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Abstract

A 25 year hindcast carried out with the model ROMS (Regional Ocean Modelling System) is validated

by a quantitatively comparison between the model results and observations on temperatures and volume

transports in the Nordic Seas. ROMS is a three-dimensional ocean general circulation model that uses a

topography-following coordinate system in the vertical and orthogonal curvilinear coordinates in the horizontal.

In several key sections investigated, including the Greenland-Scotland Ridge, the Svinøy section and the

Fram Strait, the average modeled volume transports are within the uncertainties of observations. However, the

model results show a larger variability than observations, both seasonally and interannually. The correlation

between the NAO-index and the Atlantic inflow into the Nordic Seas is rather low, suggesting other possible

driving forces than local winds. The temperature fields are well reproduced, and the heat fluxes through the

sections investigated are comparable with estimates based on observations. An increased northward heat flux

through the Fram Strait in the 1990s, which caused a warming of the Arctic, is reproduced by the model. Also

single events such as volume transport anomalies on monthly time scales are captured in the model results.
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Chapter 1

Introduction

The flow of warm and saline Atlantic Water from the Atlantic Ocean into the Nordic Seas

and the Arctic Ocean, collectively termed the Arctic Mediterranean, is of great importance

both for the regional climate and for the global thermohaline circulation. The study of

the inflow of Atlantic Water into the Nordic Seas has therefore been given much attention

during recent decades. A general picture of the flow pattern in the Nordic Seas is established

(figure 4.1), and estimates of the total inflow of Atlantic Water into the Arctic Mediterranean

have been calculated, e.g. (Østerhus et al. 2005), (Girton et al. 2001) and (Dickson et al.

1999). Earlier estimates of the volume fluxes of Atlantic inflow were based on budgets, e.g.

Worthington (1970). However, more recently, several arrays of moored current meters and

cruises conducting CTD-casts and ADCP-sections have opened the possibilities for more

direct calculations of the Atlantic inflow, e.g. Østerhus et al. (2005).

Numerical modelling is a powerful tool when looking at the state of the ocean. The great

advantage of a numerical model is that it opens up the possibility to investigate the ocean in

all four dimensions; the three spatial dimensions in addition to time. In this way, a numerical

model is able to give far more information than observations. However, in order to use these

enormous amounts of data, it is very important to know wether the model results give a

realistic representation of the ocean.

The aim of this work is to quantify the total volume transport in the Nordic Seas and the

inflow of Atlatic Water into the Nordic Seas, by the use of an ocean general circulation model.

The model used is ROMS, Regional Ocean Modelling System. Model results from a 25 year

hindcast are available and the model performance is validated with respect to water mass

characteristics and the general circulation in the Nordic Seas. To do this, several key sections

have been chosen where observations are available, and the model results are compared with

existing litteratue on observations. Examples of such key areas are the Greenland-Scotland

Ridge, e.g. Østerhus et al. (2005), the Svinøy section, e.g. Orvik et al. (2001) and the

Fram Strait, e.g. Schauer et al. (2004). Only a brief and general description of the general

circulation pattern in the Nordic Seas will be given, and the model results, with respect to

these general features, are highlighted. In this text, all water masses entering the Nordic

Seas are termed “inflow”, and all water masses leaving the Nordic Seas are termed “outflow”.

Within the Nordic Seas, northward and eastward flow are termed “inflow” and southward and
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2 CHAPTER 1. INTRODUCTION

westward flow are termed “outflow”. When using the term “Nordic Seas”, the Barents Sea

is not included here, and thus the Nordic Seas means the so-called GIN Seas; the Greenland,

Iceland and the Norwegian Seas.

In the following sections, the model ROMS and the model setup used in this run is briefly

described. Then a presentation of some of the model results and a comparison between

model results and literature on observed data is given, starting with the inflow of Atlantic

Water over the Greenland-Scotland Ridge. The total flow in the Nordic Seas is examined,

with special interest put in the East Greenland Current, and a budget for the total volume

fluxes through the Nordic Seas is given. Then heat fluxes through the different sections are

computed, and a heat budget for the Nordic Seas is presented. The heat fluxes through the

sections closing the Nordic Seas basin are compared with observed heat fluxes and fluxes

based on budgets. Due to a sign error in the precipitation-evaporation balance, the surface

layers becomes fresher as time evolves, and salinity is therefore not included in this work.

However, in the last section, some results regarding the salinity is presented. Due to the

amount of presented data and results, the results are presented and discussed separately for

each section. Finally, a summary and some conclusions are made.



