
MASTER'S THESIS IN PHYSICAL OCEANOGRAPHY

Long-term changes in the Nordic

Seas' hydrographic structure and

over�ow waters

Øystein M. Breiteig

June 16, 2020

GEOPHYSICAL INSTITUTE

UNIVERSITY OF BERGEN



i



Abstract

An extensive collection of historical hydrographic data was used to examine
the hydrographic properties of the water masses in the Nordic Seas from
1950 to 2018, with particular focus on the dense over�ows from the Nordic
Seas. Around 1980 a warming trend commenced in the Greenland Sea. The
main reason for this warming trend was most likely the cessation of deep
convection there in the 1980s. From the Greenland Sea this warming trend
spread to the other basins in the Nordic Seas, which started warming at a
later time because of in�owing water masses originating in the Greenland
Sea. As a consequence widespread structural changes in the hydrography of
the Nordic Seas have taken place, in particular a deepening of isopycnals and
an increase in volume of lighter water masses. The currents supplying the
densest over�ow waters to the Greenland-Scotland Ridge, the North Icelandic
Jet to Denmark Strait and the Iceland-Faroe Slope Jet to the Faroe Bank
Channel, have become warmer and more saline since the middle of the 1990s.
The density of the water transported by the North Icelandic Jet increased
by (8.3± 5.7) ∗ 10�3 kg/m3 per decade.
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Chapter 1

Introduction

1.1 The Nordic Seas

1.1.1 Geography and bathymetry

The Nordic Seas are a collective term for the Iceland, Greenland, and Norwe-
gian Seas (Figure 1.1). The Norwegian Sea can be divided into the Norwegian
and Lofoten Basins, and together with the Greenland and Iceland Seas are
referred to as the four basins in the Nordic Seas. The northern boundary
between the Nordic Seas and Arctic Ocean is Fram Strait located west of
Svalbard. In the south, the Greenland Scotland Ridge (GSR) separates the
Nordic Seas from the North Atlantic Ocean. Along the GSR Denmark Strait
is located west of Iceland, while the Faroe Bank Channel (FBC) lies south of
the Faroe Islands. These are deep gaps in the ridge where cold water masses
are transported at depth into the Atlantic Ocean. At Denmark Strait the sill
depth is 630 m (Jónsson and Valdimarsson, 2004), while the FBC has a sill
depth of 850 m (Dickson and Brown, 1994).

Jan Mayen is placed in the middle of the Nordic Seas at the intersection
of the main submarine ridges separating the four relatively deep basins. The
Greenland and Iceland Seas are both located in the western part of the Nordic
Seas. These basins are separated by the West Jan Mayen Ridge, which ex-
tends westwards from Jan Mayen. The Kolbeinsey Ridge is the extension of
the Mid-Atlantic Ridge north of Iceland. Both the Norwegian and Lofoten
Basins are located in the eastern part of the Nordic Seas. The Mohn Ridge
separates the Lofoten Basin from the Greenland Sea. The Jan Mayen Ridge
lies between the Iceland Sea and the Norwegian Basin (Blindheim and Rey,
2004).
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1.1.2 Circulation

The Atlantic Ocean supplies the Nordic Seas with warm and saline wa-
ter masses. The warm Atlantic in�ow into the Nordic Seas consist of the
North Icelandic Irminger Current (NIIC) and the Norwegian Atlantic Cur-
rent (NAC, Figure 1.1). The NIIC is a surface-intensi�ed current (Jónsson
and Valdimarsson, 2012) and �ows northwards through Denmark Strait. East
of Iceland the warm water �ows into the Nordic Seas on both sides of the
Faroe Islands (the Faroe and the Shetland Branches of the NAC). Another
in�owing branch is located directly east of Iceland, which joins the Faroe
Branch. Closer to Norway the current splits into two branches; one that fol-
lows the Norwegian continental slope and one that �ows northwards between
the Lofoten Basin and the Norwegian Basin and along the Mohn Ridge. The
NAC continues northwards into the Barents Sea and the Arctic Ocean.

The NAC recirculates in Fram Strait and merges with the East Green-
land Current (EGC). The EGC �ows south from the Arctic Ocean with cold
waters through Fram Strait and follows the Greenland continental slope all
the way to Denmark Strait. Both the Jan Mayen Current and the East
Icelandic Current (EIC) branch o� from the EGC (Figure 1.1). Deep wa-
ter �ows from the Greenland Sea into the Norwegian Sea through the Jan
Mayen Channel, with a sill depth at 2000 m. Shao et al. (2019) proposed
that the Jan Mayen Channel is a regular and direct route for water transport
between the Norwegian Sea and the Greenland Sea. There is also exchange
between the Greenland Sea and the Lofoten Basin across the Mohn Ridge
(Spall, 2010).

1.1.3 Water masses

Over�ow water is categorized as water denser than σθ = 27.8 kg/m3 (Dickson
and Brown, 1994). Atlantic Water is very warm and saline water transported
by the NAC from the Atlantic Ocean. This water mass is cooled and densi�ed
along the Norwegian slope, before transported southward as Atlantic-Origin
water. Atlantic-Origin waters are warmer and more saline than the Arctic-
Origin waters, and mainly transported by the EGC and NAC. Arctic-Origin
waters are cold and dense, and formed by open ocean convection in the
Iceland and Greenland Seas. Irminger Water is the warm and saline water
mass transported by the NIIC from the Irminger Sea. Polar Surface Water
is the cold and fresh water mass transported by the EGC from the Arctic
Ocean. The eastern part of the Nordic Seas contains the warmest water
masses, while the coldest ones are found in the western part.
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Figure 1.1: Schematic circulation in the Nordic Seas. Cold currents are
shown as green arrows, while warm currents are shown as red arrows. The
background colors indicate depth levels. The abbreviations are: EGC =
East Greenland Current; NAC = Norwegian Atlantic Current; NIIC = North
Icelandic Irminger Current; NIJ = North Icelandic Jet; IFSJ = Iceland-Faroe
Slope Jet; JMC = Jan Mayen Current; EIC = East Icelandic Current; West
JMR = West Jan Mayen Ridge.
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1.2 Water mass transformation

1.2.1 Changes in hydrographic properties and structure

The intermediate and deep waters in the Nordic Seas have changed in hydro-
graphic properties and structure since 1950. The deep waters in the Nordic
Seas started to warm in the beginning of the 1980s (Østerhus and Gammels-
rød, 1999). They concluded that the abyssal warming in the Nordic Seas
was not directly connected to global warming. The reasoning for this was
that the multidecadal changes in convective intensity in the Greenland Sea
appeared to re�ect a long-period shift in the North Atlantic Oscillation. The
North Atlantic Oscillation is a weather phenomenon with �uctuations in at-
mospheric pressure at sea level between the Iceland Low and Azores High.

The Greenland Sea has become warmer, more saline and richer in oxy-
gen (Lauvset et al., 2018). The intermediate waters have warmed by 0.63◦C
and became more saline by 0.036 g/kg since 1986 (Lauvset et al., 2018).
The water masses below 2000 m, referred to as deep waters, have warmed
by roughly 0.3◦C since 1972 (Wang et al., 2015). While the temperature
and salinity increased at 2000 m depth, the density decreased (Østerhus and
Gammelsrød, 1999).

The Norwegian Sea started to warm later than the Greenland Sea. Lau-
vset et al. (2018) hypothesized that the Norwegian Sea became warmer and
more saline in the beginning of the 2000s, because the in�owing Atlantic
Water had increased in temperature and salinity. Both Østerhus and Gam-
melsrød (1999) and Wang et al. (2015) investigated the temperature changes
in the intermediate and deep waters in the Norwegian Basin. The interme-
diate waters have become warmer by 0.10◦ � 0.15◦C since 1984 until 2012,
while the deep water temperature increased with 0.02◦ � 0.05◦C.

The Lofoten Basin started to warm in the beginning of the 2000s. The
water masses in the 1000 m warmed by 0.39◦C from 2011 to 2018 (Mork
et al., 2019). Wang et al. (2015) showed that the deep waters (1900�2200
m and 2200�2500 m) increased in temperature by 0.09◦ and 0.08◦C, respec-
tively.

Dense water transported from the Greenland Sea into the Norwegian
Sea will sink to a deeper level in the Norwegian Sea. This is because the
Greenland Sea contains water masses with higher density than the water
masses at the same depth in the Norwegian Sea. The 28.05 kg/m3 isopycnal
was in 2014 located at 660 meters in the Greenland Sea, while it was found
at 910 meters in the Norwegian Sea (Shao et al., 2019).
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1.2.2 Water mass transformation in the Greenland and

Iceland Seas

Convection occurs during winter because of intense heat loss from the surface
to the atmosphere. Plumes of dense water sink until they reach a level where
their density is the same as the surroundings (Shao et al., 2019). Good
conditions for open ocean convection are a cyclonic gyre circulation, weak
strati�cation, and high heat �uxes (Marshall and Schott, 1999). Gyres cre-
ate doming isopycnals where denser water masses are brought to the surface
(Somavilla, 2019). This weakens the strati�cation in the water column with
sloping isopycnals on the sides.

The highest heat loss occurs near the ice edge. The strongest heat
loss follows the ice edge as the sea ice retreats away from the gyres in the
Nordic Seas (Moore et al., 2015). As the distance from the gyres to the ice
edge increase, the heat loss decreases over the gyres which leads to the less
favourable conditions for convection. Moore et al. (2015) showed that the
ice concentration in the western Iceland Sea has decreased since the 1980s.
A further decrease can a�ect water mass transformation both in the Iceland
and Greenland Seas, which in turn may impact the properties and volume
transport of the over�ows. A change in the over�ow might, in turn, a�ect
the supply of dense water to the Atlantic Meridional Overturning Circulation
(AMOC).

