - 20 km (Bosse et
al., 2019). ASTE, with its nominal resolution of 16 km in the Nordic Seas, is not able to properly
resolve the Lofoten Basin Eddy (Figure 4.21).

The EGC and Norwegian Coastal Current are too dense in ASTE, while the Arctic Domain is
too light by approximately 0.5 kg/m3 (Figure 4.13). The densest water is formed in the Greenland
Sea, and this is also where we expect the deepest mixed layers. In general, ASTE exhibits too
deep mixed layers over too large areas, particularly south of GSR where mixed-layer depths are
overestimated by 1000 m (Figure 4.14). This is a common pattern in many models (Heuzé, 2021).
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Figure 4.10: Salinity at 1000 m depth, from observations (left panel) and ASTE (right panel).

Figure 4.11: Temperature at 1000 m depth, from observations (left panel) and ASTE (right panel).

ASTE’s maximum mixed-layer depths are too shallow in the Nordic Seas. This is most clearly
seen in the Greenland Sea, where observed mixed layers are by far the deepest in the Nordic Seas.
In the mean, the observed mixed layers reached depths of 1000 m, while mixed layers in ASTE
reached only 400 m. In ASTE, the deepest mixed layers in the Nordic Seas occur in the WSC
instead of in the Greenland Sea. The densest waters still occur in the Greenland Sea.

The distribution of salinity and temperature in a vertical section across the Greenland Sea
and Lofoten Basin (Figure 3.1) in ASTE resembles that of the observations: The Lofoten Basin
is warm and saline from the surface to 1000 m, while the Greenland Sea is cold and fresh (Figure
4.15 and 4.16). The differences between the basins are less pronounced in ASTE compared to
observations, as the upper 1000 m of the Lofoten Basin are too cold and too fresh, while the upper
1000 m of the Greenland Sea are too warm and slightly too fresh (Figure 4.17). In ASTE, the
σθ = 28.0 kg/m3 isopycnal remains flat at 600 m across the Greenland Sea, instead of doming up
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Figure 4.12: Difference between observations and ASTE in salinity (left panel) and temperature (right panel)
at 1000 m depth.

Figure 4.13: Observed (left panel) and estimated (right panel) surface density of the Nordic Seas. The black
countour is the Greenland Sea Gyre.

to outcrop at the surface as in the observations. The lack of doming isopycnals in the Greenland
Sea corresponds with the high bias in temperature shown in Figures 4.5 and 4.8, as the cold,
intermediate waters are limited to greater depths.

The relative distributions of temperature and salinity along the crest of the GSR are largely
reproduced in ASTE, yet the absolute values differ (Figures 4.18, 4.19 and 4.20). The differences
result in displacements of the isopycnals, including the σθ = 27.8 kg/m3 isopycnal which is com-
monly used to delimit overflow water. We clearly see a homogenization of water mass properties
in ASTE also along the GSR; cold and fresh waters are too warm and saline, while warm and
saline waters are too fresh and cold. This pattern is evident through the entire Nordic Seas.
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Figure 4.14: Mixed-layer depth from observations (left panel) and ASTE (right panel).

Figure 4.15: Observed (upper panel) and simulated (lower panel) salinities across the Greenland Sea and the
Lofoten Basin. The white contours show potential density.

4.2 Mean circulation

The mean estimated surface velocity in the Nordic Seas in ASTE from 2002 to 2017 (all months
included) is shown in the right panel of Figure 4.21. The left panel shows geostrophic velocity
at the surface, calculated from satellite observations. These are averages between 2000 and 2019
(all months included). The general circulation around the boundaries of the Nordic Seas is well
reproduced by ASTE. The circulation follows bathymetry to a large degree, as expected (Nost and
Isachsen, 2003). The boundary circulation of the Nordic Seas, with water flowing poleward along
the Norwegian coast, turning west in Fram Strait, and joining the EGC to flow back south toward
GSR, is also evident in ASTE. The Norwegian Atlantic Current bifurcates into the WSC and a
Barents Sea branch, and some of the WSC continues northward into the Arctic Ocean. Traces
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Figure 4.16: Observed (upper panel) and simulated (lower panel) temperatures across the Greenland Sea and
the Lofoten Basin. The white contours show potential density.

Figure 4.17: Difference between ASTE and observations in salinity (upper panel) and temperature (lower
panel) across the Greenland Sea and the Lofoten Basin.

of the Lofoten Basin Eddy are evident to a depth of 1000 m (not shown), but the circulation is
weaker than observed. The major difference between the observed circulation and ASTE is the
missing NAFC; it is nearly non-existent as opposed to being a robust feature in the observations
(e.g., Orvik and Niiler, 2002).
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Figure 4.18: Observed (upper panel) and simulated (lower panel) salinities along the GSR. The white contours
show potential density.

Figure 4.19: Observed (upper panel) and simulated (lower panel) temperatures along the Greenland Sea and
the Lofoten Basin. The white contours show potential density.

4.3 Temporal hydrographic variability in the central Green-
land Sea

Three moorings were deployed annualy in the central Greenland Sea from 1999 to 2009 (Chapter
3.2). The data from the moorings are independent from the state estimate, and overlap with the
time period of ASTE from 2002 to 2009. The observed records of salinity and temperature in
the central Greenland Sea from 2002 to 2009 are shown in Figures 4.22 and 4.23, along with the
spatial means of salinity and temperature from the ASTE grid points enclosing the moorings. In
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Figure 4.20: Difference between ASTE and observations in salinity (upper panel) and temperature (lower
panel) along the GSR.

Figure 4.21: Surface velocity (black arrows) and speed (color) from satellite observations (left panel) and from
ASTE (right panel). The white lines are the 500 m, 1000 m, 2000 m, and 3000 m depth contours.

ASTE, the water column was gradually getting more saline below 800 m depth throughout the
period. This development is recognized also in the observations, but mostly above 1000 m, con-
sistent with existing literature (Lauvset et al., 2018). Most of the water column was generally too
saline in ASTE through the entire period, and too stratified in terms of salinity compared to the
measurements. ASTE exhibited a weak salinity maximum between 1500 m and 2000 m, beneath
the σθ = 28.08 kg/m3 isopycnal. A maximum in salinity was also present in the observations,
but located 1000 m deeper (between 2000 m and 3000 m) in the water column. The warming of
the upper 250 m in summer was overestimated in ASTE, both in intensity and depth. Down to a
depth of 500 m, temperatures above zero degrees persist all year from 2002 to 2009, while in the
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observations surface water cools to temperatures below zero degrees almost every winter.

