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Preface
An introductory part (this synthesis) and a collection of papers constitute my
thesis presented in partial fulfillment of the requirements for the degree of Doctor
Scientarium in physical oceanography at the Geophysical Institute, University
of Bergen.
In this work, different mechanisms related to the flow of Atlantic Water
to the Arctic Mediterranean are studied. The focus areas are the openings
in the Greenland–Scotland Ridge and the Norwegian Sea, through which all
the northward traveling Atlantic Water passes. The period studied is 1948–
99. Some of the atmospheric impacts on the Norwegian Atlantic Current that
modifies the water mass and alter its flow pattern are examined using a wide
range of methods and approaches. The types of data used are hydrographic
data, meteorological reanalysis as well as results from a global numerical model.
An effort is made to emphasize the importance of both local processes and large
scale atmospheric circulation for the behavior of the Atlantic Flow.
The synthesis is organized as follows: The first chapter gives an introduction
to the topic of the thesis, the second chapter presents the sources for the data
used. The synthesis istelf is ended by a summary of results followed by a list
of conclusions and an outlook. There is also an appendix with a discussion of
some particular aspects of the methods used, where after the collection of four
papers is attached.
KEYWORDS: Atlantic Water, Nordic Seas, variability, topographic steering, atmospheric forcing, mixed layer, water mass modification, exchanges, Ocean Weather Ship
Station M, global climate model.
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Chapter 1

Introduction
The North Atlantic thermohaline circulation (THC) is a dynamically active component of the global climate system, in particular on multi-annual to decadal
time scales (e.g. Curry and McCartney, 2001; Bentsen et al., 2003). The amounts
of heat and salt carried northward by Atlantic Water across the Greenland–
Scotland Ridge (GSR) are substantial, and both quantities are of importance
for the regional climate, water mass and ice distribution of the Nordic Seas and
Arctic Ocean, and possibly for the deep mixing and water mass modifications
and transformations taking place in the region (Mauritzen, 1996a,b; Furevik
et al., 2002). Furthermore, the primary production and thus the fisheries and
other aquaculture activities in the whole region benefit from the relatively high
temperatures introduced to the area by the Atlantic flow. Changes in this heat
supply will and have been seen to affect the fisheries (Svendsen et al., 1995;
Iversen et al., 2002). Thus the changes in the characteristics of inflowing Atlantic Water to our region as well as the local modification of this water mass
as it continues towards its participation in deep water formation processes and
general presence in the Arctic, are of profound importance.

1.1

The Region

The Nordic Seas lies between the North Atlantic Ocean to the south and the
Arctic Ocean to the North, and thus act as a buffer zone between the warm,
saline Atlantic Water (AW), and the cold, fresh Polar Water (Figure 1.1). These
two water masses outline the main features of the surface waters in the Nordic
Seas as the AW occupies the southern and eastern part of the basin and Polar
Water the northern and western part. The main source for Polar Water to the
area is the East Greenland Current (EGC) which flows southward from the Fram
Strait and along the western margin of the basin, branching off Polar Water into
1

both the Greenland and Iceland Seas on its way. The mixing products between
Polar Water and the other water masses in the area is called Arctic Water and
resides in the central and southern areas of the Nordic Seas.
The GSR provides three gateways for the exchange of water masses between
the Atlantic Ocean and the Nordic Seas (Figure 1.1): The Denmark Strait (DS)
between Greenland and Iceland, the Iceland–Faroe Ridge (IFR), and the Faroe–
Shetland Channel (FSC) with the Faroe-Bank Channel (FBC) and WyvilleThomson Ridge (WTR) at its entrance.

1.2

The Atlantic Flow

The major features of the circulation in the North Atlantic–Nordic Seas region were already described by Helland-Hansen and Nansen (1909). Recently
the northward flow of Atlantic Water and the southward flow of dense Overflow
Water (OW) through the three passages have been reviewed (Hansen and Østerhus, 2000), and a thorough description of the sources for the Atlantic inflow can
be found in McCartney and Mauritzen (2001). I will here only briefly describe
the rather complex surface circulation features of the region (Figure 1.1). In
the south, the North Atlantic Current (NAC) starts off as a western boundary current originating from the Gulf Stream, and around 50–52◦ N it continues
eastward towards the Charlie Gibbs Fracture Zone (CGFZ) (Carr and Rossby,
2001; Bower et al., 2000). The AW crossing here flows mainly into the Iceland
Basin (Bower et al., 2000), but also westwards to form the Irminger Current
(IC) on the western flank of the Reykjanes Ridge (together with AW from the
northern parts of the Iceland Basin) (Orvik and Niiler, 2002; Bower et al., 2000;
Hansen and Østerhus, 2000). Most of the Irminger Current is diverted and join
the southbound EGC, while only a minor part enters the Denmark Strait along
the west Icelandic coast as the North Icelandic Irminger Current.
East of Iceland, surface water in the northern Iceland Basin crosses the IFR.
Upon meeting the Arctic Waters north of the ridge, the two form the Iceland
Faroe Front and the AW turns eastward along the ridge and the northern Faroe
Continental Slope as the Faroe Current (FC). The Iceland Faroe Front and
its associated FC continues along the 2000 m isobath into the Norwegian Sea
as the Norwegian Current Front (Smart, 1984; Read and Pollard, 1992) and
the western branch of the Norwegian Atlantic Current (NWAC) (Mork and
Blindheim, 2000; Orvik et al., 2001).
Through the FSC the major source of AW is the slope current over the Scottish Slope. This slope current originates off the southwestern European coast
and transports the warmest and most saline water to the Nordic Seas (Hansen
and Østerhus, 2000), but also includes water from the NAC.. After entering
the FSC, the flow continues northwards along the Norwegian continental shelf
break as the eastern branch of the NWAC (Mork and Blindheim, 2000; Orvik
et al., 2001).
2
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Figure 1.2: The depth of the Atlantic Water in the Nordic Seas, as defined by the
deepest occurrence of the salinity of 35. Field is made from bin means of depth
estimates from scattered hydrographic stations between 1950–90 (see Section 2.2).
Other details as in Figure 1.1.

Through the Norwegian Sea, the two inflows mainly flow as separate branches
(Poulain et al., 1996; Mork and Blindheim, 2000; Orvik et al., 2001; Orvik and
Niiler, 2002). The eastern branch continues along the continental slope, branching off AW to the Barents Sea, and further north along Spitsbergen as the West
Spitsbergen Current (Saloranta and Haugan, 2001). The western branch is
shown on average to leave the 2000 m isobath at the northwestern corner of
the Vøring Plateau to flow along the Jan Mayen Fracture Zone and turn north
to continue along the Mohn and Lomonosov Ridges towards the Fram Strait
(Orvik and Niiler, 2002). A major part of this western AW is recirculated into
the Greenland Basin (Bourke et al., 1988; Gascard et al., 1995). The Atlantic
Water is however subject to strong horizontal mixing (Sælen, 1963; Rodionov,
1992) and wind forcing, making it spread between both branches of northward
flow as well as west of the western jet in the surface (Blindheim et al., 2000).
Thus hydrographic observations reveal the NWAC as a warm and saline, wedge
shaped current along the eastern side of the Norwegian Basin, widening to fill
the entire Lofoten Basin, and narrowing again when the branches flow in parallel along Spitsbergen (Figure 1.2). Outside Norway, the NWAC is sandwiched
4

between the fresh coastal waters in the Norwegian Coastal Current (NCC) to
the east and to some extent above, and the AW/Arctic Intermediate Water
(AIW) to the west and underneath (see Figure 2 of Paper III). The hydrographic features of the Norwegian Sea are described in more detail in Section 2
of Paper III.
In the southern part of the Norwegian Sea, some of the Iceland-Faroe inflow
in the Faroe Current turns southwards along the Faroese continental slope into
the FSC, but most of it recirculates into the slope current on the eastern side of
the channel (Poulain et al., 1996). Exchanges between the NAC and the eastern
slope current is also taking place south of the Faroes (Hansen and Østerhus,
2000; Holliday et al., 2000) and south of the Rockall-Hatton Plateau (Bower
et al., 2000; Orvik and Niiler, 2002) (see Figure 1.1). These exchanges between
the sources for the eastern and western branches of the NWAC are important
when discussing atmospheric impact on the northward flowing AW in the Nordic
Seas.