Dense waters are formed throughout the Iceland Sea, but the densest
portions are formed in the northwestern part (Våge et al., 2015). This is
because of a stronger atmospheric forcing in this area near the ice edge, com-
pared to the centre of the gyre. Våge et al. (2015) showed that convection
in the Iceland Sea has decreased in strength over the last decades and is
therefore less likely to supply the densest component of the over�ow. Local
convection in the Iceland Sea does not reach into the deeper parts because
of the high density there, so the origin of the densest water masses supplying
the over�ows are hypothesized to be the Greenland Sea (Moore et al., 2015).

Convection in the Greenland Sea may be important for the production
of denser water masses (σ > 28.03 kg/m3), which over�ow on both sides
of Iceland (Brakstad et al., 2019). Earlier studies proposed that very cold
and dense Greenland Sea Deep Water (GSDW) was formed because winter-
time deep convection extended almost to the bottom (Aagaard and Carmack,
1989; Carmack and Aagaard, 1973). Since the beginning of the 1980s convec-
tion has been limited to intermediate waters (Meincke et al., 1997; Østerhus
and Gammelsrød, 1999). GSDW used to prevent other less dense water
masses from entering the Greenland Sea at depth because GSDW was denser
than the surrounding water masses. When the renewal of GSDW stopped,
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lighter water masses were free to enter the Greenland Sea. This is the main
reason for the abyssal warming in the Greenland Sea. Meincke et al. (1992)
suggested that a decrease of cyclonic wind stress curl and reduction in sea ice
formation were factors that diminished convection, while Somavilla (2019)
hypothesized that the presence of very fresh water at the surface was a reason
for the reduced convection. Meincke et al. (1997) showed that convection in
the Greenland Sea was limited to 1000 m depth, and that the GSDW had
not been ventilated by local convection in the period 1982-1993.

Moore et al. (2015) found that the Greenland Sea Gyre is experiencing
a negative trend in atmospheric forcing which may further reduce the con-
vection from intermediate depth to only shallow depth. In the mid 1990s,
a new class of intermediate water started to develop in the Greenland Sea.
This water mass is less dense than the GSDW and was �rst discovered by
Malmberg (1983). This new water mass has been called Greenland Sea Arc-
tic Intermediate Water (GSAIW), and the new class of GSAIW has since
1994 been the main product of convection in the Greenland Sea. Since then,
an increase in near-surface salinity has weakened the strati�cation in the
Greenland Sea, and, together with strong atmospheric forcing, resulted in
convection exceeding 500 m and thus formation of GSAIW (Brakstad et al.,
2019).

1.3 Over�ows

Plumes of dense water formed in the Nordic Seas spill over the GSR and
contribute to the densest portion of the AMOC (Eldevik et al., 2009; Hansen
et al., 2016). Approximately one-third of the total over�ow water �ows
through the FBC (Hansen et al., 2016), while most of the remainder �ows
through Denmark Strait (Jochumsen et al., 2017). Between Iceland and the
Faroe Islands water spills over the Iceland-Faroe Ridge (IFR) into the At-
lantic Ocean (Hansen et al., 2016). However, the contribution from the IFR
to the total over�ow is small. A small portion of the total over�ow is also
crossing the Wyville Thompson Ridge south of the Faroe Islands.
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1.3.1 Faroe Bank Channel Over�ow

Est of Iceland passes most of the densest water masses through the FBC. The
average volume transport through the FBC is around 2 Sv (Hansen et al.,
2016). At the ridge, the FBC over�ow plume is the deepest and densest, but
entrainment of ambient waters downstream of the sill ultimately makes the
FBC over�ow less dense than the Denmark Strait over�ow water (Hansen
et al., 2016).

1.3.2 Denmark Strait Over�ow

The largest transport of dense over�ow water from the Nordic Seas takes
place in Denmark Strait (Jochumsen et al., 2017). The average over�ow
transport through Denmark Strait is roughly 3.2 Sv (Jochumsen et al., 2017).
Through both Denmark Strait and the FBC water �ows in near the surface
and out at depth. A density contrast between these two layers and sloping
isopycnals creates a baroclinic pressure gradient that accelerates the currents
toward the over�ows (Hansen et al., 2008). This means that the Nordic Seas
act as a reservoir of dense water for the Atlantic Ocean and the overturning
circulation there is driven by the pressure gradient.

1.4 Pathways of over�ow water

The main contributors to the Denmark Strait Over�ow Water are the EGC
and the North Icelandic Jet (NIJ). The EGC separates into two branches
north of Denmark Strait called the separated EGC and the shelfbreak EGC
(Figure 1.1; Våge et al., 2013). Roughly 30% of the Denmark Strait Over�ow
Water is transported by the NIJ, while the two branches of the EGC transport
the remaining 70% (Harden et al., 2016). Later on, Semper et al. (2019)
showed that the NIJ can account up to 50% of the Denmark Strait Over�ow
Water. The NIJ transports the densest water toward Denmark Strait and
is found in the deepest part of the sill (Mastropole et al., 2017). While the
EGC transports warm and salty Atlantic-Origin water, the NIJ transports
colder, fresher and denser water of Arctic origin (Section 1.1.3; Våge et al.,
2011). The NIJ merges with the separated EGC north of Denmark Strait
(Semper et al., 2019).

One of the main contributors of over�ow water to the FBC is the Iceland-
Faroe Slope Jet (IFSJ; Figure 1.1). Semper et al. (in review) hypothesized
that roughly half of the over�ow transport through the FBC is supplied by
the IFSJ.
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1.4.1 The North Icelandic Jet

The NIJ was �rst observed along the Iceland slope by Jónsson (1999) and
Jónsson and Valdimarsson (2004). The narrow current is mid-depth intensi-
�ed and only 15�20 km wide with a typical velocity around 40 cm/s (Jónsson
and Valdimarsson, 2004). The jet is usually situated above the 650 m iso-
bath, which is also the depth of the Denmark Strait sill (Våge et al., 2011).
Semper et al. (2019) showed that the NIJ has a double-core structure, with
the inner core located at roughly 600 m depth and the outer core at roughly
800 m depth. Temperature and salinity measurements of the NIJ at sec-
tions across the Icelandic slope can be put into a θ � SA diagram. All the
pro�les have one density value, and by doing a transport-weighted average
of all the values the transport mode is obtained (Semper et al., 2019). The
transport-weighed average contain all the density values that belongs to the
bulk of the dense water masses transported by the NIJ. The NIJ transport
mode is �0.29◦ ± 0.16◦C in temperature and 35.075± 0.006 g/kg in salinity
(Semper et al., 2019). These properties correspond to a potential density of
28.05 kg/m3. There is no sign of long term variability in the current, but it
has high variability on short time scales of a couple of days (Jónsson, 1999;
Semper et al., 2019). The deepest part of the NIJ has warmed by more than
0.15◦C over a nine-year period from 2004 to 2013 (Pickart et al., 2017).

1.4.2 The Iceland-Faroe Slope Jet

The IFSJ is a narrow, bottom-intensi�ed current �owing along the Iceland-
Faroe slope, with two cores located at the 750 and 1100 m isobaths (Semper
et al., in review). This current carries mainly cold, dense water, which is
banked up against the slope. The dense water which banks up along the
Icelandic slope and IFR is consistent with the mid-depth intensi�cation of
the NIJ and the bottom intensi�cation of the IFSJ. The transport mode of
the IFSJ is �0.52◦±0.11◦C in temperature and 35.075±0.003 g/kg in salinity,
which corresponds to a density of 28.06 kg/m3 (Semper et al., in review). It
has been hypothesized that the NIJ and IFSJ have the same source because
of the similarities in their properties (Semper et al., in review).

1.5 Origin of the densest over�ow water

The NIJ was originally thought to originate in the Iceland Sea (Jónsson,
1999; Jónsson and Valdimarsson, 2004). Våge et al. (2011) hypothesized
that the NIJ is part of a local overturning cell that involves the boundary
current system north of Iceland and water mass transformation in the central
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Iceland Sea. The NIIC transports warm Irminger Water northward through
Denmark Strait, before the current disintegrates northeast of Iceland. The
warm water is transformed into denser water by open-ocean convection in
the Iceland Sea (Section 1.2.2), which was thought to feed the NIJ (Våge
et al., 2011; Pickart et al., 2017).

However, Våge et al. (2015) later found that the central Iceland Sea is not
the origin of the densest water advected by the NIJ. The lack of dense mixed
layers in the Iceland Sea indicates that local convection is not an important
source of the densest over�ow water. Våge et al. (2015) also showed that
dense water was formed outside the gyre, in the northwestern Iceland Sea
(Section 1.2.2). Dense water originating outside the gyre has a more direct
pathway to the NIJ compared to water from the centre of the gyre. But
dense water formed in the northwest Iceland Sea is also not dense enough
to be considered a main source of the NIJ (Pickart et al., 2017; Våge et al.,
2015).

Brakstad et al. (2019) suggested that the Greenland Sea is an important
source of dense water to the NIJ. They suggest that in recent winters around
0.6± 0.5 Sv of water denser than 28.05 kg/m3 formed within the Greenland
Sea gyre. This is roughly half of the amount that the NIJ is transporting
(Semper et al., 2019). A recent study indicates that both the NIJ and IFSJ
are fed by dense water originating from the Greenland Sea, �owing through
the Iceland Sea along the Kolbeinsey Ridge and the Jan Mayen Ridge (Huang
et al., in review). The authors concluded that the Greenland Sea is the main
region where ventilation of the densest over�ow water occurs.

1.6 Motivation for this study

Dense water formation in the Greenland Sea has been important for the gen-
eral circulation in the Nordic Seas and as a source of dense water to the lower
limb of the AMOC (Eldevik et al., 2009; Hansen et al., 2016). After the bot-
tom convection ceased in the 1980s, the Greenland Sea started to change in
structure and properties. The Greenland Sea has become warmer and saltier
over the last decades (Section 1.2.1; Lauvset et al., 2018; Brakstad et al.,
2019). In the �rst part this study focuses on how the hydrographic prop-
erties of the intermediate and deep waters in the Nordic Seas have changed
from 1950 to 2018 using an extensive collection of historical hydrographic
data (Section 2.1). By comparing di�erent areas in the Nordic Seas, the ob-
jectives are to identify the origins of the deep and intermediate warming in
the Nordic Seas and clarify the importance of the Greenland Sea.