Throughout the period, the σθ = 28.08 kg/m3 isopycnal remained at nearly constant depth
in both the observations and the state estimate, yet it was located 500 m deeper in the obser-
vations than it was in ASTE. The σθ = 28.05 kg/m3 isopycnal outcropped the surface almost
every winter in the observations, while remaining constant at 600 m depth in ASTE. Note that
upper-ocean differences between ASTE and the observations may appear exaggerated due to the
lack of observations above 100 m before 2008.

Figure 4.22: Observed (upper panel) and simulated (lower panel) temporal variability of salinity in the Green-
land Sea Gyre. The white lines represent density contours.

Estimated mixed-layer depths from ASTE and mixed-layer depths identified from the obser-
vations are shown in Figure 4.24, in the central Greenland Sea between 2002 and 2009. The
mixed-layer depths produced by ASTE are shallow compared to the observations; while the ob-
served mixed-layer depths occasionally reached deeper than 1200 m, the deepest ASTE mixed
layer was shallower than 600 m. The mixed-layer depths are not directly comparable, as they are
determined using different routines (Chapter 3.2). To account for this, mixed-layer depths from
observations where estimated using the routine by Nilsen and Falck (2006; described in Chapter
3.2) with a density difference criterion of ∆T = 0.8◦C, equal to that used in ASTE (not shown).
The resulting mixed-layer depths were even deeper. Thus, I confidently conclude that mixed-layer
depths in ASTE were much too shallow in the Greenland Sea from 2002 to 2009.
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Figure 4.23: Observed (upper panel) and simulated (lower panel) temporal variability of temperature in the
Greenland Sea Gyre. The white lines represent density contours.

Figure 4.24: Temporal variability of mixed-layer depth in the central Greenland Sea. The blue line shows
monthly mean observed mixed-layer depths. The red line shows ASTE’s mixed-layer depths.
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ASTE is biased warm, fresh, and consequently light in the basins of the Nordic Seas where we
expect the densest water to form. Thus, the overflow water from the Nordic Seas is too light in
ASTE. This does not mean that dense water is not produced. It rather means that the usual
definition of overflow water cannot be directly adopted to examine the overflow waters in ASTE.
In ASTE, the overflow from the Nordic Seas across the Denmark Strait is characterized by lower
limits of density ranging from 27.28 kg/m3 to 27.81 kg/m3 (Nguyen et al., 2021). The most
including of these limits corresponds to an overflow of 1.6 ± 0.9 Sv. For comparison, Østerhus
et al. (2019) estimated the dense overflow across Denmark Strait to be 3.2 ± 0.5 Sv from 1993
to 2015. Over the Iceland-Faroe Ridge, σθ > 27.55 kg/m3 yields a transport of overflow wa-
ter of 0.3 ± 0.1 Sv in ASTE, compared to 0.4 ± 0.3 Sv in Østerhus et al. (2019) of water with
σθ > 27.8 kg/m3. Across the Faroe-Shetland Ridge, overflow water in ASTE is characterized by
a lower limit of σθ > 27.81 kg/m3. The overflow across the Faroe-Shetland Ridge is estimated to
1.8± 0.5 Sv in ASTE (Nguyen et al., 2021).

Only half of the observed overflow across Denmark Strait spills into the North Atlantic in
ASTE, and the overflow is biased light in density. Where it originates, and which mechanisms
govern its formation, are still of interest as the answer to these questions can shed light on the
processes behind dense-water formation in the Nordic Seas in general. As the densest water in
the Nordic Seas is formed in the Greenland Sea (Figure 4.13), I will pay particular attention the
water-mass transformation there.
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5.1 Water-mass transformation in the four main basins of the
Nordic Seas

In this chapter I will compare the water mass properties of the Nordic Seas in fall (September,
October, and November) to the properties of late winter (defined in the beginning of Chapter
4 as February, March and April). We expect dense-water formation in the Nordic Seas to hap-
pen primarily through formation in the interior basins of the Greenland and Iceland Seas and in
the boundary-current system (Chapters 1 and 2). The change in water-mass properties from fall
to late winter in all four basins of the Nordic Seas are shown in Figure 5.1. All four basins of
the Nordic Seas exhibited changes from fall to late winter, especially in the form of temperature
decrease (Figure 5.1). The densest water in late winter was located in the Lofoten Basin and
Greenland Sea. The bulk of the water formed during winter in the Lofoten Basin was warmer and
more saline than the bulk of water formed in the Greenland Sea. The late-winter properties of
the Iceland Sea and Norwegian Basin were more scattered than the properties of two other basins.
The properties of the Iceland Sea were mostly scattered in salinity, while the Norwegian Basin
varied both in temperature and salinity. Waters of similar characteristics occupied the deep parts
of all four basins.

To investigate the water-mass transformation in the Nordic Seas further, a volumetric analy-
sis was applied as described in Chapter 3.3; through addressing densities of all grid cells in the
basins to predefined density classes every month, the temporal variability of the volume consti-
tuted by each density class can be examined. All four basins exhibited seasonal variability in
density throughout the year (Figures 5.2 and 5.3). A gradual densification occurred from Au-
gust to April, which is when the winter-cooled water usually reached its highest densities. The
densest product of wintertime cooling was found in the Greenland Sea, which reached densities
between 27.84 kg/m3 and 28.00 kg/m3. Water in the Lofoten Basin reached densities between
27.72 kg/m3 and 27.88 kg/m3. The densest result of the gradual wintertime cooling in the
Norwegian Basin was water of densities between 27.56 kg/m3 and 27.72 kg/m3, while water of
densities between 27.64 kg/m3 and 27.80 kg/m3 dominated the Iceland Sea in late winter. For
simplicity, I will refer to these four density ranges as the winter products of the Greenland Sea,
the Lofoten Basin, the Norwegian Basin, and the Iceland Sea, respectively. The winter products
gradually become denser from the Norwegian Basin, through the Lofoten Basin, to the Greenland
Sea. This indicates a gradual cooling of AW along the boundary-current system, and further
water-mass transformation in the interior Greenland Sea. Seasonal variability in even denser wa-
ters (28.04 kg/m3 < σθ < 28.12 kg/m3) occurred in all four basins, seemingly unconnected to
the gradual winter transformation. If this water was ventilated in the Nordic Seas, it would be
part of the gradual transformation displayed in Figure (5.3). It did not emerge from the gradual
densification, and thus had to originate outside the Nordic Seas. The variability was caused by
inflow from the Arctic Ocean through the western Fram Strait along the 2000 m isobath (not
shown), as could be seen from the seasonal variability in horizontal distribution of these densities.
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Figure 5.1: Change in hydrographic properties from fall to late winter in a) the Greenland Sea, b) the Lofoten
Basin, c) the Iceland Sea and d) the Norwegian Basin. Red colors indicate that volume increased from fall to
late winter, while blue colors indicate decreased volume from fall to late winter.