Chapter 2

Model Description

ROMS is a three dimensional baroclinic ocean general circulation model (OGCM) that uses

a terrain-following coordinate system in the vertical. This allows an enhanced resolution

both near the surface and near the bottom, and gives a good resolution of the processes

near the surface and on the shelves. In the horizontal, ROMS uses orthogonal curvilinear

coordinates. The development of ROMS is described in several papers; Song & Haidvogel

(1994), Haidvogel & Beckmann (1999), Haidvogel et al. (2000), Shchepetkin & McWilliams

(2003) and Shchepetkin & McWilliams (2005).

2.1 Model run

The model domain used in this run is shown in figure 2.1. The model uses a stretched

spherical coordinate grid in the horizontal (Bentsen et al. 1999), with the “North Pole”

situated in central Asia and the “South Pole” situated in the Pacific Ocean. This gives the

model an increased resolution in desired areas (see figure 2.1). In the vertical, there are 30

generalized sigma (s) coordinate layers, stretched to increase the vertical resolution near the

surface and the bottom. A time step of 900 s is used. There are no tides, and the vertical

mixing scheme used is the LMD parametrization (Large et al. 1994). The lateral boundaries

are closed. However, a constant volume flux of 1 Sv (1 Sv = 106 m3/s) is input through

the Bering Strait and 1 Sv is removed from the southern boundary. NCEP wind stress

is used as atmospheric forcing, obtained from the NCEP/NCAR reanalysis data (Kalnay

et al. 1996). Daily mean wind stress and latent, sensible, downward shortwave radiative

and net longwave radiative heat fluxes were applied as surface forcing after correcting for

differences in model and NCEP surface conditions, such as in surface temperature and ice

concentration. The flux corrections applied were developed by Bentsen & Drange (2000)

and provide a feedback between the model surface temperature and applied heat fluxes, thus

minimizing problems with drift in model surface temperatures. Precipitation is taken from

the daily mean NCEP values, and snowfall is taken to be precipitation, corrected for snow

density, when air temperature is less than 0 oC. Evaporation is computed from the latent

heat flux. River runoff is computed using the NCEP/NCAR reanalysis daily accumulated

surface runoff values over land that are routed to ocean discharge points using the Total

3



4 CHAPTER 2. MODEL DESCRIPTION

Runoff Integrated Pathways (TRIP) approach of Oki & Sud (1998).

Figure 2.1: Model domain.

The model is run for 25 years, from 1981 to 2005. A coarser model, with a resolution

of about 50 km, has been used as starting field for the current model run. Thus, the model

should require only a short spin-up time. The horizontal resolution in the area studied is

about 20 km, and a loss of small scale eddy-activity is therefore expected. The data are

averaged to monthly means before they are analyzed, and this should anyway smooth out

most of the small scale eddy-activity.



Chapter 3

Methods

Figure 3.1 shows the Nordic Seas with bathymetry. The different sections discussed in this

work are shown as red lines (see appendix for names and positions of the sections).
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Figure 3.1: Map and bathymetry of the area investigated. The red lines show the different

sections discussed, with the corresponding abbreviations.

All sections analyzed in this work are placed solely for the purpose of this work. The
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6 CHAPTER 3. METHODS

sections at the borders of the Nordic Seas are placed in order to close the basin. Thus,

the positions of the sections in this work may differ from the positions of observed sections.

Volume transports in both directions have been calculated in all sections. In key sections,

also flow speed, mean temperature and heat fluxes are calculated. Matlab has been used in

all processing and calculations.



Chapter 4

General circulation

This section summarizes the general flow pattern in the Nordic Seas.

Figure 4.1: Map showing the general circulation pattern in the Nordic Seas. Red arrows

are inflow of warm Atlantic Water, blue arrows are cold Arctic water and green arrows

are coastal water.

Figure 4.1 shows the general circulation pattern in the Nordic Seas, based on direct current
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8 CHAPTER 4. GENERAL CIRCULATION

measurements and hydrography. The figure shows the warm Atlantic inflow in the eastern

part of the basin, with two main branches, one east and one west of the Faroe Islands. The

Atlantic inflow follows the norwegian shelf, with one part flowing into the Barents Sea, while

the other part continues northward along the western part of Spitsbergen and finally enters

the Arctic through the Fram Strait. A compensating southward flow of cold Arctic Water

is flowing out of the Arctic through the Fram Strait. This flow continues southward along

the Greenland shelf, and finally enters the Atlantic through the Denmark Strait between

Greenland and Iceland.