Previous studies have suggested that the dense water formed in the
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Greenland Sea is the source of both the NIJ and IFSJ (Semper et al., in
review; Huang et al., in review). Both the NIJ and IFSJ transport substan-
tial amounts of dense water (σ > 28.03 kg/m3) towards the GSR and are
important for the over�ows. Changes in the Nordic Seas, especially in the
Greenland Sea, could impact the hydrographic properties of the over�ows
and the AMOC. In the second part of the thesis I will focus on how the
properties of the NIJ and IFSJ have changed from 1950 to 2018. The aim
is to determine whether these changes can be traced back to the Greenland
Sea.
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Chapter 2

Data and Methods

2.1 Hydrographic data

The hydrographic data set is based on the Uni�ed Database for Arctic and
Subarctic Hydrography (UDASH), which covers the Nordic Seas north of
65◦N from 1980 to 2015 (Behrendt et al., 2017). Data from other sources
such as the World Ocean Database (WOD) and the International Council
for the Exploration of the Seas (ICES) are added to cover areas outside the
UDASH domain, before 1980 and after 2015 (Brakstad et al., in prep). The
collective data set, covering the domain 60�80◦N and 30◦W�18◦E, has further
been augmented by data listed below:

• Marine and Freshwater Research Institute in Iceland (MFRI) data set
from 1950�1990 (Palsson et al., 2012)

• Norwegian Iceland Seas Experiment database (NISE) data set (Nilsen
et al., 2008)

• Faroe Marine Research Institute (FAMRI) data set from 1987�2018

The observational data along the Iceland slope collected before 1988 were
taken by water bottles. From 1988 onwards, the Icelandic data were ob-
tained by a Conductivity-Temperature-Depth (CTD) instrument. The re-
maining data were obtained by CTD from 1990, with water bottle sampling
before 1980. Between 1980 and 1990 both methods were used, with gradu-
ally increasing use of CTD. Duplicate pro�les have been removed, all pro�les
have been quality controlled and required to contain both temperature and
salinity measurements. The quality check involves removing erroneous pro-
�les, density inversions, and outliers, according to Skagseth and Mork (2012),
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Våge et al. (2013, 2015) and Brakstad et al. (2019). The spatial and temporal
distribution of the data are shown in Fig. 2.1.

(a)

(b)

Figure 2.1: (a) Spatial and (b) temporal overview of pro�les in the Nordic
Seas. (a) The colors indicate the number of pro�les within a grid cell of
0.25◦ latitude by 0.25◦ longitude. The gyres and basins are outlined by red
contours, and the black contours are the 500, 1000, 2000, 3000, and 4000 m
isobaths. (b) The bars show the annual number of pro�les from 1950 to 2018.
The seasons are indicated by di�erent colors, blue is winter, red is spring,
yellow is summer, and purple is autumn.
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2.2 Methods

2.2.1 Thermodynamic Equation Of Seawater - 2010

The Thermodynamic Equation Of Seawater�2010 (TEOS�10) standards were
�rst de�ned in 2010, superseding the older 1980 International Equation of
State of Seawater (EOS�80). The most signi�cant change between EOS�
80 and TEOS�10 is the use of Absolute Salinity instead of practical salinity.
This change means going from practical salinity unit (psu) to g/kg. TEOS�10
is based on mass fractions of salt in sea water, while EOS-80 uses the mea-
sured conductivity in the sea water. TEOS�10 also provides a more complete
representation of the thermodynamic properties of sea water. Some other ad-
vantages using TEOS�10 compared to EOS�80 are that TEOS�10 uses the
latest temperature standards, which gives a more consistent description of sea
water, and TEOS�10 has more accurate values for sea water properties. The
Gibbs Sea Water Functions (GSW) data package for MATLAB (McDougall
and Barker, 2011) provides functions to convert the data to TEOS�10 stan-
dards. Depth was calculated from pressure, and surface pressure was used
as a reference in calculations of potential spicity and potential density.

2.2.2 Potential spicity and Sigma-Pi distance

Previous publications have sought to de�ne a thermodynamic variable that
is orthogonal to potential density. Such a variable would provide di�erent
information about temperature and salinity compared to potential density
(Huang et al., 2018). Spiciness or spicity was �rst proposed by Munk (1981).
Potential spicity describes spatial changes in temperature and salinity along
a constant isopycnal, and it is a result of air-sea �uxes, turbulent mixing,
and advection (Todd et al., 2012). At the same reference pressure, potential
density (σ) and potential spicity (π) are orthogonal (Huang et al., 2018).
The calculation of potential spicity depends on temperature, salinity, and a
reference pressure. Huang et al. (2018) de�ned a variable called Sigma-Pi
(σ � π) distance, which is the shortest distance in potential density�potential
spicity space between two water parcels. Since the potential density and
potential spicity gradients are of the same magnitude, the σ � π space is
meaningful to use for calculations of distance. The σ � π distance can be
used to investigate how water masses have changed or to track water masses
back to the source. From the potential spicity and the potential density of
two di�erent water masses, the σ�π distance is calculated using the following
equation:

D1,2 =
√
(σ1 � σ2)2 + (π1 � π2)2, (2.1)
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where (σ1,π1) and (σ2,π2) are the properties of the two water parcels refer-
enced to the sea surface pressure (Huang et al., 2018). All three variables
have the same unit (kg/m3).

2.2.3 Stations and areas

Changes in hydrographic properties can be examined by de�ning the four
basins in the Nordic Seas. The Norwegian and Lofoten Basins are de�ned
by the 3000 m isobath (Dugstad et al., 2019). The Greenland Sea and Ice-
land Sea gyres are de�ned following Moore et al. (2015), who used dynamic
topography of the surface relative to 500 m to outline the gyres. There are
several repeated stations that are part of hydrographic survey programs from
the MFRI and the FAMRI, where the locations shown in Table 2.1.

Table 2.1: Coordinates for the repeated stations

Station Latitude [◦N] Longitude [◦W]

Kögur 5 67.30 23.62
Sletta 5 67.73 16.15
Siglunes 8 68.00 18.83
Station 5 63.00 06.08
Jan Mayen Channel 71.15 07.30

A band along the Icelandic slope and the IFR is de�ned by the 500 and
900 m isobaths along the Icelandic slope, and by the 600 and 1300 m isobaths
along the IFR. Along the IFR the isobaths are chosen to cover the IFSJ, which
follows the 750 and 1100 m isobaths. The isobaths along the Icelandic slope
are chosen to cover the two cores of the NIJ, which are located at around
600 and 800 m. The stations and areas are highlighted in Figure 2.2.

2.2.4 Time series

In most years, the repeated stations have been sampled several times per
year. By averaging over each year a mean annual pro�le is obtained. The
annual pro�les are further reduced to a scalar value by averaging over a
depth or density interval. Only pro�les that contain more than �ve data
points within the interval were included in the calculations. The density
interval of 28.04 � 28.06 kg/m3 was selected because this is the range of the
transport mode of the NIJ. Depth intervals have been chosen to cover the
depths where the transport mode of the NIJ is roughly located at each of the
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stations (KG5 = 380�480 m, SI8 = 650�750 m and SL5 = 570�670 m). Depth
intervals for intermediate waters in the Greenland Sea Gyre were de�ned
by typical mixed-layer depths (500�1500 m) in this basin as identi�ed by
(Brakstad et al., 2019). This corresponds to approximately a density interval
of 28.04 � 28.07 kg/m3. Water masses below 2000 m in the Greenland Sea
were considered deep waters. The density range from the depth interval in
the Greenland Sea was used to de�ne depth intervals including the same
density range in the Iceland Sea, Lofoten, and Norwegian Basins.

Figure 2.2: Map of the areas and repeated stations in the Nordic Seas that
are used in the analysis. The background color shows depth levels. The
white line along the slope represents the band along the Icelandic slope and
the IFR. The colored dots show the repeated stations. The abbreviations
are: GS = Greenland Sea, IS = Iceland Sea, NB = Norwegian Basin, LB =
Lofoten Basin, JMC = Jan Mayen Channel station, KG5 = Kögur station 5,
SI8 = Siglunes station 8, SL5 = Sletta station 5 and N5 = Section N station
5.
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The data have been linearly interpolated onto a regular vertical co-
ordinate to obtain a data set with equal vertical resolution. A trend for
each variable is calculated from a piecewise linear least squares �t method
(Albertin, 2020). This method calculates a linear trend for continuous time
series and de�nes breakpoints along the x-axis where the deviation between
the trend and the data are smallest. All time series include the following vari-
ables: Conservative Temperature, Absolute Salinity (hereafter temperature
and salinity), potential spicity, σ � π distance (between a chosen water mass
and the transport mode of the NIJ), and either depth (for density intervals)
or potential density (for depth intervals).

2.2.5 Vertical grids

The hydrographic data were interpolated onto regular 5 km by 10 m or 10
day by 10 m grids using a Laplacian-spline interpolator (Pickart and Smethie,
1998). All data points outside of the ± 3 standard deviation envelope were
identi�ed as outliers and removed before creating the grid. This is a standard
procedure for identifying outliers (Thomson and Emery, 2014).

For the band along the Icelandic slope and the IFR, vertical grids were
created as follows: First, the distance along the band was calculated. Second,
the distance from Denmark Strait to each station was calculated. Third, for
every 150 km along the band a box was created. All pro�les located inside
each box were used to create an average station for each box. Lastly, after
obtaining one average station per 150 km along the band, these were used for
further analysis. The intervals of 150 km give a smooth horizontal resolution
in distance along the Icelandic Slope and IFR.