Figure 5.2: Mean monthly evolution of volume anomalies in density classes between 27.20 kg/m3 and
28.14 kg/m3 from August to July, in a) the Greenland Sea, b) the Lofoten Basin, c) the Norwegian Basin, and
d) the Iceland Sea.
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Figure 5.3: Mean monthly evolution of volume anomalies in density classes between 27.20 kg/m3 and
28.14 kg/m3 from August to July, in a) the Greenland Sea, b) the Lofoten Basin, c) the Norwegian Basin, and
d) the Iceland Sea.

Figure 5.4: Horizontal distribution of the winter product from the Greenland Sea: Seasonal anomalies of
depth-integrated volume of water with densities between 27.84 kg/m3 and 28.00 kg/m3. The anomalies are
calculated with respect to the annual mean. The outer black contour outlines the Nordic Seas, and the inner
black contour indicates the Greenland Sea Gyre. The yellow line is the 50% sea-ice concentration contour.

The winter product of the Greenland Sea was largely confined to that basin (Figure 5.4). This
indicates local production, though inflow through Fram Strait cannot be ruled out. The highest
production was located in the northern part of the basin near to Fram Strait, where highest pos-
itive volume anomalies of the winter product from the Greenland Sea were found. There is also
some production of this water in the WSC, located in the Lofoten Basin. Positive volume anoma-
lies of this winter product cross the Western Jan Mayen Ridge, and are present in the western
Iceland Basin and along the Jan Mayer Ridge. These patterns indicate possible pathways of this
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Figure 5.5: Horizontal distribution of the winter product from the Lofoten: Seasonal anomalies of depth-
integrated volume of water with densities between 27.72 kg/m3 and 27.88 kg/m3. The anomalies are calcu-
lated with respect to the annual mean. The outer black contour outlines the Nordic Seas, and the inner black
contour indicates the Greenland Sea Gyre. The yellow line is the 50% sea-ice concentration contour.

Figure 5.6: Horizontal distribution of the winter product from the Norwegian Basin: Seasonal anomalies of
depth-integrated volume of water with densities between 27.56 kg/m3 and 27.72 kg/m3. The anomalies are
calculated with respect to the annual mean. The outer black contour outlines the Nordic Seas, and the inner
black contour indicates the Greenland Sea Gyre. The yellow line is the 50% sea-ice concentration contour.

dense water toward GSR.

The winter product of the Lofoten Basin overlapped with that of the Greenland Sea between
σθ = 27.84 kg/m3 and σθ = 27.88 kg/m3, which can be seen in its horizontal distribution (Figure
5.5). Unlike the winter product of the Greenland Sea, the product of the Lofoten Basin was found
in all four basins of the Nordic Seas. Its distribution resembled that of the NAFC rather than the
NASC, as it kept west in the basin along the Mohn and Knipovich Ridges. The winter product of
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Figure 5.7: Horizontal distribution of the winter product from the Iceland: Seasonal anomalies of depth-
integrated volume of water with densities between 27.64 kg/m3 and 27.80 kg/m3. The anomalies are calcu-
lated with respect to the annual mean. The outer black contour outlines the Nordic Seas, and the inner black
contour indicates the Greenland Sea Gyre. The yellow line is the 50% sea-ice concentration contour.

the Norwegian Basin, on the other hand, was located along the NASC (Figure 5.6). The Iceland
Sea exhibited seasonal variability in both of these winter products along the northern Iceland
slope. This could be a result of local formation at the slope, or that water of these densities were
transported along the shelf. The wintertime product of the Iceland Sea is distributed with large
volume anomalies in the Iceland Sea, the Norwegian Sea, and the Lofoten Basin. This is not mean
that water produced in the Iceland Sea occupy the Lofoten and Norwegian Basins. The winter
product from the Iceland Sea has a density range in the transition between the products of the
Lofoten and Norwegian Basins. It largely occupied the middle of the latter two, which is expected
as the winter product of the Iceland Sea. The density, as expected, increased from south to north
through the Norwegian Sea. It also increased from east to west - indicating more extensive cooling
of the NAFC than of the NASC.

The average rate of dense-water production can be estimated following the method of Yashayaev
and Loder (2016): by first calculating the volume of the product of interest in fall and late winter,
and then dividing the difference in volume by the time between the periods. The time between fall
and late winter is 5 months. The result gives us the average rate of production from fall to late
winter. The mean annual production rate of the Greenland Sea winter product in the Nordic Seas
was 1.0 Sv. The mean annual production rate of the Lofoten Basin winter product was 3.5 Sv in
the Nordic Seas. The winter product from the Lofoten Basin overlaps with that of the Greenland
Sea, corresponding to a production rate of 0.3 Sv. The mean annual production rate of the winter
product of the Norwegian Basin was 2.5 Sv. I do not consider the production rate of the Iceland
Sea winter product, as it overlaps with the winter products from the Norwegian Sea and is already
incorporated in the other estimated rates. Water with densities ranging from σθ = 27.56 kg/m3

and σθ = 28.00 kg/m3 was produced from fall to late winter on average in the Nordic Seas in
ASTE. The mean annual production rate of this water was 5.5 Sv in total. Note that this does not
equal the sum of the individual production rates, as we have negative production of the lightest
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water in the Greenland Sea. This means that water with densities equal to the winter product of
the Norwegian Basin are turned into even denser water in the Greenland Sea.