1.3

Forcing on the Atlantic Flow

The two main forcing mechanisms driving the circulation through the Arctic
Mediterranean are the thermohaline forcing and the wind forcing.
Thermohaline forcing involves estuarine circulation from substantial river
discharge and ice melting during summer, and deep and bottom water formation
in the central as well as marginal seas. The latter processes increase the density
of the surface waters (AW and mixing products involving AW) which then sinks
and replenish the intermediate, deep and bottom waters. These deeper waters
thus fill up the basins and, being denser than the water in the North Atlantic,
spill over the GSR. Basically through internal adjustment (continuity), this
overflow of dense water contributes to the inflow of the lighter water above into
the Nordic Seas. The overflow of deep water from the Nordic Seas (Hansen and
Østerhus, 2000) into the North Atlantic is an important source for the North
Atlantic Deep Water (Dickson and Brown, 1994), and it forms the deepest part
of the North Atlantic thermohaline circulation. In recent years, much focus
has been put on the volume transport of the OW across the GSR (Hansen and
Østerhus, 2000; Hansen et al., 2001; Dickson et al., 1999; Girton et al., 2001).
The wind forcing is central to this work, and thus deserves a more detailed
introduction. The wind over the ocean enhance air–sea exchanges of properties
(heat, freshwater, gases, etc.) through mixing in the boundary layers of the two
media. This mixing alters the vertical structure of the upper ocean, but the
wind can also change the flow field and horizontal distribution of water masses,
through Ekman transports and pressure effects.
The strength of the westerlies between the North Atlantic subtropical high
and sub polar lows, known as the Azores high and the Icelandic lows respectively,
5

has an impact on the day-to-day weather and climate of the North European
region. Thus several indices useful for describing the strength of the westerlies
have been constructed, and the best known are the North Atlantic Oscillation
(NAO) indices based on the SLP differences between Lisbon and Stykkisholmur,
Iceland (Hurrell, 1995), or between Gibraltar and the Iceland Station (Jones
et al., 1997).
Changes in the atmospheric forcing can change both the total amount of
inflow as well as the distribution of volume flow between the passages, and
there have been several reports on NAO impact on the Atlantic Flow to the
Nordic Seas. Blindheim et al. (2000) found that the lateral extension of Atlantic Water in the southern Norwegian Sea is negatively correlated with the
NAO-index (Hurrell, 1995), Mork and Blindheim (2000) found the geostrophic
volume transports in the two branches of the NWAC through the Svinøy Section to be in opposite phase and apparently NAO-controlled, and in the same
section Orvik et al. (2001) revealed a strong connection between the NAO-index
and the eastern branch (i.e. high FSC-inflow coincides with high NAO-index).
Several observations of eastward shifts in flow patterns near and south of the
Faroe Islands as response to changes in wind patterns (Blindheim et al., 2000)
support the notion that increased westerlies may be a cause for stronger AW
flow through the FSC. Flatau et al. (2003) observe a clear southeastward shift
and intensification of the current system in the sub polar North Atlantic during
a high NAO-index period, and Orvik and Skagseth (2003) have related the wind
stress curl in this area to such a shift in the surface flows. That is, the NAC
flow from the CGFZ towards the Rockall Trough (Figure 1.1) is intensified,
ultimately giving a stronger flow of AW through the FSC.
The NAO is also shown to control the northerlies and associated freshwater
transport in the EGC in the period after the mid-seventies (Hilmer and Jung,
2000), due to a shift in the NAO’s northern center of action, possibly associated with the increasing trend in the NAO-index (Peterson et al., 2003). The
increased northerly winds along the East Greenland coast and southward extension of Arctic Waters thus associated with high NAO-index, may inhibit inflow
of Atlantic Water both in the Denmark Strait (Blindheim et al., 2000) and over
the Iceland Faroe ridge (Hansen and Kristiansen, 1994), enhancing the eastward
shift of the inflow over the GSR.

1.4

Aims of the Study

The overall objective for this study is to enhance the understanding of some
aspects of the hydrography, flow pattern and atmospheric impacts on the northward flowing Atlantic Water to the Nordic Seas. The focus areas are the openings in the Greenland–Scotland Ridge and the Norwegian Sea, through which
all the northward traveling Atlantic Water passes. The time period studied is
6

1948–99. An effort is made to emphasize the importance of both local processes
and large scale atmospheric circulation for the behavior of the flow. To examine
these issues a wide range of methods and approaches is used, as reflected in
the diversity in the content of the collected papers. The four papers have four
specific objectives representing different focus areas, which are summarized in
Table 1.1.
In the thesis as a whole, the discussion of “forcing” refers to the forcing
that is responsible for the variations in the circulation. It is important to
make this distinction since a force that is seen to govern the variability is not
necessarily the main driving force for the mean state, and thus might not be able
to impose profound changes in the state of circulation. These are rather basic
and fundamental principles, but often seem to be overlooked in climate change
debate. It is an ongoing discussion whether climate change can actually stop the
deep ventilation in the Arctic Mediterranean, and even halt the Atlantic inflow
to the area. The answer to this will not be revealed here, but focus will instead
be on describing and hopefully shed some new light on causes for variability and
observed changes in the inflow area.

7

Table 1.1: The distribution of specific objectives between the papers and the themes
addressed to meet them.

Paper I

Paper II

Paper III

Paper IV

Report recorded changes in the Atlantic Flow as
well as in the waters underneath.
•

Trends in the different water masses.

•

Periodicities in the time series.

•

Time dependence of periodicities.

•

Separation of advection and vertical motion.

Study the nature of the flow through the Norwegian Sea, in particular the topographic steering.
•

Topographical steering of the western branch of the
NWAC.

•

The representativity of OWSM for the NWAC.

Describe mechanisms that are important for the
interaction with the atmosphere and that affect
the characteristics of the Atlantic water mass.
•

Time series of vertically integrated variables for the
upper layer of the ocean (the mixed layer).

•

Different local surface exchanges with the atmosphere.

•

Their impact in terms of vertical mixing cycles in
the AW.

•

Local modification of the NWAC (mechanisms and
magnitudes).

Study the large scale forcing of the inflow.
•

Variability of the volume flow of AW into the area.

•

Relations between the different inflows (GSR openings).

•

Relation to large scale atmospheric circulation.

8

Chapter 2

Data
2.1

Oceanic Time Series

The pivot of this study is the oceanographic time series from the Ocean Weather
Ship Station “Mike” (OWSM; 66◦ N 2◦ E; Figure 1.1), which form the basis for
analysis in three of the thesis’ four papers (Paper I–III). The location of OWSM
is strategically important for observations of variations in the Atlantic Inflow,
the intermediate waters, and the deep waters in the Norwegian Sea.
The OWSM was put in operation in 1948 as part of the establishment of
an international network of weather ships for serving civilian air travel in the
North Atlantic. OWSM was the sole station in the Nordic Seas. While the 12
other Atlantic stations was discontinued by the mid ’90s, OWSM is still kept
in operation today, providing useful meteorological as well as oceanographic
observations.
Even from the very beginning in 1948, scientists at the Geophysical Institute
in Bergen commenced a program for oceanographic measurements at OWSM.
These measurements have been maintained and continued (since October 1948)
until today. Measurements of temperature, salinity, nutrients, and oxygen (since
1953) are undertaken using Nansen bottles, equipped with reversing thermometers, at 18 standard depths down to 2200 m. The program carried out at the
station consists of daily casts down to 1000 m, and weekly down to the bottom (Gammelsrød et al., 1992). Today the record consists of more than 10 000
hydrographic profiles. These time series represent the world’s longest existing
time series from the deep ocean (Østerhus et al., 1996). In 2002 the sampling
program was extended to include Microcat CTD casts providing better vertical
resolution.
The around 10 000 profiles used in this analysis are mostly daily casts, but
on days where more than one cast is done, the profiles have been averaged if
9

spatial or temporal separation does not result in pronounced differences between
the casts. Outliers have been eliminated where they result in clear instabilities.
Although originally chosen for aviation purposes, the position is somewhat
special in oceanic context. OWSM is situated over the 2000 m isobath on the
steep slope from the Vøring Plateau down to the Norwegian Basin (Figure 1.1).
The position of OWSM is often referred to as being in the middle of the northward flowing Atlantic Water. This is a truth with some modifications. It is true
when looking at the mean surface signature of the NWAC, but the position is
over the topographically locked subsurface front between Arctic Water and the
inflowing Atlantic Water (Dickson, 1972; Smart, 1984, and Paper II), and thus
in the middle of the western branch of the NWAC (described in Section 1.2).
This might seem as a disadvantage, but it may very well be that this is quite
fortunate after all. These issues are treated in Paper II.

2.2

Ocean-wide Hydrography

A major part of the analysis in this work has been based on the use of an
oceanographic data base compiled at the Arctic and Antarctic Research Institute (AARI) in St. Petersburg (Johannessen et al., 2000; Furevik et al., 2002).
Observations of temperature, salinity and oxygen are used for spatial climatologies in Paper III, and selected temperature and salinity sections across the
Vøring Plateau are used in the analysis of cross slope hydrography in Paper II.
This data set consists mainly of profiles prior to 1990, and until 1998 of data
provided through ICES for the Greenland and Lofoten basins. The observations
are interpolated to standard Levitus depths (Levitus and Boyer, 1994). The
dataset contains hydrographic profiles from the whole of the Nordic Seas, but
in this work the selection is limited between 59◦ N and 72.5◦ N and east of 11◦ W
(Figure 2.1a). The data set has most observations prior to 1990 and the subset
used in Paper III contains about 50 000 profiles of temperature and salinity and
about 15 000 oxygen profiles since 1948 (Figure 2.1b). As with most oceanic
observational databases, the seasonal coverage in the AARI dataset has a strong
bias towards summer observations (Furevik et al., 2002). This did not however,
preclude the creation of winter climatologies in Paper III, due to the long total
timespan and the use of data from a relatively long winter season (Dec–Apr).