2.2.6 Horizontal grids

Currents tend to follow bathymetry, or f/H contours. f/H is potential vor-
ticity, where f is the Coriolis parameter (f = 2Ωsinϕ, ϕ is latitude) and H
is the height of the water column. The hydrographic properties are most
similar along depth levels and the likelihood of changes in the hydrographic
properties is larger when crossing isobaths. This is the main reason for the
use of an anisotropic gridding routine. By creating an anisotropic grid, the
routine elongates the search radius along bathymetry to maximize the infor-
mation collected from the same depth as the grid point (Våge et al., 2013).
The routine is capable of taking anisotropy in the form of bathymetry or
f/H contours into account. When the planetary vorticity is weak the f/H
�eld is dominated by topography, which is the case in the Nordic Seas where
circulation and bottom contours also are in close alignment (Nøst and Isach-
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sen, 2003). Hence, in regions with large topographic gradients, the e�ective
radius r is increased along isobaths to consider the greater correlation length
scales along the bottom topography. The distance r between the grid and
the observational points can be calculated by di�erences in bottom depths:

r2 = rx
2 + ry

2 +

(
λ ∗ Ha � Ho

Ha +Ho

)2

(2.2)

The variables rx and ry are the geographic distances between the obser-
vation and analysis points in the zonal and meridional directions, while
Ha and Ho are the bottom depths of the analysis and observation points
(Skagseth and Mork, 2012). The topography parameter (λ) minimizes the
across-bathymetry correlation in regions where currents are impacted by to-
pographic gradients (Lavender et al., 2005). Increments of 0.25 degrees in the
zonal and meridional directions are used. This grid routine has been used in
previous studies (e.g Skagseth and Mork, 2012; Voet et al., 2010; Våge et al.,
2013; Lavender et al., 2005).

2.2.7 Volume and density classes

The Nordic Seas have been divided into cells in zonal and meridional direc-
tions with increments of 0.25 degrees (Figure 2.1a). All the pro�les were
binned depending on the location of the pro�le. A vertical coordinate with
42 elements was created, ranging from 0 to 4000 m. For the shallower areas
such as the Iceland Sea, was the vertical coordinate reduced to only extend
to the maximum depth of the area. The vertical coordinate was combined
with the horizontal cells so that each horizontal cell included several vertical
layers. Density classes were created, ranging from 20 to 28.4 kg/m3 with
increments of 0.01 kg/m3. The volume and average density of each three di-
mensional cell was then estimated. Thereafter the volume per density class
was calculated from all cells in both horizontal and vertical directions. The
total volume of the entire area was obtained by summing together all the
density classes, before the volume of each density class was divided by the
total volume of the area to facilitate comparison between areas.

2.3 Uncertanties

There are some uncertainties concerning the data collection and methods
that need to be addressed. The extensive data collection (Section 2.1) was
collected by both CTD and water bottle samples. The older data collected
by water bottles, include a bigger uncertainty compared to the data from the
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CTD. The CTD data have uncertainty less dense 0.005◦C for temperature
and 0.01 g/kg for the salinity. The di�erent methods used throughout this
thesis also include some uncertainties, such as calculating the trends or cal-
culating the volume of the density classes. For some of the time series are the
trends calculated over periods containing both CTD and water bottle data.
This will then increase the uncertainties of those estimates. The annual av-
erage could also imply some uncertainty in the results, because it adds all
the pro�les from one year. The convection happens only during winter, and
by adding all months, the resulting signal can be di�erent compared to only
winter or summer. But overall, the biggest uncertainties are related to the
di�erence in data collecting over the entire period.
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Chapter 3

Results

This chapter is divided into two parts. The �rst part demonstrates how the
Nordic Seas have changed in hydrography and structure from 1950 to 2018.
The second part of the chapter focuses on how the hydrographic properties
of the NIJ and IFSJ have changed from 1950 to 2018.

3.1 Hydrographic changes in the Nordic Seas

3.1.1 Temperature and salinity

Lateral maps of temperature and salinity at 1200 m depth are shown in
Figure 3.1). The depth of 1200 m was chosen because this depth level was
located within all the depth intervals for the four basins (Greenland Sea
= 500�1500 m; Iceland Sea = 600�1700 m; Lofoten Basin = 1000�2000 m;
Norwegian Basin = 750�1750 m). The depth level was also acting as an upper
limit for the warming around 2000 for the entire water column in the basins,
except the Greenland Sea (Section 3.1.2). In the �rst period (1980�1999;
Figure 3.1a), the Greenland Sea Gyre had the lowest temperatures. The
water masses in the Lofoten Basin were warmest with temperatures close
to 0◦C. In the period from 2000 to 2018 the Greenland and Iceland Seas
contained the coldest water masses at 1200 m (Figure 3.1c). The Lofoten
Basin was still the warmest area, while the Norwegian Basin did not change
signi�cantly from the �rst period. The entire Nordic Seas became warmer
from the �rst (1980�1999) to the last (2000�2018) period (Figure 3.1e). The
Greenland Sea had the highest temperature increase at 1200 m depth.
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(a) (b)

(c) (d)

(e) (f)

Figure 3.1: Temperature (left panels) and salinity (right panels) in the Nordic
Seas at 1200 m depth. The di�erent panels show mean values during the
period 1980�1999 (a-b), mean in 2000�2018 (c-d), and the di�erence between
these two periods (e-f). The blue color indicates a decrease, while the red
color indicates an increase from the �rst to the last period [(2000�2018) -
(1980�1999)]. The black dots (a-d) show the locations of the pro�les.
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The salinity �eld in 1980-1999 (Figure 3.1b) shows that the Greenland
Sea Gyre contained the freshest water masses at 1200 m depth. The Nor-
wegian Basin was the basin with the highest salinity. The water masses in
both the Greenland Sea Gyre and the Lofoten Basin increased substantially
in salinity in the last period (2000�2018) compared to the �rst period (1980�
1999), although the freshest water masses were still found in the Greenland
Sea. The Iceland Sea also became more saline, while the Norwegian Basin
showed signs of becoming fresher. A freshening of the upper 1000 m in the
Norwegian Basin was also observed by Mork et al. (2019).

I investigated the temporal evolution of temperature and salinity in the
four basins more closely, in particular the intermediate and deep water masses
(Figure 3.2a). The mixed-layer depth in the Greenland Sea corresponds an
approximate density range of 28.04 � 28.07 kg/m3. This density range was
used to determine the di�erent depth intervals in the Iceland and Norwegian
Seas (Figure 3.2).

Starting in the 1980s both intermediate (500�1500 meter) and deep wa-
ters (below 2000 meter) became warmer in the Greenland Sea (Figure 3.2a).
Prior to that the intermediate waters cooled in the 1970s, before the tem-
perature suddenly increased rapidly. The temperature of the intermediate
waters in the Greenland Sea increased from around �1.25◦ to �0.4◦C from
1984 to 2016. This corresponds to a warming rate of 0.21± 0.07◦C/decade.
From 1986 the deep waters warmed by 0.14 ± 0.04◦C/decade. The water
masses between 600 and 1700 m in the Iceland Sea �rst started to warm in
the beginning of the 1990s with a slower rate (0.05 ± 0.14◦C/decade) com-
pared to both water masses in the Greenland Sea. Both basins in the eastern
part of the Nordic Seas also became warmer. The Norwegian Basin started
to warm a couple of years before the Lofoten Basin with a warming rate of
0.05 ± 0.23◦C/decade. A warming by 0.046◦C/year in the upper 1000 m in
the Norwegian Basin was documented by Mork et al. (2019).

A salinity increase in the Greenland Sea was observed corresponding to
the increase in temperature (Figure 3.2b). From 1960 to the beginning of
the 1980s all of the basins became less saline. The intermediate waters in the
Greenland Sea then increased in salinity from 1984 by (0.84±1.7)∗10�2 g/kg
per decade, while the deep waters became more saline from 1986 at a rate
of (1.0 ± 1.2) ∗ 10�2 g/kg per decade. The other basins remained roughly
constant from the 1990s.

From the beginning of the 1970s to the 1990s the density of the interme-
diate and deep waters decreased. From 1990 all of the water masses, except
the deep waters in the Greenland Sea, became lighter. The deep waters in
the Greenland Sea remained fairly constant in density for the rest of the
period (not shown).
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(a)

(b)

Figure 3.2: Temperature (a) and salinity (b) time series from 1950 to 2018
in the four di�erent basins of the Nordic Seas. The lines represent the inter-
mediate and deep waters in the basins that correspond to the density range
of the 500-1500 m layer in in the Greenland Sea. The grey shading shows
the standard deviation. The red dashed lines show the trends, while the red
points mark the breakpoints (Section 2.2.4).
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3.1.2 Temperature changes through the water column

After focusing on the mean properties of di�erent water masses, in this sec-
tion temperature changes throughout the water column in the di�erent basins
will be investigated. Comparing the di�erent basins can help to identify
where and when the warming started in the di�erent basins. The anomalies
are calculated relative to an average pro�le for the entire time period.

The warming trend �rst started in the Greenland Sea (Figure 3.3a). In
the period 1950-1980 the upper 1000 m consisted mainly of water masses
colder than 0.5◦C. From around 1980, the warming signal started to emerge
and it progressed deeper into the water column with time. Water colder than
�1◦C disappeared from the Greenland Sea around 2010. The temperature
anomalies indicate that the water masses below 2000 m started to change
around 1985 (Figure 3.3b). From around 1995, the whole water column be-
came warmer.

After 1995 warmer water masses slowly started to emerge also in the
Iceland Sea (Figure 3.4a), where a warming near the surface and below
1000 m was �rst observed. 15 years after the warming started, the whole
water column was anomalously warm (Figure 3.4b).

The coldest water masses in the Norwegian Basin were located below
2000 m until 1990 (Figure 3.5a). In 1990 the water masses below 2500 m
started to warm (Figure 3.5b). The rest of the period showed a warming
trend, experienced by more and more of the water column. In the middle of
the 2000s the coldest (< �1◦C) water masses had disappeared and the entire
water column below 1200 m was anomalously warm.

A couple of years after the Norwegian Basin started to warm, the Lo-
foten Basin experienced the same changes. The warming signal deepened
from the beginning of the 1990s and the coldest water masses were located
deeper. In the beginning of the 2000s, the coldest water masses disappeared.
The deepest part started to warm from around 1992 (Figure 3.6b). By the
beginning of the 2000s the entire water column below 1500 m was anoma-
lously warm, and this warming trend continued until the end of the period.