5.2 Water-mass transformation in the Greenland Sea

The winter product of the Greenland Sea was distributed throughout the entire basin (Figure
5.4). From this figure alone it is unclear to what extent it was produced locally in the Greenland
Sea, or if it was advected into the basin from the Arctic Ocean or the Lofoten Basin. If produced
locally, it is of interest to determine whether the production is connected to the boundary-current
system or to the interior basin. To investigate the production of dense water in the Greenland
Sea closer, I will examine what happens inside the Greenland Sea Gyre as well.

Figure 5.8: Changes in volumetric inventories from fall to late winter in the Greenland Sea from observations
(left column) and ASTE (right column). The upper panels show fall values, the middle panels show late-winter
values, and the lower panels show the difference from fall to late winter.

More fresh, warm water was observed in the Greenland Sea in fall than estimated in ASTE.
ASTE resembled the mean late-winter properties of the Greenland Sea from 2002 to 2017 well, and
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it is clear that the water mass transformation from fall to late winter happened almost exclusively
through cooling (Figure 5.8). The mean dense-water production in the Greenland Sea in ASTE
resulted in water with densities between σθ = 27.80 kg/m3 and σθ = 28.00 kg/m3 (Figure 5.9).
This water was, as seen in Figures 5.4 and 5.10, distributed throughout the entire Greenland Sea,
and the origin and and production cannot be determined for water in this density range as a whole.
The most prominent seasonal variability inside the Greenland Sea Gyre was in densities towards
the higher end of the range, between σθ = 27.92 kg/m3 and σθ = 28.00 kg/m3 (Figure 5.11).
Water of these densities was confined exclusively to the central Greenland Sea (Figure 5.12), and
hence it can be regarded a local product of the interior basin. Hereafter, I will refer to this water
as the local winter product of the Greenland Sea. From 2002 to 2017, the mean annual production
of this product was 0.3 Sv.

The local winter product of the water-mass transformation in the Greenland Sea was not
formed throughout the entire period, but only from 2006 to 2013. To better understand which
mechanisms influence its production, I investigated the covariance between the annual late-winter
volume of this water mass in the central Greenland Sea in late winter and some potentially in-
fluencing variables: the late-winter net atmospheric heat flux, the late-winter sea-ice cover, the
late-winter mixed-layer depth, and the preconditioning of the upper 100 m in terms of temperature
and salinity in September. All correlations presented are significant within the 95% confidence
interval. The volume variability was highly correlated (0.88) with the mixed-layer depth in the
central Greenland Sea, another indication that the water was locally produced (Figure 5.13). It
was also highly correlated (0.81) with the near-surface salinity in September, and anti-correlated
(0.61) with the mean sea-ice cover. The mean net heat-loss did not significantly correlate with
the volume variability. The near-surface temperature in September correlated positively (0.46)
with the volume variability. The variability of sea-ice cover, net heat flux, and ocean temperature
are not shown. The high correlation with surface salinity indicates that preconditioning in terms
of near-surface salinity substantially influences dense-water formation in the Greenland Sea, in
agreement with earlier studies (Ronski and Budéus, 2005; Latarius and Quadfasel, 2016; Brakstad
et al., 2019). High surface salinity promotes convection instead of freezing by allowing the sur-
face density to become very high as the water is cooled, and this may be the reason behind the
anti-correlation between the volume variability and the amount of sea ice. A substantial sea-ice
cover also isolates the ocean from the atmosphere and thus prevent high heat fluxes. It is unlikely
that this is the reason for the anti-correlation between the volume evolution and sea-ice cover, as
the sea ice was never close to fully covering large areas of the domain. The positive correlation
with near-surface temperature in September is counter-intuitive and unexpected, as high surface
temperatures increase stratification. I have not investigated the effect of wind stress on the ocean
surface, another factor that may influence the mixed-layer depth by stirring the Ekman layer of
the water column.
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Figure 5.9: Mean volume of water in density classes ranging from 27.52 − 28.04 kg/m3 in fall (blue bars)
and late winter (red bars) from 2002 to 2017 in the Greenland Sea. Error bars indicate the standard deviation.

Figure 5.10: Seasonal anomalies of depth-integrated volume of water with densities between 27.80 kg/m3

and 28.00 kg/m3. The outer black contour outlines the Greenland Sea, and the inner black contour indicates
the Greenland Sea Gyre. The yellow line is the 50% sea-ice concentration contour.
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Figure 5.11: Evolution of volume occupied by water of densities between 27.10 kg/m3 and 28.12 kg/m3

throughout the year, averaged from 2002 to 2017. The black vertical lines mark the months February, March,
and April, when we expect to find the deepest and densest mixed layers. Left panel: absolute volume (note
the logarithmic color scale), left panel: volume anomalies.

Figure 5.12: Seasonal anomalies of depth-integrated volume of water with densities between 27.92 kg/m3

and 28.00 kg/m3. The outer black contour outlines the Greenland Sea, and the inner black contour indicates
the Greenland Sea Gyre. The yellow line is the 50% sea-ice concentration contour.
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Figure 5.13: Normalized volume of the late-winter product from the Greenland Sea (black line), mixed-layer
depth in late winter (blue line), and average salinity of the upper 100 m in September (black line).
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6 | Discussion

In this chapter I will attempt to answer the questions stated in the introduction: How well does
ASTE reproduce the main features of the Nordic Seas? How much dense water is formed in the
Nordic Seas? Where is the dense water formed, and what influences the formation of dense water?
First, I will discuss the limitations of the observational dataset and the challenges of comparing the
state estimate to the observations. Second, I will discuss the major discrepancies between ASTE
and the observations, along with their possible causes and implications. At last, I will address
the overturning in the Nordic Seas from 2002 to 2017 in ASTE, and discuss to what degree it
resembles that of the existing literature.