2.3

Atmospheric Data

The National Centers for Environmental Prediction (NCEP) and National Center for Atmospheric Research (NCAR) cooperate in producing a record since
1948 of global analyses of atmospheric fields. This project is denoted “Reanalysis” and involves the recovery of land surface, ship, rawinsonde, pibal, aircraft,
10
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Figure 2.1: The spatial (a) and temporal (b) coverage of the subset of the AARI data
used. N is the number of profiles in each year.

satellite and other data, assimilating these data with a data assimilation system
which is kept unchanged over the reanalysis period (Kalnay et al., 1996). The
product from this project that is used in Paper III and Paper IV are the gridded
data, and will hereafter be referred to as “reanalysis data”.
The reanalysis system, described in detail in Kalnay et al. (1996), includes a
global spectral model which is used to do short range forecasts, while taking the
observations into consideration. The assimilated observations are: Upper air
rawinsonde observations of temperature, horizontal wind and specific humidity;
vertical temperature soundings; cloud tracked winds from satellites; aircraft observations of wind and temperature; land and surface pressure reports; oceanic
reports of surface temperatures, horizontal wind and specific humidity.
11

What is not assimilated is evaporation and precipitation, and this renders
these surface fluxes completely determined by the model. That the specific humidity is used should enable the model to produce a fairly realistic hydrological
cycle, but one of the most important facts affecting the accuracy of the analysis is that the moisture cycle has a long “spin-up” time relative to the short
range of the forecasts. For this reason Kistler et al. (2001) advise caution in
the use of the precipitation and surface fluxes. Nevertheless, a comparison of
these reanalysed variables with independent observations and with several climatologies show that they generally contain useful information, especially for
long term (seasonal and interannual) variability (Kistler et al., 2001).
Alternatives to the reanalysis data are few for the oceanic regions of the
world. The most promising are surface marine reports from the Comprehensive
Ocean Atmosphere Data Set (COADS), although their usefulness in a study of
interannual variability may be largely limited to the Northern Hemisphere midlatitudes and a few other regions due to the lack of ship observations elsewhere
(Kistler et al., 2001). The problem of scarce and inhomogeneous measurements
over the oceans (both in time and space) applies to any observational dataset
available, and there is no reason to believe that interpolation, however advanced,
should do much better than a forecast model approach.
In Paper III time series of atmospheric fluxes were needed for comparison
with the oceanic time series, on interannual to monthly time scales. This purpose could not be served by any compilation of observations. The obvious
question now is maybe why the weather record from OWSM was not used. The
answer is simple. Precipitation, heat- and momentum fluxes are not routinely
provided from the station, and it is outside the scope of this study to perform
the parameterizations, calculations, and evaluations needed for producing such
series. Instead, priority was put on consistency with the spatial study, and trust
put in the parameterizations done in the reanalysis.
Several estimates of heat fluxes in the area can be found in the literature and
used to control the validity of the reanalysis. The longest time series (1948–90)
can be found in the thesis of Godøy (1998). There are clear similarities in the
annual cycle and year to year variability of all heat fluxes except shortwave,
between the time series of Godøy (1998) and the reanalysis. Furthermore, heat
flux averages for the Norwegian Sea from the reanalysis fields in Figures 6b and
7b in Paper III match the estimates for the region cited in Simonsen and Haugan (1996). Furthermore, the reanalysis’ mean total heat flux of 70 W m−2 in
the middle of the Norwegian Sea (near OWSM), is exactly the same as calculated from oceanic heat budgets by Mauritzen (1996b) and consistent with the
estimates of Bunker (1976). Thus from these comparisons, there is no reason to
abandon the reanalysis data.
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2.4

Numerical Model

The model run that Paper IV is based on was run by my coauthors in the
Bergen Climate Model Group of the Bjerknes Collaboration for Climate Research. The model system used is a medium resolution version of the Miami
Isopycnic Coordinate Ocean Model (MICOM; Bleck et al., 1992), fully coupled
to a dynamic-thermodynamic sea-ice module. The model set up and integration follow the description of the synoptic hind-cast simulations in Furevik et al.
(2002), but key features will be provided here.
In the horizontal, the model is configured with a local orthogonal grid mesh
with one pole over North America and one pole over the western part of Asia
(Bentsen et al., 1999), yielding a grid spacing of 30 to 40 km in the entire
North Atlantic–Nordic Seas region. The use of a global grid with a focus area
facilitates local studies without the need for artificial boundary conditions like
in limited area models. Thus decadal and longer integrations are possible since
the classical problem of prescribing essential unknown and evolving boundary
conditions are omitted.
The bathymetry is computed as the arithmetic mean value based on the
ETOPO-5 data base (see Figure 1.1). The model has 25 vertical layers with
fixed potential densities, and an uppermost mixed layer with temporal and
spatial varying density.
The vertically homogeneous mixed layer (ML) utilizes the Gaspar (1988)
bulk parameterization for the dissipation of turbulent kinetic energy, and has
temperature, salinity and layer thickness as the prognostic variables. In the
isopycnic layers below the mixed layer, temperature and layer thickness are the
prognostic variables, whereas salinity is diagnostically determined by means of
the simplified equation of state of Friedrich and Levitus (1972).
The model was initialised by climatological temperature (Levitus and Boyer,
1994) and salinity fields (Levitus et al., 1994) for January, a 2 m thick sea ice
cover based on climatological sea ice extent, and an ocean at rest. Then the
model was spun up for 30 years with monthly mean atmospheric forcing fields
from the NCEP/NCAR reanalysis (Kalnay et al., 1996), thereafter the model
was forced with daily reanalysis fields from the period 1948–1999.
No relaxation is used for temperature, whereas a diagnosed, weekly resolved,
annually repeated restoring flux is applied for the sea surface salinity. In practice
this is done by letting the ocean model run further after being forced with
the ’48–’99 atmosphere, but now forcing with the atmospheric fields from ’74–
’78 which was a relatively “average” period in terms of atmospheric forcing
(e.g. NAO-index). From these four years a correction term is calculated and
then compensated for in a further 51 years integration forced with the ’48–’99
reanalysis. This means that the ocean model is run continuously from spin
up, using a sequence of different atmospheric forcing series, leading to the final
51 years used for analysis. The use of diagnosed restoring flux provides a stable
13

correction for any drift in the simulated salinity as well as errors in the reanalysis
freshwater forcing, at the same time allowing anomalies to evolve and decay
freely. Parametrized river runoff is also included to balance the fresh water
budget.
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Chapter 3

Summary of Results
Paper I
In the first paper of this thesis, 51 years of hydrographic data from OWSM
have been analyzed both as time series at constant depths and on isopycnal
surfaces. Due to the limited space allowed for this publication, only two levels
(both in depth and sigma surfaces) are presented, but the two levels are found
to be representative for the features in the surface and intermediate/deep water
domains respectively. To give the full flavour of this paper, I find it appropriate
to include and discuss in this summary results that are present in the figures
but due to space limitation not explicitly stated in the paper. A backdrop for
the discussion can be found in the Hovmöller diagrams in Appendix A.
At all standard depths there is a weak negative overall trend in salinity.
There are no significant overall trends in temperature in the upper 300 m. There
are several significant features and shorter term trends in the series though. For
instance, the upper 500 m is characterized by both anomalously cold and fresh
waters after 1992, but there is an increase in the temperature in the last few
years of this decade.
In the intermediate waters a pronounced salinity (400–1200 m) and temperature (400–800 m) maximum in the early ’70s precedes a significant linear
decrease into a fresher and cooler than average ’90s. Both of these features
are present on isopycnal surfaces as well as at the fixed depths, implying that
these changes are advected to the position of OWSM. The warmer and more
saline peak in the early ’70s can be attributed to deep convection of AW in the
western Norwegian Sea during the cold years in the late ’60s (Alekseev et al.,
2001), a time when there also was stronger surface recirculation of AW in the
western Norwegian Basin. The subsequent negative salinity and temperature
trends in the intermediate waters can be attributed to ocean wide down mix15

ing (Alekseev et al., 2001) of fresher and cooler surface waters from the Great
Salinity Anomaly from the late ’70s (Dickson et al., 1988). Further observations of freshwater advection to the area at this time is the sporadic intrusion
along isopycnals of fresher AIW from the Arctic domain in the west (Blindheim,
1990).
In the time series of isopycnal depths (σt > 28.07) at OWSM there is a lifting
of the deep isopycnals to a peak in the ’70s, and a subsequent deepening to the
end of the series (also up to σt ≈ 28). The rise is due to intensified formation
of dense Greenland Sea Bottom Water (GSBW) in the 1960’s and early ’70s
(Meincke et al., 1997), and export to the Norwegian Basin at 2000 m (Østerhus
and Gammelsrød, 1999). The cessation of GSBW formation during the ’70s,
followed by a warming and density decrease in this water mass (Meincke et al.,
1997), results in the sinking isopycnals, and also the deep water temperature
increase seen at OWSM since 1980 (Østerhus and Gammelsrød, 1999). The
warming is seen to start at 2000 m and spread upwards to 1000 m, cutting short
the cooling trend from the intermediate waters. The freshening trend from the
intermediate layer is present all the way down to 1500 m. Furthermore, the
warming is not seen in the isopycnal time series from these depths (the negative
trends are still present on the σt = 28.07 isopycnal which reaches 1200 m in the
’90s).
In both salinity and temperature of the upper 500 m there is a decadal oscillation present during the first decades studied, then there is a change toward
15–20 year periodicities in the latter half of the series. Simultaneously there
is a biennial periodicity in the early part of the series that seems to increase
it’s period, possibly towards a persistent 5 year oscillation during 1980–1995.
Whether the changing periods are due to alternating action of different forcing
mechanisms, or a change in the periodicity of the same forcing remains uncertain. These temperature and salinity oscillations are in phase and present also
on the corresponding isopycnal surfaces, and are therefore results of variations
in water masses advected into the area.
In the intermediate waters, there are no persistent salinity oscillations present
at constant depths, but energy is found sporadicly at periods of 2–2.5, 4, and
8 years. Most of these interannual oscillations are absent in the corresponding
isopycnal series, and thus likely to be the result of vertical motions (episodic
convection).
A general conclusion from the above, is that most trends and interannual
variability at OWSM show similarities between series from isopycnal surfaces
and constant depth, indicating that these changes are advected into the area.
High frequency variability on the other hand, is markedly more pronounced at
constant depths, and must be attributed to oscillation of the isopycnals. As
a result of this, creating time series on constant density surfaces is shown to
be an effective method for isolating advective signals from the more short term
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variability found in series at fixed depths. A good example of this can be seen
when comparing the temperature series in Figure 5a and c of Paper I.