The warming signal started in the Greenland Sea, before the other basins
started to warm within ten years afterwards. The deep water in the Green-
land Sea started to change in 1985, before the entire water column became
warmer around 1995. The other basins started to warm at depth, before the
warming signal spread upwards over time.
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(a)

(b)

Figure 3.3: Temperature (a) and temperature anomalies (b) relative to the
mean pro�le from the Greenland Sea Gyre from 1950 to 2018. The black
lines are the 27.8, 28.01, and 28.03 � 28.07 kg/m3 isopycnals. The black
triangles on the top represent the pro�les in the basin. For the anomalies red
color indicates temperature increase, while blue color indicates temperature
decrease.
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(b)

Figure 3.4: As for Figure 3.3, but only for the Iceland Sea Gyre
.
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(a)

(b)

Figure 3.5: As for Figure 3.3, but only for the Norwegian Basin
.
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(a)

(b)

Figure 3.6: As for Figure 3.3, but only for the Lofoten Basin
.
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3.1.3 Change in the density structure of the Nordic Seas

Potential density anomalies in the four basins are shown in Figure 3.7 and
3.8. These are relative to average pro�les over the entire period. The density
in the Greenland Sea (Figure 3.7a) started to decrease in the beginning of the
1980s. The water masses below 1500 meters �rst became less dense, before
the whole water column decreased in density and contained less dense water
masses. The water column in the Iceland Sea (Figure 3.7b) became more
stable with lighter water masses above denser water masses. The water col-
umn decreased in density in 1995 and became anomalously less dense for the
rest of the period. The Norwegian Basin (Figure 3.8a) decreased in density
roughly at the same time as the Greenland Sea. From the beginning of the
1980s, the deeper water masses became anomalously lighter before the whole
column became less dense than before. The water masses in the Lofoten
Basin became less dense a couple of years after the Norwegian Basin and
the Greenland Sea. From 1985, roughly the whole water column had lighter
water masses than before.

As the results show a decrease in density in all basins, the following
paragraphs describes how the di�erent density classes have changed in vol-
ume. The density classes are ranging from 20 to 28.4 kg/m3 with incre-
ments of 0.01 kg/m3, and each density class is de�ned as intervals from
28.01 � 28.02, 28.03 � 28.04, etc. The distribution compares the classes and
helps to highlight which densities contain the highest volume. This has been
done for each basin, the entire Nordic Seas, and for water masses above and
below 850 m. The deepest sill depth of the GSR is 850 m, so this limit dis-
tinguishes between potential over�ow and deeper water masses.

The volume of each density class (Section 2.2.7) in all basins are shown
in Figure 3.9. For each basin the largest volume of denser water masses were
observed in the �rst part of the record (1950�1979). For the following pe-
riods (1980�1999 and 2000�2018) the distributions shifted such that lighter
waters were more voluminous. The resulting volume percentages for each
basin are shown in Table 3.1. All basins had the highest volume within the
28.09 kg/m3 density class (28.09 � 28.1) in the �rst period (1950�1979), ex-
cept for the Iceland Sea, which had the biggest volume in the 28.08 kg/m3

class. For the middle period (1980�1999), the density class of 28.08 kg/m3

contained the highest volume in all of the basins. For the last period (2000�
2018) the basins had di�erent density classes dominating the volume. Here
the Greenland Sea had 28.06 kg/m3, the Norwegian Basin had 28.08 kg/m3,
while the Iceland Sea and Lofoten Basin had 28.07 kg/m3.
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(a)

(b)

Figure 3.7: Potential density anomalies in the Greenland Sea (a) and Iceland
Sea (b) from 1950 to 2018. Red color is density increase, while blue color
is density decrease compared to the average pro�le. The black triangles
represents the pro�les in the basins. The black lines are the 27.8, 28.01, and
28.03 � 28.07 kg/m3 isopycnals.
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(a)

(b)

Figure 3.8: As for Figure 3.7, but only for the Norwegian (a) and Lofoten
Basins (b).
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Table 3.1: The density classes with the highest volume in each basin for the
three periods. The numbers are in [%], while the second row includes density
classes with unit [kg/m3]. The largest volumes in each period are marked
with bold font. The abbreviations for the basins are: GS = Greenland Sea;
IS = Iceland Sea; NB = Norwegian Basin; LB = Lofoten Basin.

Density classes

28.00 28.01 28.02 28.03 28.04 28.05 28.06 28.07 28.08 28.09 28.10 28.11

Basin 1950 - 1979

GS 0.4 0.7 1.0 1.9 3.5 6.7 11.3 17.6 18.4 22.3 10.5 2.2
IS 1.4 1.7 2.0 3.3 5.2 7.6 9.1 15.8 20.2 16.3 4.2 1.6
NB 1.4 1.6 2.1 2.8 3.7 5.1 8.7 10.2 14.2 17.7 8.7 2.3
LB 1.2 1.3 1.5 1.5 2.2 2.5 4.1 8.2 13.5 17.1 7.2 1.6

1980 - 1999

GS 0.5 0.7 1.0 1.7 3.2 6.1 12.0 23.2 46.3 2.3 0.0 0.0
IS 2.9 3.3 4.5 5.8 7.5 8.9 11.0 12.3 20.6 5.5 0.5 0.7
NB 1.6 1.9 2.2 2.4 3.2 4.9 7.3 11.6 28.1 12.9 2.1 0.5
LS 1.1 1.3 1.6 2.1 2.8 4.2 5.3 10.0 27.4 9.5 2.8 0.1

2000 - 2018

GS 0.3 0.5 0.9 1.7 3.2 10.6 33.4 15.5 17.0 14.7 0.0 0.0
IS 1.8 2.2 4.5 7.0 8.8 10.8 17.2 22.7 13.6 0.0 0.0 0.0
NB 1.9 2.4 3.2 4.2 5.6 7.8 10.5 17.7 19.9 2.7 0.0 0.0
LB 1.6 2.0 2.6 3.5 4.8 7.1 10.2 14.5 10.0 0.8 0.0 0.0

Figure 3.9: Distribution of density classes in the Greenland Sea (a), the
Iceland Sea (b), the Norwegian Basin (c), and the Lofoten Basin (d). The
blue line is the period 1950�1979, the red line 1980�1999, and the yellow line
is 2000�2018.
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The density class distribution for the entire Nordic Seas showed a simi-
lar shift toward lighter water masses for the di�erent periods (Figure 3.10).
The �rst period (1950�1979) had the highest contributions from 28.08 and
28.09 kg/m3 with 12.7% and 14.4%, respectively. The densities of 28.07
and 28.08 kg/m3 occupied most of the volume in the second period (1980�
1999), with 12.8% and 23.8%. The last period (2000�2018) had a much
more even top in the distribution. Each of the density classes in the range
28.06 � 28.08 kg/m3 were found in roughly 14% of the total volume. This
change in distribution of density classes implies that the water masses of the
Nordic Seas have become lighter over the past 70 years.

Figure 3.10: Distribution of density classes in the Nordic Seas. The blue line
represents the period 1950-1979, the red line is 1980-1999, and the yellow
line is 2000-2018.

Splitting the Nordic Seas into two parts, above and below 850 m depth
(Figure 3.11), helps to quantify changes in the potential over�ow waters and
the deeper water masses. The main di�erence between these two cases is that
the water masses above sill depth (850 m) are much less dense than the ones
below. The water masses below 850 m also occupy a much larger volume
compared to the water masses above 850 m.

The dominating density classes for the water masses above sill depth
in the �rst period (1950�1979) were 28.05 � 28.07 kg/m3 with 6.4%, 6.8%,
and 5.4%, respectively. For the middle period (1980�1999), the 28.04 and
28.05 kg/m3 density classes were the most voluminous. Those densities oc-
cupied 6.5% and 7.1% of the total volume above sill depth. The same density
classes were found in most of the volume also in the third period (2000�2018).
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The water masses with densities of 28.04 and 28.05 kg/m3 then covered 8.6%
and 10.6% of the total volume.

The water masses below 850 meters showed the same pattern as all of the
basins and the entire Nordic Seas. The �rst period (1950�1979) had highest
contributions from 28.08 and 28.09 kg/m3 with percentages of 21.4% and
26.8%. The middle period (1980�1999) contained less dense water masses,
where the 28.07 and 28.08 kg/m3 had 21.0% and 42.4% of the total volume.
The last period (2000�2018) shifted toward lighter density classes. Densities
of 28.06�28.08 kg/m3 occupied 20.4%, 28.9%, and 29.9% of the total volume.

Figure 3.11: Distribution of density classes in the Nordic Seas above (a) and
below (b) the deepest sill depth of the GSR (850 m). The blue line is the
period 1950�1979, the red line is 1980�1999, and the yellow line is 2000�2018.

3.2 Changes in the hydrographic properties of

the NIJ and IFSJ

In this section will changes in depth of the 28.05 kg/m3 isopycnal and density
of the NIJ transport mode be investigated. In addition will also the hydro-
graphic properties along the Icelandic slope and IFR be described. Changes
in the hydrography of the NIJ and IFSJ might be related to changes in the
Greenland Sea, and therefore be traced back there (Section 1.6).

33



3.2.1 Isopycnal depth

The shallowest depths of the 28.05 kg/m3 isopycnal were found in the Green-
land Sea in both of the two periods (1980�1999 and 2000�2018; Figure 3.12).
This is mainly because of the dense water formation in the Greenland Sea.