6.1 Comparing the state estimate and observations

When it comes to comparison of models and observations, some general challenges exist. Observa-
tions are often point measurements taken at a specific time, while model output represent grid-cell
volumes. In ASTE, this means that a point measurement is compared to a volume with horizontal
extent of 256 km2, an area in which hydrographic characteristics may vary substantially. Having
to present a continuous system in terms of discrete grid cells is a drawback of modelling, as there
will always be processes too small to resolve. ASTE has a nominal resolution of 16 km in the
Nordic Seas. For example, deep-convective plumes have a horizontal scale of ≤ 1 km (Marshall
and Schott, 1999), and are not resolved in ASTE. Neither does ASTE resolve the Rossby radius
of deformation in the Nordic Seas, and exchange of hydrographic properties by eddies are thought
to be important in this area (Spall, 2010). Observational data should also be regarded with care.
It is an assumption that observations, interpolated in time and space, represent the true ocean
state. The hydrographic data from the Nordic Seas collected between 2000 and 2019 used to
evaluate ASTE in this thesis were obtained from many sources, and have uneven temporal and
spatial coverage. The Greenland shelf, for example, is undersampled compared to the rest of the
domain. Thus, the late-winter observational dataset consists mostly of extrapolated values on the
shelf, and one must be careful to draw conclusions about ASTE’s performance there. Compari-
son to summer data would yield a more trustworthy evaluation of ASTE on the Greenland shelf.
These are among the factors that make comparison between the state estimate and observations
challenging.

6.2 How well does ASTE reproduce the features of the Nordic
Seas?

The main features of the hydrography and circulation in the Nordic Seas are well reproduced in
ASTE. Inflow of warm and saline AW from the North Atlantic dominates the eastern part of the
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domain, and enters the Barents Sea and the Arctic Ocean farther downstream. In Fram Strait,
some of it also recirculates to the south as part of the EGC. The EGC is cold and fresh, and
keeps close to the East Greenland shelf break. Yet, some important features are not reproduced in
ASTE. The Atlantic Domain is too cold and fresh, and the Arctic Domain is too warm and fresh.
The Polar Domain is too saline. The NAFC is weak compared to observations. The NAFC emerges
as a result of the strong hydrographic front between the Arctic Domain and the Atlantic Domain
(Spall et al. 2010). As the inflowing AW is too cold and fresh in ASTE, while the Arctic Domain is
too warm, the density difference between the domains is reduced and the front is weakened. This,
in turn, results in a weakened NAFC. The characteristic weak stratification and doming isopycnals
that clearly distinguishes the Arctic Domain from the Atlantic and Polar Domains are not well
reproduced. Those are the very characteristics that make the Nordic Seas interesting in a global
perspective, as they make the Nordic Seas one of few locations where open-ocean convection occurs.

Mixed-layer depths in the Greenland Sea are underestimated by up to 1000 m in ASTE, while
overestimated in the Norwegian Sea. This may be due to the different processes of water mass
transformation at the two sites; the densification of AW along the Norwegian Atlantic Current,
and later in WSC, is gradual and happening over large areas. The deep convection in the Green-
land Sea, on the other hand, involves abrupt convective plumes of small spatial scales (< 1 km).
The convective plumes cannot be directly resolved by ASTE. To look further into what could be
the reason behind the underestimated mixed layers in the Greenland Sea, the factors influencing
convection depth (Chapter 1 and 2) should be investigated. Locations of deep convection have
some common characteristics: a weakly stratified water column beneath the seasonal pycnocline,
cyclonic circulation that brings the weakly-stratified water close to the surface, a sufficiently pre-
conditioned surface, and high heat fluxes to the atmosphere. In the Greenland Sea, the simulated
water column beneath the pycnocline is more stratified than the observed. The resulting convec-
tive resistance is high, as large amounts of buoyancy needs to be removed before deep convection
can occur (Frajka-Williams et al., 2014). Deep-reaching convection lowers the stratification of the
water column, and thus enhances the possibility for deep-reaching convection the following year.
Thus, convection depths in ASTE may be sensitive to the initial stratification of the water column.
In observations, isopycnals dome upward in the Greenland Sea, exposing the weakly-stratified wa-
ter more easily to the atmosphere. The gyre circulation in the Greenland Sea contributes to the
doming of isopycnals; cyclonic circulation and resulting Ekman transport to the right induces
divergence in the surface, which is compensated by Ekman lifting which leads to doming isopyc-
nals. The gyre circulation in the Greenland Sea is induced by cyclonic wind stress curl and closed
bathymetry contours. As isopycnals do not dome upward in ASTE, the gyre circulation must be
weak. This may be due to insufficient wind forcing. The upper ocean in ASTE is too fresh in the
Arctic Domain, and thus not ideally preconditioned for convection as a lot of buoyancy needs to
be lost through cooling in winter before the weakly-stratified water column beneath is exposed.
The mean late-winter heat flux from the ocean to the atmosphere in the Greenland Sea in ASTE
was nearly constant at 100 W/m2 from 2002 to 2017, which is comparable to estimates of winter
turbulent heat fluxes in the area (Moore et al., 2015; Segtnan et al., 2011). Thus, I do not consider
insufficient atmospheric heat loss responsible for the shallow mixed-layer depths in the Greenland
Sea. Instead, I regard the high stratification of the water column, the flat isopycnals, and the low
surface salinity as important factors contributing to the shallow mixed-layer depths.
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6.3 How much dense water is formed in the Nordic Seas?

Overflow water is commonly defined by densities above σθ = 27.80 kg/m3 (e.g. Østerhus et al.,
2019; Hansen and Østerhus, 2000). Because of the hydrographic biases in ASTE, however, this
cannot be directly adopted when investigating overflow and dense-water formation. The overflow
in Denmark Strait in ASTE varies between being denser than σθ = 27.28 kg/m3 and being denser
than σθ = 27.81 kg/m3. The transport across the GSR is of course dependent on which lower
density limit is used to define overflow water. The most inclusive definition of overflow water yields
1.6± 0.9 Sv of overflow across Denmark Strait, while the most conservative yields an overflow of
0.5± 0.3 Sv (Nguyen et al., 2021). The overflow east of Iceland also vary in characteristics, but is
in closer agreement with observations. The total overflow across GSR in ASTE depends largely
on the Denmark Strait overflow. Even when taking into account the biases in the Nordic Seas,
the transport of overflow water across GSR from the Nordic Seas into the North Atlantic is only
half of what we expect. Dependent on which definition of overflow water is applied at Denmark
Strait, the total overflow across GSR in ASTE ranges from 2.6 ± 0.9 Sv to 3.7 ± 1.5 Sv. I will
refer to these numbers as the lower and upper estimate of overflow, respectively. For comparison,
the observed overflow across GSR is 5.8± 1.1 Sv (Østerhus et al., 2019). Realistic bathymetry is
crucial for estimating transports correctly. The overflow through Denmark Strait is complex, and
cannot be properly resolved with ASTE’s horizontal resolution of 16 km. The transport across
GSR depends on the bathymetry, the velocity across the ridge and the supply of dense water.
Thus, the low transports across GSR in ASTE must be caused either by insufficiently resolved
bathymetry or low biases in velocity or dense-water supply.