Paper II
In this study the spread of measurements around the designated position of
OWSM (66◦ N 2◦ E), is utilized to create spatial sections across the western
branch of the NWAC. Given enough data (i.e. long time series) it is shown
possible to create sufficiently detailed fields of hydrographic variables to discuss
not only the overall mean structure of the front, but also to compare different
situations using composite subsets of the data.
The sections from OWSM clearly show a halocline and thermocline sloping
from about 200 m in the west and down to 400 m in the east over about 40 km,
with warmer and more saline waters above and to the east. The horizontal
gradients introduced by this slope are 1–2◦ C and 0.1 for salinity, over 40 km.
The along slope sections do not show any prominent horizontal gradients.
Seasonal sections clearly reveal that in the summer there is a broader and
stronger salt core as well as warmer Atlantic water (even below the shallow
summer mixed layer). There are horizontal gradients in the salinity of the
whole upper layer, supporting the findings of Hansen et al. (2000) and Mork
and Blindheim (2000) of more saline and widely distributed AW in the western
branch of the NWAC. However, in Paper III it is shown that the seasonal salinity
cycle here is mostly due to local vertical mixing of the fresh and shallow summer
mixed layer in the southern Norwegian Sea.
Coherent with the findings of Blindheim et al. (2000) and Mork and Blindheim (2000) composite mean winter sections from periods with high and low
winter NAO-index show that also at OWSM there is a more wide (westward)
spread of Atlantic Waters during periods of high NAO-index. The time resolution of these composite studies is not high enough to discuss the reported 2–3
years lag reported by Blindheim et al. (2000).
The position and steepness of the frontal slope, represented by the midpycnocline σt =27.8 isopycnal, is shown to be indifferent to the changes in upper
layer properties inferred by the seasonal cycle or the interannual to decadal variability in phase with the NAO. Thus if the part of the frontal slope encompassed
by these composite sections is representable or at least part of the front in the
western branch of the NWAC, changes in current speed between high and low
NAO periods or in an annual cycle is not likely.
On decadal timescales the isopycnals deepen at this station (see Paper I),
and this is also reflected in decadal mean sections where the isopycnal slope
changes it’s depth accordingly. There are however, no discernible variations in
the steepness of the slope. This indicates that although the hydrographic conditions in the water column and the neighbouring waters change, the dynamical
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control of this frontal slope and its associated jet does not change appreciably
on timescales from seasonal to decadal.
The short term variability on the other hand can not be studied by this
method. But localization of narrow variability maxima on the pycnocline at the
position of OWSM (as also shown by Dickson, 1972) indicates both that there
are strong movements of the gradient on short timescales, and that the frontal
structure is confined to this position.
Furthermore, a physical explanation of a topographically locked baroclinic
current is presented through the quasi geostrophic potential vorticity equation.
It is argued that if the wind stress curl acts on the length- and time scales
supported by the slope, the response will primary be a barotropic perturbation
through which information of a sloping ocean floor is communicated to the
dynamics of the whole water column. Although these perturbations can initiate
current meandering and eddy formations they also serve to trap the frontal- and
current system above the slope.
The amount of information that can be extracted from oceanic station time
series by this method is shown to be highly dependent on the local existence
of strong horizontal gradients. In this respect, OWSM has a special position in
that the western branch although baroclinic is topographically controlled and
follows the escarpment along the Vøring Plateau.

Paper III
The main purpose of Paper III was to investigate the mixed layer properties
in the Norwegian Sea in terms of spatial and seasonal differences in the area
and temporal variability at OWSM. The mixed layer processes that appear in
the NWAC is important both for the AW’s influence on the local atmospheric
climate, and in terms of processes that can modify the northward flowing AW.
Spatial fields and time series of mixed layer depth, -temperature, -salinity and
-oxygen is presented.
It is found that the spatial variability of the mixed layer properties in the
Norwegian Sea is dominated by the inflow of warm and saline AW and the
neighbouring Norwegian Coastal Current to the east and the Arctic Water to
the west. Furthermore, the gradients of both the oceanic freshwater content and
the freshwater fluxes from the atmosphere are laterally strong. It is thus clear
that horizontal advection plays an important role in addition to surface forcing
in the modification of the mixed layer properties in this area.
The time series from OWSM show the expected annual cycle with a shallow
summer (Jun–Sept) and deep winter (Jan–Apr) mixed layer. The different properties of the mixed layer follow a mean annual cycle but with clear variations
from year to year. The vertical gradients that have developed during spring
and summer are effectively mixed out during autumn and the mean seasonal
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variability of the properties is confined to the upper 300 m. Minimum mixed
layer depth (MLD) at OWSM reached during summer varies from year to year
(8–36 m). The development of this shallow summer mixed layer is forced by
atmospheric heating and the layer increases its temperature until August, with
annual maximum temperatures between 11 and 13◦ C. The accumulated heat
input during spring and summer is the controlling factor of this interannual
variability in maximum summer mixed layer temperature. The minimum temperature reached during winter, on the contrary, is governed by the inflow of
AW. At OWSM this minimum is about 6◦ C and usually reached in March.
The rate of autumn deepening is shown to be strongly determined by wind
mixing and convective forcing from the atmosphere (R2 = 0.75). The maximum
depths reached during winter at OWSM are highly variable from year to year
(200–500 m) and it is shown that the winter deepening is ultimately restrained
by the strong permanent pycnocline between the Atlantic and the Arctic Intermediate Water. Furthermore, the MLD follows the depth of S=35 closely
throughout the winter, indicating that the mixing reaches through the whole
column of AW in this season. The relative importance of the dynamics of the
NWAC and the atmospherically forced mixing for determining the winter MLD
and depth of the AW remains undetermined, but a consequence is that the water properties of the deep winter mixed layer is representative of the NWAC. In
light of the above, it is interesting to note that the 51 year time series of vertically integrated wintertime ML-values at OWSM does not show any significant
overall trend in Atlantic Water temperature. This does not however, imply that
such a trend does not exist in the NWAC as a whole or for other seasons.
Along the path of the NWAC in the southern Norwegian Sea, the mean
winter MLD is around 300 m. The depth increases noticeably when the flow
enters the Vøring Plateau, and in the Lofoten Basin a mean wintertime mixing
depth of ∼ 600 m is reached. This localization of deep mixed layers over the
topographical features rather than in accordance to the field of atmospheric
buoyancy flux, indicates that the general circulation is a governing factor for
the common depth of AW and wintertime mixed layer through both increased
residence times in the convective areas and through dynamic control of the lower
boundary of the AW.
A dominant feature of the Norwegian Sea during summer is an area of rather
shallow mixed layer with low salinity and strong stability across the NWAC at
around 64–66◦ N. At OWSM the salinity of the mixed layer does not show a
clear annual cycle contrary to the other properties studied, but in some years a
clear freshening takes place during summer. This freshening is found to occur
mainly in months when the influence of northerly winds is strong, which gives
an Ekman transport of coastal water away from the coast and into the Atlantic
domain. This advection is facilitated by the shallow summer mixed layer in
which the freshwater signal can be advected farther offshore than in winter
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when mixing is deep. Precipitation can not be the cause of these freshening
events since they always coincide with periods of strong evaporation. In fact
evaporation is dominating at OWSM throughout the year (93% of all months
in the time series), while precipitation dominates over the neighbouring waters.
Thus any influence of precipitation on the AW can mainly be achieved indirectly
via lateral advection.
The time series of mixed layer oxygen shows a clear annual cycle with
highest values in May–June (310 µmol L−1 ) and lowest in August–September
(280 µmol L−1 ). Interannual variability is seen both in the spring peak values
(300–320 µmol L−1 ) and in the late summer minima (270–290 µmol L−1 ). The
oxygen concentration in the mixed layer at OWSM is governed by the temperature cycle. Even though the increase in MLD and the temperature changes are
very small from January to March, the percent oxygen saturation stays nearly
constant around 98% during these months. The reason for this undersaturation
is that the uptake of oxygen from the atmosphere has to be evenly distributed
over a 300 m water column and to raise the oxygen concentration in such a thick
water column takes more time than is available before the change in season.
On its way northward the AW is on average shown to cool from 8 to 5◦ C,
reduce its salinity from 35.25 to 35.05, and increase its oxygen concentration
from 290–310 µmol L−1 over the 12 degrees of latitude studied. The cooling
and consequent oxygen increase is due to heat loss to the atmosphere during
winter (Mauritzen, 1996b), while vertical mixing in autumn of the fresh coastal
influenced surface water is considered the main mechanism for the freshening,
as also shown by Mauritzen (1996a).
The NWAC core around 100 m at OWSM is found to have its seasonal
salinity maximum in July–September and minimum in December, while the
temperature cycle at the same depth lags salinity by three months. This timing
of the cycles is due to the input of heat, and occasionally freshwater from the
coast, being accumulated in the mixed layer during summer and mixed down in
autumn. This is most likely the underlying mechanism behind the seasonality
in the water masses of the NWAC. The same timing of the cycle has also been
shown for the Svinøy Section (Mork and Blindheim, 2000, their Figure 17a).
It is clear from the above conclusions and Paper III as a whole that in an
area like the Norwegian Sea, with strong spatial variations in hydrography and
existence of prominent currents, interpretation of mixed layer properties solely
from ocean station time series and 1D models is rather difficult. However, understanding and monitoring the seasonal cycle of the mixed layer in the Norwegian
Sea and its interannual variability, is of key importance to our knowledge about
the Atlantic flow towards the Arctic.
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Paper IV
In this paper the variability in the flows over the GSR and the related atmospheric forcing is studied with the aid of a global version of MICOM and
atmospheric reanalysis data.
The model manages to capture the major features of the observed flow fields
in the North Atlantic-Nordic Sea region. The simulated mean velocity in the
mixed layer shows the same flow pattern as the one inferred from the literature
(Figure 1.1). The volume transport estimates through the openings of the GSR
are also modeled to a satisfactory degree. The mean values match the available
observations within a few tenths of Sverdrups (1 Sv= 106 m3 s−1 ). For the FSC
inflow, where multi annual time series of volume fluxes are available (Orvik and
Skagseth, 2002) short term variability (on the order of weeks) is also seen to be
realistically modeled (not shown).
Time series of the simulated transports over the GSR reveal substantial variability in all three openings, with typical amplitudes for the transport anomalies
of the order 1–2 Sv. A significant feature of the time series is an increased circulation (net flow in FSC and out of DS) from the late ’60s through the early
’80s. The net flow through the FSC, for instance, was around 1.8 Sv the first
20 years, then 3.3 Sv for the next 17 years, before decreasing to near 2 Sv for
the remaining part of the simulation.
The net volume flux through the FSC is positively correlated with the net
volume flux through the DS, while negatively correlated with the net volume
flux across the IFR. The correlation coefficients calculated from the low pass
filtered time series are R = 0.74 and R = −0.80, respectively. The inflows
over the IFR and through the FSC are also negatively correlated (R = −0.59).
These correlations follow the observations of NAO impact on the NWAC cited
in Section 1.3.
Regression of winter mean sea level pressure (SLP) fields from NCEP/NCAR
reanalysis data onto simulated volume transport anomalies reveal that variations
in both inflow and net transports through the DS and FSC are linked to an NAO
like pattern in SLP. This pattern indicates control of the transports both from
variations in northerly winds along the east coast of Greenland and westerlies in
the North Atlantic. Neither winter mean nor monthly mean data show any time
lag between the wind forcing and transports. This suggests that the dominant
mechanism is barotropic, where Ekman fluxes are changing the surface elevation gradient, with a rapid barotropic adjustment taking place. In addition to
supporting the cited theories and observations of the influence of westerlies and
northerlies on the Atlantic flows (Section 1.3), the regression patterns for the
DS and the FSC offer an explanation for the correlation between these gaps,
through simultaneous forcing of variations in both the EGC and the NWAC.
In the mid-seventies the NAO changed to a pressure pattern controlling also
anomalies in the northerlies along Greenland in addition to the westerlies in the
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North Atlantic (Hilmer and Jung, 2000; Peterson et al., 2003). Furthermore, the
overall correlation between the NAO-index and oceanic response in the Nordic
Seas is only significant in the last few decades. Thus it is likely that the control
of Polar Water export is crucial for the observed correlations. In light of this,
the regression patterns from the simulated transports are most likely to be
representative of the latter period rather than the former.
Finally, the model shows a reduction of 0.7 Sv in total Atlantic inflow (AtI)
to the Nordic Seas since the late ’50s. This can be related to indications of a
reduction in overflow through the FBC of 0.5 Sv over the last 50 years (Hansen
et al., 2001), implying that the AtI has been reduced to a similar degree. Given
the assumption that 75% of the AtI is returned to the Atlantic through the
overflow (Hansen et al., 2001), the two studies agree. However, without simultaneous direct observations across the entire GSR, it remains unclear whether
the total overflow has been reduced.
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Chapter 4