(a) (b)

(c)

Figure 3.12: Depth of the 28.05 kg/m3 isopycnal in the Nordic Seas in 1980�
1999 (a), 2000�2018 (b) and di�erence between the two periods (c). The
record contains pro�les for all months. The grey dots (a-b) show the locations
of the pro�les. In (c), the blue color is a deepening of the isopycnal, while
red shows that the isopycnal is higher in the water column than before.
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Convection are extending to greater depths and the water column
densi�es, which increases the density in the entire water column and dense
water masses are located at shallower depths in the Greenland Sea. The dif-
ference between the two periods (Figure 3.12c) showed that the 28.05 kg/m3

isopycnal deepened from the �rst to the last period in most of the Nordic
Seas, except for the Greenland Sea. Here the isopycnal shoaled and was
found higher in the water column compared to earlier. This was mainly due
to the formation of the new class of GSAIW (Brakstad et al., 2019).

A more detailed evolution of the 28.05 kg/m3 isopycnal depth in each
of the basins will described in the upcoming paragraphs. This was done to
identify how and when the depth changed.

Figure 3.13: Time series of the depth of the 28.05 kg/m3 isopycnal in the
four basins from 1950 to 2018. The grey shading shows the standard devia-
tion, while the red dashed line indicates linear trends. The red points mark
breakpoints (Section 2.2.4).

The isopycnal deepened in the Greenland Sea by �200±120 m/decade
until 1994. In 1994 the isopycnal trend changed from a deepening to a
shoaling. After 1994 the depth of the isopycnal became shallower at a rate
of +137 ± 23 m/decade. This change took place at the same time as the
formation of the new class of GSAIW started, which was documented by
Brakstad et al. (2019). The strati�cation in the Greenland Sea weakened
due to an increase in the near-surface salinity in 1993. From this weakening
in strati�cation together with strong atmospheric forcing, convection in the
Greenland Sea exceeded 500 m and the formation of the new class of GSAIW
started.
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While the isopycnal was found at shallower depths in the Greenland
Sea after 1994, the remaining basins continued to have a deepening rate.
The isopycnal in the Norwegian and Lofoten Basins deepened with rates of
�38±8 m/decade and �21± 46 m/decade, respectively. The isopycnal in the
Iceland Sea deepened from 1990 to 2018 at �15± 6 m/decade.

3.2.2 The transport mode of the NIJ

The NIJ transport mode represents the average hydrographic properties of
the bulk of the water masses transported by the NIJ (Section 1.4.1). By sum-
mation of pro�les at depth intervals of 100 m from di�erent stations along the
Icelandic slope, an average estimate (with errors) of temperature and salinity
is obtained (Semper et al., 2019). This study uses three stations (KG5, SI8
and SL5) when calculating the NIJ transport mode (Figure 3.14). These
stations represents the NIJ well because of the similar values of temperature
and salinity (Figure 3.17).

Figure 3.14: 5-year means of the density of the NIJ transport mode. The
grey shading shows the standard deviation.

The density of the NIJ transport mode decrease from 1960 to 1990
and increased from 1990 to 2015. This corresponds well with the change from
production of GDSW to the new class of GSAIW. Overall the NIJ transport
mode was located in a range from 28.04 to 28.07 kg/m3.
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Figure 3.15: θ � S diagram showing the transport mode of the NIJ. Each
value represents a 5-year average. The red point is the NIJ transport mode
de�ned by Semper et al. (2019).

The time series of the NIJ transport mode (Figure 3.14) has been plotted
in a θ � S diagram with the respective conservative temperature and absolute
salinity values for each 5-year period. The early values (1950�1964) are denser
than the transport mode of 28.05 kg/m3 de�ned by Semper et al. (2019).
From 1970 to 1979, the transport mode was located around 28.05 kg/m3,
with higher temperatures than the transport mode de�ned by Semper et al.
(2019). Thereafter the values became colder, less dense and less saline, before
they increased in salinity and density again from 1990. Apart from the
beginning of the record (1950�1965) and 1990�1994, the transport mode was
within a range of 28.04 to 28.06 kg/m3. Semper et al. (2019) based the
value of the NIJ transport mode on data from 2004 to 2018, with a value of
28.05 ± 0.01 kg/m3. The overall average transport mode from this study is
28.05± 0.005 kg/m3.
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3.2.3 Changes in hydrographic properties of the NIJ

and IFSJ

This section describes how the water masses transported by the NIJ and IFSJ
have changed over time. Each of the stations show resulting changes within
a depth interval where the 28.05 kg/m3 isopycnal are found. The di�erent
depth intervals for the stations can be found in the legend in Figure 3.17. As
the IFSJ is located deeper than the NIJ, I considered an interval from 1000
to 1200 m on Station 5 (Section 1.4.2).

The temperature of the water masses at the NIJ stations increased during
the 1990s by an average rate of 0.08 ± 0.06◦C/decade (Figure 3.16). Water
masses at Station 5, covering the IFSJ, warmed by a similar magnitude
(0.06± 0.03◦C/decade).

Figure 3.16: Temperature time series from 1950 to 2018 at stations in the
NIJ and IFSJ. Each line represents the depth intervals at the stations. The
grey shading shows the standard deviation. The red dashed lines indicate
linear trends, while the red points mark the breakpoints (Section 2.2.4). For
station locations see Figure 2.2.

As the temperature increased, the salinity increased as well. The
water masses at the NIJ stations became more saline from around the mid�
1990s (Figure 3.17a). The average increase in salinity was
(1.53± 0.23) ∗ 10�2 g/kg per decade. The density at station 5 had �rst a pe-
riod from 1986 to 1997 where the salinity decreased, before the water masses
became more saline after 1997. These changes also a�ected the density evo-
lution.
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(a)

(b)

Figure 3.17: As for Figure 3.16, just for salinity (a) and density (b).

From the mid�1990s, the water masses of the NIJ increased in density,
by an average rate of (8.3± 5.7) ∗ 10�3 kg/m3 per decade. Stations 5, on the
other hand, decreased in density from 1985, before increasing from around
1997 at a slower rate than the NIJ stations.
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Figure 3.18: Changes of σ�π distance between water masses in the Greenland
and Iceland Seas and the transport mode of the NIJ (Semper et al., 2019)
from 1950 to 2018. The blue bars represent the Greenland Sea (500�1500
m), while the red bars show the Iceland Sea (600�1700 m).

The σ � π distance in Figure 3.18 is the distance between water
masses in the Greenland and Iceland Seas, and the transport mode of the
NIJ (Section 2.2.2; Semper et al., 2019). The depth interval 600�1700 m
(Iceland Sea) was chosen from the corresponding density range in the mixed
layer in the Greenland Sea (500�1500 m; Section 2.2.4). These distances are
calculated to examine which of the two basins have the water masses that
are most similar to the transport mode. Since the western part of the Nordic
Seas (especially the Greenland Sea) is hypothesized to the be source of the
densest over�ow waters, these basins are of particular interest (Huang et al.,
in review).

In the beginning of the record, the distance between the properties of the
NIJ transport mode and the properties of the water masses in the Greenland
Sea was relatively high. From around 1985, the distance started to decrease.
After 2000 the distances decreased more rapidly and the properties of the
water masses in the Greenland Sea became closer to the properties of the
transport mode. The Iceland Sea showed a more constant signal, where the
distance �rst decreased in 2005.

By averaging over the record the Greenland Sea has the lowest σ � π
distances, and the water masses here were closer to the properties of the NIJ
transport mode.
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3.2.4 Sources of over�ow water

As mentioned in the previous section, the σ � π distance between the water
masses in the Greenland and Iceland Sea gyres, and the transport mode
of the NIJ are of particular interest. This is because the Greenland Sea is
hypothesized to be a main source of the over�ows, with transport of dense
water southwards into the Iceland Sea along the Jan Mayen and Kolbeinsey
ridges (Huang et al., in review). As the lowest σ�π distances are found in the
Iceland and Greenland Seas (Huang et al., in review), we further investigated
changes in the vertical distribution of this distance (Figure 3.19).

In the period from 1950 to 1990 the lowest σ � π distances were found
near 500 m in the Greenland Sea Gyre (Figure 3.19a). From 1990 the σ � π
distance began to decrease in the entire water column. The lowest values
were found between 500 and 1500 m for the rest of the period. This �ts very
well with formation of GSAIW (Brakstad et al., 2019).

The σ � π distance in the Iceland Sea Gyre remained constant in the
entire water column for the whole period. The lowest values were found in
the layer between 300 and 700 meters.

(a)
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Figure 3.19: σ � π distance in the Greenland Sea (a) and the Iceland Sea (b)
from 1950 to 2018. The distance are calculated between the water masses in
the Greenland and Iceland Seas and the transport mode of the NIJ (Semper
et al., 2019). The black lines are the 28.03 � 28.07 kg/m3 isopycnals. The
black triangles represents the time of the pro�les.

3.2.5 Changes in hydrography along the Icelandic slope

and the Iceland-Faroe Ridge

Average temperatures and salinities over the entire period (1950�2018) along
the Icelandic slope and IFR were obtained from the interval of 28.04 �
28.06 kg/m3 (the band de�ned in Section 2.2.3). This interval covers the
range of the transport mode of the NIJ. The highest temperatures are lo-
cated near Denmark Strait (Figure 3.20a). There is also a warmer area in
the northern part of the band, north of Iceland. The reason for this warm-
ing signal north of Iceland is the in�uence of the warmer and more saline
Atlantic-Origin water transported by the EGC. For the rest of the area east
of Iceland, the temperature was constant.

Salinity shows a similar pattern as temperature (Figure 3.20c), with
saline water masses around Denmark Strait and north of Iceland. The re-
maining areas show a salinity with little spatial variability.
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(c) (d)

(e)
(f)

Figure 3.20: Temperature (a-b), salinity (c-d) and depth of the 28.05kg/m3

isopycnal (e-f) along the Icelandic slope and IFR from 1950 to 2018. The
right panels show anomalies relative to the average of the entire area. For
the anomalies the red color indicate an increase, while the blue color is a
decrease. In (f), blue values indicate a deepening, while red show a shoaling
of the 28.05 kg/m3 isopycnal.
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The 28.05 kg/m3 isopycnal is found at shallow depths in Denmark
Strait and along the Icelandic slope. The farther away from the continental
slope, the deeper the isopycnal is located. Along the Icelandic slope and all
the way to the Faroe Islands, the isopycnal shows signs of upbanking of dense
water towards the slope. This is typical signatures for both the IFSJ (Semper
et al., in review) and NIJ (Pickart et al., 2017). The anomalies (Figure 3.20f)
also indicate increased upbanking towards the slope, where positive values
indicate a shoaling of the isopycnal depth compared to the average value.