In the following I will discuss the mean annual rates of production of dense water in the Nordic
Seas that could possibly contribute to the overflow across the GSR. I consider production of waters
with densities greater than, or equal to, the overflow water as possible contributions. I will start
with the most including definition of overflow water, and proceed to the most conservative. Water
denser than 28.00 kg/m3 was not produced in the Nordic Seas (Chapter 5.1). Therefore, I will
use σθ = 28.00 kg/m3 as the upper limit of dense-water production in the Nordic Seas. All of the
winter products from the four basins of the Nordic Seas were denser than the lowest density limit
of overflow across Denmark Strait in ASTE (σθ = 27.28 kg/m3; Nguyen et al., 2021; Chapter 5.1).
Hence, the overflow across GSR may be supplied by water from all basins of the Nordic Seas.

If we apply the lower density limit of overflow water proposed by Nguyen et al. (2021) of
σθ = 27.28 kg/m3, the mean annual production rate of dense water was 3.3 Sv in the Nordic Seas.
This is almost enough to account for the highest overflow estimate in ASTE of 3.7± 1.1 Sv, but
not enough to supply the observed overflow across GSR of 5.8 ± 1.5 Sv (Østerhus et al., 2019).
The low production rate is partly due to negative production in the Greenland Sea, where water
with densities towards the lower end of the range is turned into even denser water in winter. If
we consider this the lower density limit of possible overflow water, the provision of dense water
towards the GSR is too low to realistically simulate the observed overflow, and may be a main
reason behind the underestimated oveflows in ASTE.

The lightest winter product of the Nordic Seas was found in the Norwegian Basin (Figure 5.3).
The lower density limit of the winter product from the Norwegian Basin was σθ = 27.56 kg/m3,
which is denser than the lowest density limit of overflow water as estimated by Nguyen et al.
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(2021). When applying this as the lower density limit of potential overflow water, we get a mean
annual production rate of 5.5 Sv. This is more than sufficient to account for the highest estimate
of overflow in ASTE (3.7±0.6 Sv; Nguyen et al., 2021), and almost enough to supply the observed
overflow (5.8± 1.1 Sv; Østerhus et al., 2019). This production rate could almost realistically sim-
ulate the observed overflow, and indicate that the bathymetry, velocities or low densities across
GSR induce the reduced overflow. The bulk (4.5 Sv) of this is production of water lighter than
σθ = 27.80 Sv.

When applying the conventional definition of overflow water(σθ > 27.80 kg/m3), the estimated
rate of annual production in the Nordic Seas was 2.1 Sv. This is nearly sufficient to supply the
lowest overflow estimate in ASTE (2.7 ± 0.9 Sv), but far from enough to supply the observed
transport across GSR. This definition of overflow does not take into account the biases in ASTE.
Thus, it is problematic to make conclusions about dense-water formation in the Nordic Seas based
on this definition of overflow water.

The Greenland Sea was the only basin where the winter product was confined to the basin’s
interior. Water with densities ranging between 27.92 kg/m3 and 28.00 kg/m3 was produced in the
central Greenland Sea from 2006 to 2013 in ASTE (Chapter 5.2), and I refer to this as the local
product of the Greenland Sea in ASTE. In terms of origin and production, this is comparable to
the observed GSAIW, which is also a local winter product of the central Greenland Sea (Brakstad
et al., 2019). The mean annual production of the local product of the Greenland Sea in ASTE
was 0.3 Sv. Considering the lowest overflow estimate in ASTE across the GSR of 2.6 ± 0.6 Sv,
the local production of dense water in the Greenland Sea can provide 12% of the total overflow
across GSR. By comparison, the observed annual production of GSAIW from 1994 to 2014 was
0.6±0.5 Sv (Brakstad et al., 2019), a rate sufficient to account for almost 10% of the total observed
overflow across GSR (5.8 ± 1.1 Sv; Østerhus et al., 2019). This suggests that the Greenland Sea
is nearly equally important as a provider of dense water to the GSR in ASTE as the observations
indicate. The estimated production rates of GSAIW and the local product of the Greenland Sea
are probably underestimated, since export from the basins is not accounted for. The horizontal
volume distribution of the local product from the Greenland Sea in ASTE indicates no pathway
out of the basin (Figure 5.12). Thus, the export either has to be nearly constant, or the water
mixes sufficiently on its way out of the Greenland Sea that it leaves the density range displayed
in Figure 5.12, and is no longer visible in the figure. As the overflow through Denmark Strait is
close to constant, a constant export rate of dense water from the Greenland Sea is plausible. In
the Greenland Sea, all of the water that had an average increase of volume from fall to late winter
between 2002 and 2017 was denser than 27.8 kg/m3. The total mean production of the winter
product (27.84 kg/m3 < σθ < 28.00 kg/m3) in the Greenland Sea was 1 Sv. Some of this may
be locally produced, but it could also be advected into the basin from the Arctic Ocean and the
Lofoten Basin. Thus, in terms of production and origin, the production rate of this water cannot
be compared to the production rate of GSAIW.