Concluding Remarks
4.1

Conclusions

1. The 51 year time series at fixed depths as well as the vertically integrated
wintertime ML-values at OWSM show no significant overall trend in Atlantic Water temperature. This does not however, imply that such a trend
is not present in the NWAC as a whole or for other seasons (see Concl. 6).
For salinity there is a weak freshening trend in the form of the occurrences
of salinity anomalies in the latter half of the series. In the ’90s, the upper 500 m is characterized by both anomalously cold and fresh waters,
but there is an increase in the temperature in the last few years of that
decade.
2. Interannual variability shows no clear or persistent periodicity throughout the time series at any depth, but there are indications of transient
oscillations with periods in both 2–5 year and 10–20 year bands.
3. At OWSM interannual variability in temperature and salinity are in most
cases coherent between time series at constant depths and on isopycnal
surfaces, and thus is a result of (isopycnal) advection into the area. High
frequency variability on the other hand, can be attributed to oscillation of
the isopycnal surfaces (vertical mixing, internal waves etc.). The advective
signals can be separated from the short term variability by the creation of
time series at surfaces of constant density instead of at constant depth.
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4. Given enough data (i.e. long time series) and some degree of inaccuracy in
the positioning of oceanic profiles from an ocean time series station, it is
possible to create spatial sections of hydrographic variables. Such sections
can be sufficiently detailed to discuss not only the mean structure of the
flow, but also to compare different situations using composite subsets of
the data.
5. The subsurface part (200–400 m) of the Arctic Front and its associated
baroclinic jet is topographically locked within a few kilometers over the
Vøring Plateau escarpment on seasonal to decadal timescales. Furthermore, no change in inclination of the frontal slope is found, implying a
steady long term dynamic control and speed of the current.
6. The locking of the front at the position of OWSM, further substantiate
the notion that the station’s time series represent the hydrography in the
western branch of the NWAC.
7. The mixed layer depth at OWSM varies annually from a few tenths of meters in June–September to between 200–500 m in January–March. Temperatures in the upper mixed layer vary from between 11–13◦ C in the
summers to about 6◦ C during winter, oxygen concentrations from 300–
320 µmol L−1 (May/Jun) to 270–290 µmol L−1 (Aug/Sept), while salinity
shows no significant or persistent annual cycle.
8. In general, wintertime mixing reaches through the whole column of AW
in the Norwegian Sea (except in the central Lofoten Basin where winter
mean convection depth is 500 m while the AW extend to about 800 m).
Consequently, the wintertime mixed layer is representative for the Atlantic
Water, and the whole column of AW is exposed to the atmosphere and
subject to modifications due to mixed layer processes.
9. Although both the flow pattern of the NWAC and convective forcing from
the atmosphere may alter the common depth of AW and wintertime mixed
layer, the former is seen to be the governing factor, through both increased
residence times in the central areas and dynamic control of the lower
boundary near the two branches (see Figure 1.2).
10. A dominant feature of the southern Norwegian Sea during summer is a
shallow and fresh mixed layer stretching across the NWAC. In some years
this freshening is especially strong. It is found that these events are mainly
caused by wind driven Ekman transport of water from the Norwegian
Coastal Current, during periods of strong northerly winds along the coast.
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11. The AW is on average shown to cool from 8 to 5◦ C and reduce its salinity
from 35.25 to 35.05 on its travel through the whole Norwegian Sea. The
vertical mixing in autumn of the coastal influenced surface water is considered the main mechanism for freshening of the northward flowing AW.
Precipitation is not found to have any significant effect on the salinity of
the NWAC.
12. The storage of heat and freshwater in the shallow summer mixed layer and
subsequent mixing with the rest of the AW during autumn, is most likely
the underlying mechanism behind the delayed seasonality in the properties
of this northward flowing AW.
13. An atmospherically forced, global version of MICOM is seen to produce
realistic surface flow pattern and volume transports through the GSR
passages. The resulting overall mean flows for the openings are 4.4 Sv
northward in the FSC, 4.3 Sv southward in the DS, and 2.0 Sv net flow
northward in the IFR, with typical amplitudes for long term transport
variations on the order 1–2 Sv.
14. The simulated net volume flux across the the Faroe-Shetland Channel is
positively correlated with the net flux through the Denmark Strait, so that
stronger inflow along the Norwegian Slope is accompanied by a stronger
flow along east Greenland. The net influx across Iceland-Faroe Ridge on
the other hand, is seen to be negatively correlated with the net FaroeShetland inflow.
15. An atmospheric SLP pattern resembling the NAO is the main driving force
for the modeled transport variations. Furthermore, the NAO control of
northerly winds along the western margin of the Nordic Seas is considered
crucial for the variations in transports through, and correlation between,
the FSC and DS, as well as for other observed oceanic correlations with
the NAO-index since the ’70s.
16. Since the late 1950s, a 0.7 Sv reduction of the total Atlantic inflow to the
Nordic Seas is obtained. This change might be caused by thermohaline
processes.