In this part of the section will the vertical section along the band (Section
2.2.3) be investigated. Near Denmark Strait and the Faroe Islands warmer
temperatures extended deeper into the water column (Figure 3.21a) This is
related to in�ows of Atlantic and Irminger Water. The warm waters from
the Faroe Branch of the in�ow were also shown in the top right corner in Fig-
ure 3.21a. Along the Icelandic slope until 1000 km from Denmark Strait, the
warmer temperature only extended down to roughly 250 m depth. The IFSJ
also transported colder water masses than the NIJ. For the NIJ, the tem-
perature between 600 and 850 m depth was roughly between 0 and �0.6◦C.
The water masses of the IFSJ were colder, ranging from �0.4 to colder than
�0.8◦C. This is expected as the IFSJ is a bottom-intensi�ed current.

The upper 500 m contained fresh water masses, with saltier waters be-
low. From 1100 to 1500 km very saline water masses were present in the
upper 500 m. This is in�owing Atlantic Water, which is warm and saline.
Both the NIJ and IFSJ have water of the same salinity, which can also be
con�rmed by their transport modes (Sections 1.4.1 and 1.4.2).

Closer to both Denmark Strait and the FBC, the isopycnals were sloping
downwards (Figure 3.21c). Along the Iceland slope and the IFR the isopy-
cnals were fairly �at. The density of the NIJ ranged mainly from 28.03 to
28.06 kg/m3, in the depth interval from 600 to 800 m. The IFSJ showed a
denser signature, with densities greater than 28.05 kg/m3 in the depth in-
terval from 750 to 1100 m. These intervals are the isobaths were the cores
of the currents are located.

The main �ndings from this analysis are the sloping isopycnals close to
both Denmark Strait and the FBC. Comparing the properties of the IFSJ and
NIJ show that they carry water masses with similar hydrographic properties.
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Figure 3.21: Temperature (a), salinity (b), and potential density (c) sections
along the band from Denmark Strait to the Faroe Islands. The black lines
outline the 28.03 � 28.07 kg/m3 isopycnals. The grey boxes indicate the
bathymetry (900 m for the NIJ and 1300 m for the IFSJ).
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Chapter 4

Discussion

4.1 Hydrographic changes in the Nordic Seas

4.1.1 Reduced convection in the Greenland Sea

Bottom convection in the Greenland Sea ceased in the beginning of the 1980s.
Before 1980 the convection extended almost to the bottom (Aagaard and
Carmack, 1989; Carmack and Aagaard, 1973). Production of cold and dense
GSDW occurred during winter, and this dense water mass prevented warm
and less dense water masses from entering the Greenland Sea. After 1980,
convection in the Greenland Sea was limited to intermediate waters (Meincke
et al., 1997). When lighter water masses from the EGC entered the Green-
land Sea, a warming started. This warming trend in the Greenland Sea
was also documented in previous publications (Lauvset et al., 2018; Wang
et al., 2015; Østerhus and Gammelsrød, 1999). Lauvset et al. (2018) ob-
served temperature rates corresponding to 0.21◦C/decade at 1000 m and
0.16◦C/decade at 1500 m. Wang et al. (2015) found a warming that was
relative to 0.21◦C/decade in the depth interval 1900�2200 m. Both these
publications compare well with the temperature rate observed in the depth
interval of 500�1500 m (0.21◦C/decade). The deep waters (below 2000 m)
warmed by 0.14◦C/decade, and this result compares well with what Østerhus
and Gammelsrød (1999) and Wang et al. (2015) observed. 0.09◦C/decade at
3000 m and 0.13◦C/decade at 2000 m, were indicated by Wang et al. (2015)
and Østerhus and Gammelsrød (1999), respectively.

In the decades following 1980 the Greenland Sea became warmer and
more saline due to the convective changes. The temperature and salinity
changes from 1980�1999 to 2000�2018 (Figure 3.1) indicated a big change in
the water column structure of the Greenland Sea Gyre. This large change
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seems to be the main reason for the changes observed also in the rest of the
Nordic Seas basins. Lack of convection extending into the deeper parts al-
lowed less dense water masses to enter the Greenland Sea which changed the
properties within the gyre. This lack of bottom convection also stopped the
production of GSDW, and the water masses transported out of the Greenland
Sea were less dense. This altered the other basins with lighter water masses
found at shallower depths. Hence, the properties in all basins changed due
to the changes in the deeper water masses from the Greenland Sea.

Another reason for the increase in temperature and salinity may be a
change in the in�owing waters. If the waters �owing into the Greenland Sea
are warmer and more saline now compared to earlier years, the properties will
change (Lauvset et al., 2018). There has always been some in�ow of warmer
water into the Greenland Sea, but after the bottom convection ceased in the
1980s, more of these water masses have mixed with the ambient water masses
in the Greenland Sea. The mixed water masses will have a higher salinity and
temperature than the original water masses within the gyre. With warmer
and more saline water masses in the gyre, the exchange from the Greenland
Sea will contain less dense water and the other basins will be impacted by
this change.

4.1.2 The Nordic Seas are connected

The Greenland Sea is most likely the source of the warming trend appear-
ing in the beginning of the 1980s. The density of the typical mixed layer
in the Greenland Sea was used to de�ne the depth intervals in the other
basins (Figure 3.2). The breakpoints indicate where the change in the trend
is largest. Therefore, the location of these breakpoint is important when de-
termining when the warming started in the basins. When the Greenland Sea
�rst started to warm in the beginning of the 1980s, the other basins showed
a warming roughly 10 years after the Greenland Sea. Therefore, is it likely
that the changes in the Greenland Sea impacted the other basins.

A warming trend in the Norwegian Sea was also documented by Mork
et al. (2019), Wang et al. (2015), and Østerhus and Gammelsrød (1999).
The temperature rate observed in the Norwegian Basin was 0.05◦C/decade,
in a depth interval from 750 to 1750 m. Mork et al. (2019) documented
a warming rate of 0.046◦C/year which is relative to 0.46◦C/decade for the
upper 1000 m. Wang et al. (2015) estimated a total warming at 2000 m in
the period 1984�2012, which corresponds to a warming of 0.05◦C/decade.
Østerhus and Gammelsrød (1999) found a warming rate at 2000 m, that
corresponds to 0.09◦C/decade. Mork et al. (2019) had a much higher rate
compared to this thesis, but that is mainly due to consideration of di�erent
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depth intervals. The temperature increase is much more similar to the rates
found by Wang et al. (2015) and Østerhus and Gammelsrød (1999). The
Lofoten Basin warmed by similar temperature rate as the Norwegian Basin.
This compares well with Wang et al. (2015) which documented a temperature
rate corresponding to 0.07◦C/ decade. Mork et al. (2019) found a warming
of 0.51◦C/year in the upper 1000 m from 2011 to 2018, but they considered
a di�erent depth interval than this thesis.

Jeansson et al. (2017) showed that the intermediate water masses be-
tween 200 and 400 m depth in the Iceland Sea had similar rates of change
in temperature and salinity as the Greenland Sea from the beginning of
the 2000s. They suggested that the water masses had propagated from the
Greenland Sea into the Iceland Sea. Jeansson et al. (2017) also found that
intermediate water masses from both the Greenland and Iceland Seas were
important for the intermediate water masses in the Norwegian Sea, but at
di�erent densities. This indicates that the advection of water masses between
the basins occurred isopycnally.

The densest water masses in the Iceland Sea are likely to originate from
the Greenland Sea. Some water masses are also produced locally, but not
the densest ones (Våge et al., 2015). Huang et al. (in review) hypothesized
that the dense water masses were transported southwards from the Green-
land Sea, into the Iceland Sea along the Kolbeinsey and Jan Mayen ridges.
The warming signal in the Iceland Sea (Figure 3.4b) can therefore be traced
back to the Greenland Sea. Mork et al. (2014) documented an exchange
across the Jan Mayen Ridge of warm and saline waters from the Norwegian
Sea towards the Iceland Sea. The �ndings from both Mork et al. (2014) and
Jeansson et al. (2017) indicate an exchange in both directions between the
Iceland and Norwegian Seas.

For the two basins in the Norwegian Sea a warming signal was observed
in the mid�1990s. Dense water masses from the Greenland Sea are trans-
ported through the Jan Mayen Channel into the Norwegian Sea. These water
masses reach the Norwegian Basin �rst, before �owing northwards into the
Lofoten Basin. There is also a more direct exchange between the Greenland
Sea and the Lofoten Basin across the Mohn Ridge (Spall, 2010).

The Greenland Sea plays an important role in the Nordic Seas by pro-
ducing dense water, but also as a source of the hydrographic changes. The
warming signal �rst discovered in the Greenland Sea was observed later in
the other basins because the water masses from the Greenland Sea spread
out to the other basins. The result has been a signi�cant change in the entire
density distribution in the Nordic Seas.
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4.1.3 Structural changes in the Nordic Seas

The density structure in the Nordic Seas has changed since the 1980s. When
the production of very dense water masses was shut o� around 1980, it im-
pacted the density distribution in the entire Nordic Seas.

Comparing how the volume of density classes has changed from 1950
to 2018 (Figure 3.10) indicates a structural change in the Nordic Seas. The
water masses became less dense from 1950�1979 to 2000�2018. The density
classes containing most of the total volume shifted towards lower densities.
The same pattern was observed in all four basins (Figure 3.9) and for the
water masses below and above the deepest sill depth (850 m) of the GSR
(Figure 3.11). The density classes that occupied most of the total volume
were di�erent in each of the three di�erent periods (1950�1979, 1980�1999,
and 2000�2018), changing from 28.08 � 28.09 kg/m3 to 28.06 � 28.07 kg/m3,
indicating a density decrease over time.