The production rate of dense water in the Nordic Seas depends highly on the definitions used
to delimit the potential overflow water. I argue that the lower density limit of σθ = 27.28 kg/m3 is
a reasonable choice to estimate production. By utilizing this density limit, all waters transformed
during winter in the Nordic Seas are included in the production rate estimate. The very densest
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winter products of the Nordic Seas are too dense to cross the Denmark Strait in ASTE (Figures
4.18 and 4.19). The negative contribution from the Greenland Sea to the production estimate
is thus reasonable when considering possible overflow waters. The resulting production rate of
overflow water in the Nordic Seas in ASTE is 3.3 Sv. This is not enough to supply the observed
rates of overflow across the GSR, and it is likely that the hydrographic biases in ASTE result in
a reduced overflow due to insufficient supply of dense water to GSR. Production of dense water
in the Nordic Seas is not necessarily entirely responsible for the reduced overflow. The overflow
into the North Atlantic is a part of the AMOC, and thus connected to the other branches of
the circulation. The reduced overflow from the Nordic Seas is linked to a weakened AMOC, also
influenced by factors from outside the Nordic Seas (Nguyen et al., 2021).

6.4 Where are the dense water masses formed?

It is hard to determine the exact location and process of formation of dense water in the Nordic
Seas based on the results in Chapter 5.1, as advection across the boundaries was not investigated.
It is also not straightforward to decide on the lower density limit of overflow water, as conditions
vary across the GSR. The net production rates presented in this thesis simply tell us how much
the volume of a set of density classes increased from fall to late winter in ASTE in a particular
domain. They do not tell us where the water is produced, how it is produced, or if it contributes
to the overflow in ASTE.

Most of the fall to late-winter transformation of water denser than σθ = 27.80 kg/m3 occurred
in the Greenland Sea (1.5 Sv). The Lofoten Basin produced water of these densities at an an-
nual rate of 0.6 Sv. The Iceland Sea and the Norwegian Basin produced 0.2 Sv and 0.1 Sv,
respectively. Hence, the Greenland Sea may supply 60% of the lowest overflow estimate in ASTE
while considering densities above σθ = 27.80 kg/m3. Still, this water could originate outside the
Greenland Sea, as it is not strictly confined to the basin (Figure 5.10)

The horizontal distributions of volume anomaly of the main wintertime products from the
Lofoten and Norwegian Basins is shown in Figures 5.5 and 5.6. The product of the Norwegian
Basin is lighter than that of the Lofoten Basin, and keeps further east in the domain than the
denser product does. This can be explained either by more extensive cooling along the Mohn and
Knipovich Ridges than along the continental slope of Norway, or by less influence from the warm
waters of the Norwegian continental shelf. It could also be that influence from cold and dense
water masses from the Greenland Sea and Arctic Ocean make the water in proximity to the Mohn
and Knipovich Ridges denser in winter, and that the difference in density between the NAFC and
NASC is partly due to distance from the Greenland Sea. The cooling of AW while progressing
northward is gradual, and not confined to an enclosed area unlike convection in the Greenland
Sea. Thus, a clearly defined origin of the products from these basins should not be expected.

The simulated overturning in the Nordic Seas seems to be dominated by gradually cooling
AW that spreads over the entire Norwegian Sea, and convection in the central Greenland Sea.
This is in good agreement with existing literature (e.g., Brakstad et al., 2019; Mauritzen,1996), as
formation of dense-water both in the boundary-current system and in the interior Greenland Sea
contributes to the overflow across GSR. To gain further insight into the origins of dense waters
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of the Nordic Seas in ASTE, transport between the basins and across the outer boundaries of the
domain must be investigated. It may also be of use to examine one density class at the time, and
go deeper into the temporal variations.

6.5 Mechanisms influencing dense-water formation

Various mechanisms could potentially influence convection and formation of dense water in the
Nordic Seas. Among them are the sea-ice extent, the hydrographic characteristics of the Nor-
wegian Atlantic Current and the EGC as they enter the Nordic Seas, and the atmospheric heat
fluxes. The sea-ice extent is connected to dense-water formation in two ways. The highest heat
fluxes from the ocean to the atmosphere occur during cold-air outbreaks (Chapter 1), and thus
the location of the ice edge influences the location of dense-water formation. On the other hand,
sea ice can also inhibit the formation of dense water by insulating the ocean from the atmosphere.
The salinity and temperature of the AW and EGC entering the Nordic Seas affect the convective
resistance of the water column. The AW and EGC constitute the boundary current system, and
thus the characteristics of these waters are directly connected to dense-water formation along the
perimeter of the Nordic Seas. The salinity and temperature of the inflowing water masses also
greatly influence the dense-water formation in the interior basins, as properties are exchanged
between them through eddy activity. High heat fluxes to the atmosphere cause extensive cooling
of the ocean, and the atmospheric heat fluxes are thus very important in formation of dense water.

Sea-ice extent, atmospheric heat fluxes, near-surface temperature and near-surface salinity
were investigated in relation to the local product of the Greenland Sea (Chapter 5.2). The near-
surface salinity seems to greatly influence convection depths in the central Greenland Sea in ASTE
(Figure 5.13), as the two variables co-varied in time to a large extent, and had a correlation of
0.81, significant at the 95% confidence level. Earlier studies indeed show that surface salinity
beneath a certain threshold can limit the effect of atmospheric cooling (Brakstad et al., 2019).
As the temporal variability of sea-ice extent correlated negatively with the volume of the local
winter product of the Greenland Sea, the related cold-air outbreaks seem unimportant in the
formation of this water mass in ASTE. There are several possible explanations to this. Cold-air
outbreaks have temporal scales on the order of 1 day (Papritz and Spengler, 2017). This analysis
is based on the monthly product of ASTE, and the cold-air outbreaks may not be resolved. Since
the atmospheric heat fluxes did not vary much from winter to winter (not shown), at least the
strength and variability of cold-air outbreaks were not the reason behind variability in dense-
water formation. Because the volume of dense water was anti-correlated with the sea-ice extent,
the insulating effect of sea ice could be the dominating factor. This is unlikely, as the ice edge did
not reach far into the basin any of the winters from 2002 to 2017. The negative correlation is rather
a result of the common influence of near-surface salinity on sea-ice growth and convection depths;
high near-surface salinity increases convection depths and inhibits sea-ice formation. Near-surface
salinity is the dominating factor influencing convection depths in the Greenland Sea in ASTE.
This might not have been the case if the Arctic Domain was not biased fresh. If the surface was
more saline, the influences from the atmospheric heat fluxes and sea-ice extent may have been
greater.
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6.6 Relevance of examining overturning in the Nordic Seas
in ASTE

Because of its biases, ASTE does not accurately resemble the overturning in the Nordic Seas.
Too little dense water is produced, and what is produced is too light compared to observations.
The resulting overflow across GSR is biased low in both density and volume, the highest overflow
estimate in ASTE (3.7 ± 0.6 Sv) constitute only 64% of the observed overflow. Still, ASTE pro-
vides a means of investigating the overturning in the Nordic Seas as a whole. Because its physical
consistency, changes in dense-water formation in ASTE can be traced back to its origin. Thus,
ASTE should be considered a valuable tool for examining the processes influencing convection.