4.2

Future Perspectives

In this thesis different mechanisms related to the flow of Atlantic Water to the
Arctic Mediterranean have been studied. Firstly, it is found that the Ocean
Weather Ship Station M is positioned in the western branch of the NWAC and
that this current is strongly locked in position by the steep escarpment at the
location. Monitoring this branch, the OWSM yields time series, both at fixed
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depths as well as vertically integrated over the AW, showing no overall trend in
temperature but a fresher than average current in the last decades. Interannual
variability is advected to the area and exhibit intermittent appearance of both
biennial and decadal oscillations. It is also shown how the mixing processes
of the upper ocean and lateral advection provide mechanisms dominating both
the local seasonal cycle in AW salinity as well as the along current freshening
of this water mass. Furthermore, the variability and inter gap correlations in
the distribution of Atlantic Inflow through the GSR openings is shown to be
strongly related to large scale atmospheric forcing.
A number of issues related to this study needs further investigation. Some
of them are
• OWSM provides the longest time series monitoring the western part of
the Atlantic flow. However, in light of the observed variability in flow and
hydrography between the two branches, the exchanges with the eastern
branch needs to be further assessed.
• The lateral exchanges of water masses between the Coastal-, Atlantic- and
Arctic Waters in the Norwegian Sea needs to be quantified, and its forcing
mechanisms studied more closely. Both the modification of the Atlantic
Water as well as its distribution between the interior and the shelf areas,
have implications for the relative importance of the different deep water
formation processes.
• The causes for variability in the Atlantic Inflow through the different gaps,
and possibly in total, needs to be further addressed in terms of atmospheric
and thermohaline forcing.
Regarding monitoring of the Atlantic Inflow, the existence of a more or less
permanent front and western branch of the NWAC at OWSM, should have implications for future monitoring strategies. An extensive current meter program
and cross-sectioning of hydrography, should be performed to assess the possibility of efficiently monitoring this flow by the use of a minimal number of current
meters (as done for the eastern branch by Orvik and Skagseth, 2002). Related
to this is of course a further assessment of exchanges and recirculation of water
masses between the branches in the whole area. The results of Paper II (i.e.
Figure 17) shows that a potential area for exchanges is south of the Vøring
Plateau. Furthermore, to assess the degree of continuity in the western branch
of the NWAC, a first approximation would be to relate some of the variability at
OWSM to the variability in the Faroe Current. This can be done using already
available data. In addition to focused investigations in areas of interest, the
continuation of existing monitoring systems such as OWSM and the program
in the Svinøy Section, is of paramount importance. But just as important is a
more efficient use of existing data, by collecting them into available and comprehensive data sets. In this respect I would like to emphasize the results in
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this thesis that stem from the database compiled at AARI (St. Petersburg) and
NERSC, and recommend its full support from the oceanographic community.
About the second point, the descriptions of the lateral advection mechanisms
and vertical mixing in Paper III is suggestive of more qualitative further studies.
Assessing the amounts of waters input to the NWAC from the coast via the
shallow summer mixed layer, and the possible balance between along current
advection of the NWAC and mixing with the Arctic Water to the west and
underneath, is a possible focus area. This can perhaps be studied using box
models and realistic gridded atmospheric forcing data. Such a study should
first involve an assessment of the annual cycle and then a study of interannual
variations.
The issues of large scale forcing of the circulation is most likely best studied
using (improved) numerical models with realistic atmospheric forcing, given the
temporal and spatial extent and resolution needed for such studies. But this
should of course be in combination with existing data and ongoing monitoring
programs such as the Arctic and Subarctic Ocean Fluxes (ASOF) programme.
Further analysis of the increasingly realistic atmospheric data available, in terms
of e.g. storm tracks and wind curl variability, is also likely to shed more light
on the nature of the atmospheric impact on the oceanic circulation.
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Appendix A

Time Series from Ocean
Weather Ship Station M
The time series from Ocean Weather Ship Station M is central to this work, and thus
it is appropriate to give a graphical overview of the long timeseries from this station.
These plots also serve as an informative backround for the discussions in the synthesis.
The graphs are made as time/depth plots (Hovmöller diagrams) of monthly anomalies, smoothed with a Butterworth filter with cutoff frequency a little less than the
annual cycle. The anomalies are calculated as deviations from the empirical annual
cycle calculated from the whole time range.
Embedded in the graphs are also smoothed depths of isopycnal surfaces as calculated in Paper I. A note on the apparent instabilities shown by the deeper surfaces
can be found in Section B.3.
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Figure A.1: Hovmöller diagram of salinity anomalies from OWSM. Smoothed with a
Butterworth filter with cutoff frequency a little less than the annual cycle. Horizontal
lines indicate the sample depths. White curves show the smoothed depth of isopycnal
surfaces.
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Figure A.2: Hovmöller diagram of temperature anomalies from OWSM. Description
in Figure A.1.
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Figure A.3: Hovmöller diagram of anomalies of density anomalies from OWSM. Description in Figure A.1.
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Figure A.4: Hovmöller diagram of oxygen anomalies from OWSM. Description in
Figure A.1.
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Appendix B

Methodological
Considerations
In this section some aspects of the methods used in the papers will be presented in more
details as well as discussed in general and regarding their application in this work1 .
This is specially important wrt. the methods used in Paper I due to the compactness
and yet key role of this paper.

B.1

Wavelet Analysis

Given the limited space allowed in Paper I for description of the application of Wavelet
analysis on the time series from OWSM, a brief introduction to the method is in order
here.
Wavelet transformation is a method of time-frequency localization of oscillations in
non-stationary records. A Wavelet Power Spectrum (WPS) shows how the spectrum
of the process changes in time, and thus gives information on any persistence and
possible changes in period of present oscillations. It is similar to windowed Fourier
transformation, but gives better temporal resolution due to the use of basis functions
that are localized in time and of length according to their frequency (Graps, 1995). The
concept of Wavelets was first mentioned in the appendix of the thesis of A. Haar (1909).
In the 1930s several groups investigated the use of scale varying basis functions in
representation of functions, but it was not before Grossman and Morlet and co-workers
in the early 1980s published a series of papers, that the concept of Wavelet transforms
was formalized properly. During the 1990s Wavelets have been used in numerous
studies in geophysics. A thorough description of the method and many geophysical
applications is given in Foufoula-Georgiou and Kumar (1994), but a far more directly
1 The practical implementation of these methods is done by programming in
MATLAB, and the functions related to Sections B.2–B.4 can be obtained from
www.gfi.uib.no/∼even/matlab.html
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a)

b)

Figure B.1: Basis functions, time-frequency tiles, and coverage of the time-frequency
plane for Windowed Fourier Transformation (WFT) (a) and Wavelet analysis (b).
One advantage of Wavelet analysis relative to WFT is the optimization of resolution
according to wavelengths/scale. In addition, basis functions for WFT are sines and
cosines, while in Wavelet analysis many different basis functions can be used (here
exemplified by Daubechies Wavelets). From Graps (1995).

applicable and practical introduction is found in Torrence and Compo (1997), and a
very comprehensible introduction to the basic concepts of Wavelet analysis is found
in Graps (1995). The description that follows here is based mostly on the two latter
works.
In standard Fourier (spectral) analysis, the basis sets consists of harmonic waves
(sine and cosine) which extend to infinity in both directions. A function f (t) is decomposed into its frequency components, but although information about the frequency
content of f (t) is gained, all temporal information is lost. In order to determine both
the dominant modes (frequency location) of variability and how those modes vary in
time, it is possible to apply Fourier transformation to consecutive subsets of the series. This method is called Windowed Fourier Transform (WFT). However, because
the same window (width) is used for all frequencies, the resolution of the analysis is
the same at all locations in the time-frequency plane (Figure B.1a). In order to isolate
abrupt changes, one would like to have very short basis functions. At the same time,
in order to obtain detailed frequency analysis one would like to have some very long
basis functions. A way to achieve both is to use short basis functions to resolve high
frequency variability and long basis functions for low frequency variability. This kind
of varying window width is what Wavelet transforms offer, and thus the coverage of
the time-frequency plane is optimized (Figure B.1b) in a way that is not possible with
the WFT.
The Wavelet transform is done by convolution of the time series with a scaled
version of the chosen basis function (Wavelet). That means that for each point in time,
the Wavelet is centered at that point and the products of the series and the localized
basis function (it goes to zero on both sides) is summed to represent the variance that
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is coherent with the Wavelet at (or rather near) that point in time. This is repeated
for all points in the time series, i.e. the basis function is moved along the time series,
and where (when) the series and the Wavelet are in phase, the Wavelet power will be
large. The process is repeated with differently scaled Wavelets to examine different
frequencies (the Wavelet is stretched or compressed as shown in Figure B.1b).
The results of Wavelet analysis can be presented as Wavelet power spectra like
in Figures 4 and 6 in Paper I (in the following, figures in Paper I will be referred
to with the roman number I in front of their Arabic number). In such a graph, the
variance of the time series (Figures I3 and I5) is distributed in a plane with frequency
as one dimension and time as the other. The interpretation of such a graph consists of
localizing maxima in the variance (here as red areas) and read from the two axes the
period of the oscillations and when and for how long they occurred. For instance, the
time series in Figure I5d has a high peak around 1972 followed by two lower peaks in
about 3 year intervals. The WPS in Figure I6d represents this by the large red patch
in these years and in the period range of 2–4 years. The single (possibly erroneous)
outliers on top of the first peak are reproduced by the Wavelet analysis as variance
in a narrow peak around 1970 in a period band of 0.5–1 years. In the time series of
Figure I5c long periodic oscillations can be readily identified in its latter half, and
the keen eye will notice the increasing period of these few cycles (≈ 15–19 years).
In the corresponding WPS (Figure I6c) a slow increase is seen in the period of the
peak in the lower part of the plot. In cases like this where the WPS shows a band
of variance that changes in periodicity over time, the question whether it represents
a physical oscillation that changes its period or the consecutive appearance of signals
from different sources, is a question of further physical analysis.
To make it easier to compare different Wavelet power spectra, it is desirable to
find a common normalization for the Wavelet spectrum. According to Torrence and
Compo (1997) the WPS in Paper I are normalized by 1/σ 2 , where σ 2 is the variance.
Since the expectation value for the Wavelet transform of a white noise process is equal
to the variance, the normalized WPS gives a measure of power relative to white noise.
Thus the relative power indicated by the colour range in Figures I4 and I6 shows that
power in the oscillations identified by the darkest red is more than 16 times higher
than that of a white noise process with the same variance.
The Wavelet transform is as mentioned done by convolution. This convolution
is performed by inverse Fourier transformation, and thus the series is assumed to be
cyclic as in classical Fourier transformation. This gives rise to discontinuities at the
end points that have to be remedied to avoid spectral leakage. This can be done
by padding with zeros and/or some sort of damping towards the end. The cone of
influence is the region of the WPS in which these edge effects become important, and
as seen in Figures I4 and I6 the influence increases with scale (period).
Another advantage of Wavelet analysis apart from the scaling of the basis functions
is that an infinite set of possible basis functions exist. Assuming a suitable choice of
basis function, Wavelet analysis provides information that can be obscured by Fourier
analysis, information about signals that takes forms different from smooth sine and
cosine functions. The choice of Wavelet functions to use is not arbitrary, unless one
is merely interested in qualitatively results (time and period of oscillations) (Torrence
and Compo, 1997). As in any time series analysis an effort should be made to analyze
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Figure B.2: Real (solid line) and imaginary (dashed line) parts of a Morlet Wavelet.