The structural changes can be related to the changes in convective ac-
tivity in the Greenland Sea that started in the 1980s (Østerhus and Gam-
melsrød, 1999; Meincke et al., 1997). Convection went from ventilating the
GSDW to forming a less dense class of GSAIW (Brakstad et al., 2019). As
the bottom waters in the Nordic Seas generally contained large proportions
of GSDW, the lack of production of GSDW was the major reason for a warm-
ing in the deep waters. Østerhus and Gammelsrød (1999) suggest that this
warming trend was a result of GSDW being replaced by an increased amount
of warmer deep waters from the Arctic Ocean..

Another possible reason for the convective changes in the Greenland Sea
and, thus, the structural change in the Nordic Seas can be the retreat of sea
ice. In the beginning of the 1980s the sea ice began to retreat towards Green-
land (Moore et al., 2015). The highest heat loss is found near the ice edge,
and when the sea ice retreated, the distance between the ice edge and the
interior gyres increased. This moved the source of heat loss, which weakens
the strati�cation, farther away from the gyres and decreased the likelihood
for convection to occur.

Denser water masses were found much deeper in the water column when
more of the total volume was occupied by lighter masses. The 28.05 kg/m3

isopycnal deepened in the entire Nordic Seas (Figure 3.12), except for the
Greenland Sea. Since 1994, the 28.05 kg/m3 isopycnal has been found at
shallower depth because of the the formation of the new class of GSAIW.
GSAIW was �rst discovered in the 1970s by Malmberg (1983), but the new
class of GSAIW has since 1994 been the main product of convection in the
Greenland Sea (Brakstad et al., 2019). From 1994, convection started to ex-
ceed 500 meters, and there was produced less GSDW, but bigger amounts of
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GSAIW. This supports the results of a shoaling of the 28.05 kg/m3 isopycnal
in the Greenland Sea Gyre after 1994.

4.2 Changes in hydrographic properties in the

NIJ and IFSJ

4.2.1 Impact on the over�ows

The density of the NIJ transport mode ranges between 28.04 and 28.06 kg/m3

(Semper et al., 2019). This is the bulk of the dense water that the current
transports towards Denmark Strait. Before 1990, the hydrographic prop-
erties did not show a signi�cant trend, but in the beginning of the 1990s
the temperature, salinity, and density started to increase (Figure 3.17). The
density of the NIJ transport mode (Figure 3.14) also decreased until 1990,
before the density increased again after 1990.

East of Iceland the IFSJ is transporting dense water towards the FBC
(Semper et al., in review). My estimates suggest that the temperature of the
IFSJ increased from 1986 until the end of the record, while both the density
and salinity decreased from 1986 until the mid-1990s. From the mid-1990s
the salinity and density began to increase.

Since the NIJ and IFSJ are transporting similar water masses towards
the over�ows, it has been suggested that they have the same origin (Huang
et al., in review; Semper et al., in review). The Greenland Sea is likely to
be the source of the water masses transported by both the NIJ and IFSJ,
because substantial amounts of dense water (σ > 28.03 kg/m3) are formed
there during winter. Hence, changes in the Greenland Sea water masses are
most likely the main reason for the changes in temperature and salinity of
the NIJ and IFSJ. A change in the water masses in the Greenland Sea is
therefore likely be observed at a later time in the NIJ and IFSJ.

The σ � π distances between the water masses in the Greenland and
Iceland Seas and the transport mode of the NIJ (Figure 3.18) quanti�ed how
close the water masses in the Greenland and Iceland Seas, and the water
masses transported by the NIJ were in properties. The Iceland Sea showed a
fairly constant signal, with a small decrease in the middle of the 2000s. The
Greenland Sea decreased �rst around 1985, before a more rapid decrease oc-
curred after 2000. The small σ � π distances indicate that the origin of the
over�ow waters is in the western part of the Nordic Seas. In the early period
of the record (1950-1990) the origin is likely to be the outside of Greenland
Sea Gyre and closer to the Iceland Sea. From 1990 the origin is likely to the
Greenland Sea Gyre because of the decrease in σ�π distance. The decrease in
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σ � π distance is most likely due to the formation of the new class of GSAIW
(Brakstad et al., 2019).

4.2.2 Spatial changes in the NIJ and IFSJ

Temperature and salinity along the band from Denmark Strait to the FBC
show warm and saline values near Denmark Strait and north of Iceland (Fig-
ure 3.20a and Figure 3.20c). Apart from these areas, the hydrographic prop-
erties remained constant. These results are as expected with the in�ow of the
separated EGC. The depth of the 28.05 kg/m3 isopycnal shows upbanking of
dense water along the slope (Figure 3.20f). This is a known pattern for both
the IFSJ (Semper et al., in review) and NIJ (Pickart et al., 2017). Closer
to both the FBC and Denmark Strait the isopycnals are sloping downwards
(Figure 3.21c).

Macrander et al. (2005) demonstrated that Denmark Strait is hydrauli-
cally controlled. This was con�rmed by requirements, such as a deepening
of isopycnals upstream of the over�ow, geostrophically balanced �ow at the
sill, and a critical point near the sill (Dickson et al., 2008). A deepening of
isopycnals was observed north of Denmark Strait (Girton et al., 2001), which
is similar the result from this thesis (Section 3.2.5). Because a deepening
happened north of Denmark Strait, they hypothesized that the hydraulic
component of the over�ow would decrease at Denmark Strait. Since sloping
isopycnals were observed towards both Denmark Strait and the FBC (Fig-
ure 3.21c), this may be an indication of hydraulic control.

Hence, the main reason for the deepening of isopycnals towards the over-
�ow regions is most likely to be hydraulic control at the sills. This forces
the over�ow layer to speed up due to a narrowing of the channel or change
in thickness of the over�ow layer. If the over�ow layer becomes thicker or
shallower, the velocity is impacted by this change. With corresponding struc-
tural changes in the Nordic Seas, the over�ow layers may be thicker because
of the decrease in density of the water masses supplied to the over�ow. A
thicker over�ow layer will slow down the currents close to Denmark Strait or
the FBC. The lighter GSAIW can more directly contribute to the over�ow
waters compared to the denser GSDW, which is observed from the decrease
in density in the entire Nordic Seas and the changes in isopycnal depth.
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Chapter 5

Conclusions

After the bottom convection ceased in the Greenland Sea in the 1980s, a
warming trend started. The Greenland Sea became warmer and more saline.
Around 10 years after the warming began in the Greenland Sea, the other
basins also started to warm with increasing temperatures in the waters below
2000 m. The Greenland Sea is most likely the origin of the warming signal,
because this is the area where the signal �rst was observed. The reduced
convective activity in the Greenland Sea is most likely the main reason for
the changes in hydrographic properties in the Nordic Seas. Increased temper-
ature of the Atlantic Water in�ow and the retreat of sea ice are both factors
that have a�ected the strength of convection in the Greenland Sea.

The water masses in the Nordic Seas have over time become less dense.
As the temperature and salinity started to increase from the 1980s, the den-
sity has been decreasing. From 1950�1979 to 2000�2018, the densities with
the biggest proportion of the total volume have changed to lighter water
masses. In the early period (1950�1979) densities around 28.08�28.09 kg/m3

were most voluminous. From 2000 the density classes with the largest vol-
ume ranged from 28.05 to 28.07 kg/m3. The main reason for this change
can also be related to convective activity in the Greenland Sea. After 1994,
the new and less dense GSAIW have been the main source of dense water
from the Greenland Sea (Brakstad et al., 2019). The production of GSAIW
resulted in a shoaling of the 28.05 kg/m3 isopycnal in the Greenland Sea,
while a deepening was found in the other basins. The main reason for this
was the ceased supply of the denser GSDW.

The water masses in both the NIJ and IFSJ have become warmer, more
saline and denser over the period 1950�2018 corresponding with the changes
in the Greenland Sea. Estimation of Sigma-Pi distances show evidence that
the densest source waters are likely formed in the Greenland Sea, in partic-

53



ular after 1994. The changing hydrographic properties in the Greenland Sea
have a�ected the properties in the NIJ and IFSJ. It is important to maintain
the density of the water masses in the NIJ and IFSJ. A less dense over�ow
will supply reduced volume of the densest water masses to the lower limb
of the AMOC. This will then impact how the global circulation changes,
because of the linked processes behind the changes.
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Chapter 6

Future work

To get an even better understanding of the signi�cant role the Greenland Sea
has as the main source of dense water in the Nordic Seas, further work will
be needed. This could be done by looking into how the convection and sea
ice retreat have a�ected the density in the entire Nordic Seas, and then try
to link the factors of the hydrographic and structural changes. Examining
the change in sea ice concentration over the same time period can help to
identify the beginning of the changes in the Greenland Sea. Then the next
step will be to investigate how the sea ice retreat has impacted the entire
Nordic Seas. The sea ice and convection in the gyres are well connected as
the ice edge is the area with the highest heat loss and favours good conditions
for convection.

Another topic that needs attention is the exchange of water masses
between the Greenland Sea and its surroundings. Investigating the known
areas of exchange from the Greenland Sea can help to identify the volume
transport across the Mohn Ridge, through the Jan Mayen Channel, or the
exchange between the Iceland and Greenland Seas. A better knowledge about
the water mass exchange is important to identify the major pathways between
the basins.

How the distribution of density classes has changed over the last 50
years is an important result. This topic needs a more speci�c focus and is of
huge importance to understand the changes in the Nordic Seas. This can be
done by comparing the densities of the dense water that are produced during
winter in the Greenland Sea with the density classes that cover most of the
total volume in the Nordic Seas. Comparing these two results might make it
possible to trace the densest water masses back to the Greenland Sea.

To quantify the relative contribution from the Greenland Sea to over�ows
is also left to do. This can be done by comparing the amount of dense water
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produced during winter in the Greenland Sea with the volume transported by
the over�ows. Since the hydrographic properties were changing in both the
Greenland Sea and the over�ow currents, a close connection between these
two is likely to be found.
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