ASTE may be considered to represent a different climate in the Nordic Seas, where the Arctic
Domain is warmer and fresher, and the AW too cold and fresh. The great salinity anomalies
in the 1960s, 1980s and 1990s are evidence that such fresh conditions in the Nordic Seas are not
uncommon (Belkin et al., 1998; Belkin, 2004), and knowledge about overturning in these conditions
are thus of importance. More importantly, ASTE may represent the future Nordic Seas, fresher
and warmer as a result of global warming. An increased hydrological cycle is expected as the
climate warms (Loaiciga et al., 1996; Seager et al., 2010). An increase in the hydrological cycle
includes increased precipitation, river runoff, and melting of the Greenland ice sheet. These are all
factors that reduce the salinity of the Nordic Seas, and thus we should expect fresher conditions
in the future. I argue that the overturning in ASTE is representative for a future climate, more
than it is for the period 2002 to 2017. The overturning in the Nordic Seas in ASTE, with weak
overflow and lighter waters, is a probable future outcome of global warming. The effect of the
reduced overflow from the Nordic Seas to the North Atlantic across GSR is a reduction of the
AMOC in ASTE (Nguyen et al., 2021), and we should consider this a possible consequence of
climate change.
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7 | Conclusions

The Atlantic Water in the Nordic Seas is too cold and fresh in ASTE compared to observations.
The polar water in the East Greenland Current is too saline, and so is the Norwegian Coastal Cur-
rent. The Greenland and Iceland Seas are too warm and fresh. The bifurcation of the Norwegian
Atlantic Current into the Norwegian Atlantic Slope Current and the Norwegian Atlantic Frontal
Current is not well resolved, and the latter is close to non-existent in ASTE. The hydrographic
biases result in too low densities in the Greenland and Iceland Seas, and the observed deep mixed
layers in the Greenland Sea are reduced by up to 1000 m in ASTE. The mixed layers in the
Norwegian Sea are overestimated, especially in the West Spitsbergen Current south of Svalbard.

The formation of dense water in the Nordic Seas is dominated by gradual cooling in the
boundary-current system and convection in the interior basin of the Greenland Sea. Because
of the hydrographic biases, the convection in the Greenland Sea reaches 600 m at most, and
the resulting dense-water formation is limited. The dense water is also biased low in density.
Formation in the western part of the Norwegian Sea, in proximity to the Mohn and Knipovich
Ridges, results in denser water than the formation in the eastern Norwegian Sea. Out of the
four sub-basins of the Nordic Seas, the densest water in ASTE was found in the Greenland Sea
(27.84 kg/m3 < σθ < 28.00 kg/m3). The densest portion of this water (27.92 kg/m3 < σθ <

28.00 kg/m3) is produced by convection in the Greenland Sea Gyre. The total production rate of
dense water in the Nordic Seas to potentially supply the overflow across the GSR is 3.3 Sv, which
is far from sufficient to account for the observed overflow of 5.8 ± 1.1 Sv. Thus it is likely that
insufficient supply of dense water toward the GSR contributes to the reduced simulated overflow.
In spite of the biases, the overturning in the Nordic Seas in ASTE should be considered relevant,
as it represents a possible future state of overturning in a warmer climate with more freshwater
in the Nordic Seas. The consequence of such fresh conditions in the Nordic Seas is reduction of
the AMOC.
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8 | Outlook

In this thesis, I have evaluated ASTE in the Nordic Seas by comparing distributions of salinity,
temperature, density, velocity, and mixed-layer depths to various observations. I have also looked
into the estimated overturning in the Nordic Seas. Yet, a lot more could be done to fully utilize
the information that ASTE provides.

The near-surface surface salinity influences convection-depths in ASTE in the Greenland Sea
to a great extent. ASTE also exhibits an increase in salinity below 800 m. An increase in the
salinity of the Greenland Sea is also observed (Lauvset et al., 2018), and it is suggested that the
cause of this salinification is due to increased salinity of the AW entering the Nordic Seas. Thus,
it would be of great interest to examine the mechanisms influencing the salinity in the Greenland
Sea, and see if the changes can be traced to the AW. The EGC acts as a source of freshwater to
the Greenland Sea, while AW is the source of salt. Comparing the influence on the Greenland Sea
salinity from these two sources could yield interesting information. Preliminary results show that
the salinity of the upper 500 m of the Greenland Sea correlated with the diffusive salinity flux
to a much greater extent than the advective flux, whereas the opposite is true at greater depths.
Closed salinity and temperature budgets for the Greenland Sea could provide such information,
and ASTE is an ideal tool to make such budgets.

Further investigation of the overturning in the Nordic Seas in ASTE should also be imple-
mented. The temporal variability and spatial distribution of water in narrower density-ranges
could provide more information on locations and processes of water mass transformation, infor-
mation which got lost in the averaging of wide density ranges and temporal extent in this thesis.
Using the NASC, NAFC, Arctic Domain and EGC as control volumes instead of the bathymetry-
based volumes used in this thesis may provide more understanding of the formation processes.
The exchange of water between the basins should also be investigated, as this can clarify if dense
water is locally produced in a basin or advected from other basins.

In this thesis, I examined the correlation of temporal variability between volume of dense wa-
ter produced, mixed-layer depth, surface salinity, net heat-fluxes, surface temperature and sea-ice
coverage. These factors alone cannot explain all variability in mixed-layer depth, and other influ-
ences should be searched for. Vertical mixing due to winds could be one such candidate.

ASTE reveals inflow of dense water to the Nordic Seas from the Arctic Ocean through Fram
Strait. This water could contribute to the overflow into the North Atlantic, and studies show that
the AMOC may expand into the Arctic Ocean in the future. The mechanisms of overturning in
the Arctic Ocean should therefore be investigated.
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