the series (visually) beforehand with respect to what shapes are present in the series.
Another approach is to make a decision as to what kind of signals are of interest to
identify. In oceanographic time series in general as well as in this study, the variability
tends to be of a smooth character, and some sort of damped cosine is applicable for
identifying oscillations. The chosen Morlet Wavelet (Figure B.2) is such a function
and it is widely used in geophysical research (Foufoula-Georgiou and Kumar, 1994).
Compared to other similar Wavelets, the Morlet is also well balanced with respect
to frequency localisation vs. time localisation (Torrence and Compo, 1997). It is not
utilized in this study, but the complex character of the Morlet Wavelet makes it useful
for analyzing oscillatory behavior, since it returns both amplitude and phase.

B.2

Bin Mean Averaging

This method for creating homogeneous fields from inhomogeneously sampled data,
is used extensively in Paper III and in Paper II. The representation of spatially distributed data is treated in general in Emery and Thomson (1997, Chapter 4), but
some details related to the specific application in this work is given below.

Constructing bins
In connection to bin-averaging a “bin” is a limited area in space or a timespan. The
division into bins can be done by making a grid of points (evenly or unevenly distributed) to which mean values are to be assigned. The data that form the basis for
these mean values are those with positions nearer than halfway to the next grid point
in all directions. In this way geographical cells are represented by a mean value positioned in the middle of the cell. The time dimension can also be incorporated in the
binning space, as well as any other variable related to the data samples.
Different length units can form the basis for a division of an area into bins. Oceanic
stations are often positioned using longitude and latitude. In our area of study, around
66o N, the distance between the latitudes is twice the distance between longitudes. This
geometry must be considered when constructing bins. In addition, both the meridional
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and latitudinal scale of the physical phenomena studied has to be considered when
constructing bins. Furthermore, as experienced in this study, often the choice of size
(and maybe even the shape) of bins are heavily influenced by the distribution and
scarcity of data.

Estimating the mean values
We define the following
D(x, t)

True value of the variable

Da

True mean for the bin

di = d(xi , ti )

Observed value for the ith point of measurement

D̂a

Estimator for the mean value of the bin

εi = Di − di

Error of the observation

εA = Da − D̂a

Error of the estimate

In general an estimator for the mean value can be expressed as
D̂a =

N
X

wi di ,

(B.1)

i=1

where wi is a sequence of weights. When using such an estimator for the mean it is
assumed that
the observations are unbiased
and the errors of the observations are uncorrelated

< di >=< Di >
(

< εi εj >=

0
σi2

(B.2)
∀i 6= j
∀i = j
(B.3)

where σi are the expected errors of observation.
If the statistics of D is homogeneous and stationary (< Di > is the same everywhere in the bin),
< Da >=< Di >
∀ i,
(B.4)
the following must be satisfied for the estimator (B.1) to be unbiased:
X

wi = 1

⇒

< εA >= 0.

(B.5)

i

The error variance of such an estimate can be calculated to be limited following the
expression (Daley, 1991):
< ε2A >=

X

2
wi2 σi2 ≤ σmax

(B.6)

This only tells us that the error variance of the estimate is less than or equal to the
largest measurement error.
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Population mean
A kind of estimator for the mean can be the regular population (POP) mean,
< d >=

N
1 X
di .
N i=1

(B.7)

This corresponds to (B.1) using the sequence of weights
1
∀
N
and the error variance by (B.6) becomes
wi =

< ε2A >=

i = 1, ..., N,

N
1 X 2
σi .
2
N i=1

(B.8)

The variance of the population mean (s2m ) is usually calculated by the single observations’ squared standard deviation divided by the number of observations:
s2

=

N
1 X
(di − di )2
N − 1 i=1

(B.9)

s2
(B.10)
N
This is the same as letting the observations’ deviation from the mean value represent
the expected measurement errors σi in (B.8), since these are usually much larger than
the instrument error.
This estimator does not take the measurement errors into account, and can as
expressed by (B.6) not be considered to have less error variance than the poorest
measurement in the bin.
s2m

=

Minimum Variance Unbiased Estimate
It is possible to let the measurement errors play a role in the averaging to improve the
uncertainty of the mean, i.e. strengthen the rather weak result of (B.6). An estimator
that can do this is the Minimum Variance Unbiased Estimate (MVUE) or Best Linear
Unbiased Estimate (BLUE). This estimator uses the weighting sequence
σ −2
wi = P i −2
σi

∀

i = 1, ..., N

(B.11)

which puts less weight on observations with large error. The variability of the weights
in the numerator is compensated by the normalisation in the denominator to satisfy
the restriction (B.5) for unbiased estimators. The error variance of an MVUE mean
can be expressed by
1
2
< ε2A >= P −2 ≤ σmin
.
(B.12)
σi
This means that the error of an MVUE mean is never larger than the error of the
most precise measurement in the bin. Furthermore, the error decreases for every new
observation included, no matter how uncertain.
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Choosing between the two
When making the mean spatial sections from OWSM data (Paper II) and spatial fields
from the AARI data (Paper III), the population mean was used. Thus no effort was
made to incorporate the measurement errors, for the following reasons. Weighting on
measurement quality like when using MVUE might give weight to the latter period
of a series due to the general improvement in instrumentation, thus implying that
this period is representative of the mean state of the ocean. This is strictly speaking
not wrong in a statistical sense where calculating a mean value and estimating its
error from observations scattered in time, requires the assumption that the underlying
process is stationary. However, in analysis of time series analysis it might be more
appropriate to accept the fact that the state of the ocean might change during the
timespan of the study. After all this is a study in the context of climate variability.
In such a physical approach one usually regards the mean value as a mean level in a
series that might have trends and oscillations, and to find such a mean, observations
from all parts of the time series are needed.
Improving the error of the mean estimate is of course desirable, but in light of the
above it must also be considered whether the error estimate from a POP mean is good
enough for the study in question. In the case of the spatial fields in Figures 6 and 7 of
Paper III, the error of the mean values are in general less than the contour interval in
the plots. This makes the general features discussed in the paper significant wrt. the
errors in the fields. In Paper II the mean sections all have errors of about one order
of magnitude less than the plotted contour interval, which makes them good enough
for that study too.

Temporal issues
A very important consequence of the temporal issues discussed above, is not only that
a mean value should be based on observations evenly distributed over the time span
of the series, but also that any temporal inhomogeneities should be similar between
the bins. For example if one area of a mean spatial field has more values from the
winter and another with mostly summer observations, the resulting field will appear
to show spatial differences when in fact it is the temporal (seasonal) variability that is
the cause. The same misrepresentation may arise from periods with strong anomalies
and in composite studies where there are differences in the distribution of number of
observations in the bins.
When creating the sections in Paper II, this issue comes into play in the bins
farthest from the ships middle position. Since the number of observations in these
bins is small, they are most sensitive to temporal inhomogeneities. A qualitative
presentation for this is shown in Figure B.3, which consists of one histogram over the
50 years for each of the bins. As expected, the count is very low in the outer bins,
and all but the central bins reflect the overall temporal distribution with most samples
during the 50’s and 70’s (Figure 6 of Paper II). Strictly speaking, from this the only
bins with appreciable amounts of data are in the 3 or 5 central columns (20–40 km
wide section). At least for the upper water masses, the seasonal signal is stronger
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Figure B.3: The temporal distributions in the bins of Paper II. The histograms are
ordered in the same fashion as the bins in the sections, with nine 10 km wide bins
laterally and from top to bottom 13 bins centered on the standard depths. The 50 years
run along each histogram base, and the upper limit (cut-off) is 20 observations.

than the interannual variability, so the seasonal distribution of samples in the bins
also needs to be checked. A similar test as shown in Figure B.3 revealed that all bins
had samples evenly distributed on all months (not shown).
In Paper III the bins where 2-by-1 degrees longitude and latitude respectively,
and evenly distributed over the Norwegian Sea. These 13-times-13 bins where each
analysed by means of histograms (not shown). Most bins contain more than 100
stations, but in some of the peripheral bins, like near Jan Mayen and along the northern
and southern margins of the map, the number can be very low. The distributions
mostly reflect the overall temporal distribution from 1950–1990 shown in Figure 2.1b,
which means that there are no large periods missing in the data. With the strong
gradients in the mean climatologies, and the qualitative application of the fields, the
slight temporal inhomogeneity is regarded insignificant.
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B.3

Vertical Interpolation

The sampling of waters at OWSM is taken at standard depths, that is, the samples are
seldom exactly at the prescribed depths. This is shown in Figure 4 of Paper II. When
making series of monthly mean values at the standard depths, it is sufficient to use
a spatial bin of some interval around the standard depths. However, when studying
details in the single profiles and when values not close to the samples are of interest,
interpolation methods are needed. In the time series study of Paper I, a method quite
successful in representing smooth curvature of the hydrography of the water column
is used, and this will be described below in more detail than allowed for in the paper.
When sampling is as coarse as the standard depths at OWSM (0, 10, 25, 50, 75,
100, 150, 200, 300, 400, 500, 600, 800, 1000, 1200, 1500, and 2000 m), studies of
gradients and transformation of properties requires more advanced interpolation than
linear. Linear interpolation is robust, but when gradients change rapidly, like below
and above a transition zone, the value found by linear interpolation becomes dependent
on the distance between the sampling points more than the values of the samples
themselves. Using a larger part of the profile (data points outside the neighbouring
points), helps to estimate the “true” curvature and thus a more realistic interpolated
value.
To estimate values of temperature and salinity at standard depths in each single
profile, it was chosen to use the method of weighted parabolas (WP) described in
Reiniger and Ross (1968). This particular method is devised to minimize the overshoots that often occurred near changing gradients in the earlier widely used method
of averaging two parabolas (Rattray, 1962), and is designed with emphasis on oceanographic parameters. The details of this method are thoroughly described in Reiniger
and Ross (1968).
The parameter values used in this work are the ones recommended by Reiniger and
Ross (1968) as a compromise between eliminating “overshoots” (i.e. keeping relatively
close to linear) and remaining a reasonably smooth curvature. Using recent Microcat
CTD data collected from April 2002 through June 2003 at OWSM, the curvature of the
interpolation technique using different parameters have been tested. An attempt was
made to find a general pair of parameters that would give the best approximation to the
CTD data throughout the year. Due to the changing characteristics of the profiles,
no clear minimization of errors was found within or near the range of parameters
giving curvature between linear and clear overshooting. Furthermore, differences due
to changing parameters in the sum of errors is marginal, so the choice of parameters is
done solely based on the recommendation by Reiniger and Ross (1968) and verification
of realistic curvature from the CTD data (e.g. Figure B.4). Naturally, features of
smaller scales than the sampling interval will not be reproduced by this method, but
smooth curvatures (changes in vertical gradients) will be reproduced.
Another application of the WP interpolation was in finding depths of density
surfaces. Since the interpolation by WP is designed for depth interpolation of oceanic
profiles, it is not directly applicable for the inverse operation of density interpolation
to find corresponding depths. Instead the density profiles were interpolated by WP
onto a depth grid with finer resolution (50 m) in a large interval around the permanent
pycnocline (250–1000 m). Then the depth of the chosen densities were found by linear
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Example profile from OWSM on 18−Oct−2002 11:25:37
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Figure B.4: Sample density profile from OWSM. Points indicate CTD-measurements in
one cast. Circles indicate subsamples at standard depths upon which the linear (dashed
line) and weighted parabola (full line) interpolation is done. The inlay shows the
importance of the difference between these two interpolation methods when estimating
depths of density surfaces.

interpolation in these high resolution profiles. In the inlay of Figure B.4, the advantage
of interpolation by WP is evident. For this profile direct linear interpolation on the
samples at standard depth give a depth of the σt =27.98 surface that is 52 m deeper
than the WP profile gives. Seeing that the WP curve is closer to the “truth” (the
scatter of CTD samples), it is clear that this is a serious error. It can also be seen that
the error would be even larger if, for instance, the lower sample (at 800 m) was taken
deeper giving a linear interpolation even farther from the CTD profile. This is not
the case for WP interpolation, where it is the gradients between the two neighbouring
points on each side of the sought point that determines the curvature, and not the
interpolation distance.
An error of ≈50 m is quite significant considering that the
variability and trends in the time series of isopycnal depths is of the same order of
magnitude in the upper half of the water column at OWSM (Paper I, Figure 2).
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A Short Note on Instabilities
A general problem when finding depths of density surfaces is the possibility that there
are instabilities in the profiles. At OWSM sometimes instabilities are found in the
surface and below the pycnocline where the density gradient approaches zero and
waters are near homogeneous. At the latter depths the density profile is very sensitive
to deviations in salinity and temperature, and it is found that in some profiles local
(single sample) salinity maxima result in local density maxima. These local density
maxima makes the density profile non-monotonic, having the same density at more
than one depth. Where this was the case in Paper I the lower depth was used. This
means that where the profile extends deep enough or into dense enough water, any
instabilities above are ignored. But when the chosen density is only found above
and below a local density maxima, it is the depth of the occurrence in the unstable
part that is used. For the density surfaces near the surface this is the best approach,
ignoring the surface instabilities that often occur and producing continuous time series
of the depth of the same density surface (Figure 2 of Paper I).
For the higher densities the problem with non monotonicity and multiple depths
can be seen in the abrupt jump in the σt =28.08 surface around 1995. This density
surface deepens from the mid ’70s but around 1995 it becomes too deep to be detected
(i.e. waters this dense might not be present at OWSM at that time). However, the
same density is in some profiles found higher up in the water column due to instabilities
around 600–800 m. This results in a very noisy daily timeseries and shallower mean
values (in the smoothing) for these years, causing the depth of the σt =28.08 surface
to seem shallower than the σt =28.07 surface. The same is the case for the early ’70s
where the estimates of the depth of these two density surfaces intersect. In both cases
only few profiles reach σt =28.08 so the profiles with a strong enough instability to find
this density higher up in the water column dominate the running mean used in the
figure. In both cases the apparent instabilities in Figure 2 of Paper I and Figures A.1–
A.4 should be disregarded, or rather interpretation should be done keeping in mind
that it is the deepest detected occurrence of the density that is presented with this
method.

B.4

Temporal Interpolation

In the time series study of Paper I the gaps in the time series pose some difficulties.
Spectral analysis requires series of uniform sampling interval, and thus gaps needs to
be filled in some way. Linear interpolation or any other smooth function fitting will
not incorporate short term variance in the gaps, and thus spectral estimates will tend
to underestimate the high frequency variance and overestimate low frequency variance
in the series (i.e. misrepresent the variance in the gaps by fitting of long frequency
components).
To meet this challenge a method was developed that better facilitate spectral
analysis on time series with gaps. The idea is to fill the gaps in a way that locally
conserves the variance as well as the local trend, using information from the data
neighboring the gaps. Two neighbouring segments of same length as the gap are
averaged point by point. Then the residuals from a linear fit to this average segment
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Figure B.5: Examples of interpolation by averaging neighbouring segments: Temperature series from OWSM. When there is no dominant periodicity, information is
gathered from the nearest samples (a), but when there is a prominent annual cycle
the gaps are filled with averages from one year before and after the missing points
(b). Full lines and circles represent original series, while dots on dashed line represent
interpolated values.
are added to a linear fit across the gap. Copying of spurious peaks is inhibited by a
local variance limit. This method conserves variance and does not induce false long
periodic components in the spectral estimates as linear interpolation often does.
An example of practical use of this method is seen in Figure B.5, where gaps in the
time series of temperature from OWSM is filled. It must be emphasized that although
the values replacing the gaps might look “realistic” they are in no manner intended
to be “qualified guesses”. They are only substitutes for the missing data points made
solely to facilitate spectral analysis and not to produce any new information about
the time series. The fact that the interpolation only “looks realistic” is quite descriptive of the method: It is only an attempt to represent an interpolation of the general
variability across the gaps and not the absolute values themselves. However, since
the averaging of segments is done in temporal space and not in frequency space, periodicities in the filled gap will not be averages of those present before and after the
gap. Instead the method might produce spurious peaks in the spectrum, but these
have limited power depending on how large fraction of the series are gaps. Thus where
the spectral analysis has time resolution, such as in Wavelet analysis (Section B.1),
estimates from the gaps should of course be overlooked. In general spectral estimates,
the adjustment just has to be kept in mind, but if the gaps do not occupy too large
part of the time series the results should be unaffected by this interpolation.
In seasonally influenced series (the upper 500 m at OWSM) the segment basis is
found 12 months before and after the gap (Figure B.5b). This is reminiscent of the
well known method of averaging data from same months in the previous and following
year apart from the fact that the averages are superimposed on linear fits and thus
taking into account the known level of the variable at the beginning and end of the
gap.
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Girton, J. B., Sanford, T. B., and Käse, R. H. (2001). Synoptic sections of the Denmark
Strait Overflow. Geophys. Res. Lett., 28(8), 1619–1622.
Godøy, Ø. (1998). Climatic variability in the Nordic Seas. Ph.D. thesis, Geophysical
Institute, University of Bergen, Allégt. 70, 5007 Bergen, Norway.
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