Figure 4.2: Mean modeled velocity field in the Nordic Seas. The length of the vectors

denote current speed and colors denote temperature. Velocities below 2 cm/s are not

shown. The field show the 1981-2004 average at 50 meter depth.
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In figure 4.2, the corresponding modeled circulation in the Nordic Seas is shown. The

vectors show the circulation pattern, the length of the vectors denote velocity and the color

denote temperature. The field show the 1981-2004 average at 50 meter depth. Main features

as seen in figure 4.1, such as the Atlantic inflow over the Greenland-Scotland Ridge and

through the Svinøy section, the exchanges through the Fram Strait and the outflow of cold

surface water through the Denmark Strait are all clearly seen. Even the Norwegian Coastal

Current is visible, despite the relatively coarse model resolution. Note also the two branch

structure of the Atlantic inflow along the norwegian shelf.

Figure 4.3: Volume transports through the Nordic seas. Red arrows denote Atlantic

inflow. Blue arrows denote colder water masses.

Figure 4.3 shows the volume transports through the Nordic seas calculated from the model

results. The calculations are based on the average for the whole modeled period, 1981-2005.



Chapter 5

Atlantic inflow

The inflow of warm and saline Atlantic Water into the Nordic Seas is having a huge impact on

the climate in northern Europe. Virtually all Atlantic Water in the Nordic Seas and Arctic

Ocean enters over the Greenland-Scotland Ridge (see map, figure 4.1). Therefore, a lot of

research has been conducted in order to quantify the Atlantic inflow over the Greenland-

Scotland Ridge, and several arrays of moored current meters have been deployed between

Shetland and the Faroes, north of the Faroes and north of Iceland, in order to monitor the

Atlantic inflow through the three passages. By the use of both budgets e.g. Worthington

(1970), observations e.g. Østerhus et al. (2005) and numerical models e.g. Nilsen et al.

(2003), several estimates of the Atlantic inflow have been calculated. Usually, Atlantic Water

is defined as water masses with salinities above 35.0 psu (Helland-Hansen & Nansen 1909).

Due to the error in the salinity fields as mentioned earlier, salinity has not been used to define

water masses in this work. Another characteristic of Atlantic Water is higher temperatures

compared to other water masses in the Nordic Seas. Observations show that 5 oC corresponds

to salinities of 35.0 psu in the Atlantic inflow (Orvik et al. 2001). Therefore, Atlantic Water

is here defined as water masses with temperature equal to or above 5 oC.

5.1 Greenland-Scotland Ridge

The Greenland-Scotland Ridge is divided into three sections; The Faroe-Shetland Channel,

which is the deepest of the three sections, The Iceland-Faroe Ridge and the Denmark Strait

between Iceland and Greenland. All the sections are shown in figure 3.1. Recirculation of

Atlantic Water due to eddy-activity and topographical steering along the Greenland-Scotland

Ridge makes it difficult to estimate the real transport of Atlantic Water into the Nordic

Seas without classifying the different water masses passing through the different sections.

Atlantic Water flowing southward in the three sections across the Greenland-Scotland Ridge

is removed from the total Atlantic inflow when calculating the net Atlantic inflow through the

different sections. In this work, a section stretching from the Faroes to the Orkney is chosen

to represent the Faroe-Shetland Channel. The section across the Denmark Strait is placed

across the shallowest part of the Strait, in order to omit most of the possible recirculation.

The inflow between Iceland and the Faroes is usually observed in a section north of the

10



5.1. GREENLAND-SCOTLAND RIDGE 11

Faroes. However, in this work, the section is placed in a straight line between Iceland and

the Faroes, in order to close the Nordic Seas basin.

5.1.1 Results

Figure 5.1 shows the modeled net Atlantic inflow through the three sections at the Greenland-

Scotland Ridge. With the 3-year moving averages ranging from 1.7 Sv in the mid-1980s to 4.4

Sv in 2001, and the monthly averages ranging from 2.2 Sv in June/July to 4.1 Sv in January,

the inflow through the Faroe-Shetland Channel shows the largest variability, both seasonally

and interannually.
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Figure 5.1: 3-Year moving averages of net Atlantic inflow (left) and monthly average net

Atlantic inflow (right) through the three sections.

Figure 5.2 shows the net Atlantic inflow through the Faroe-Shetland Channel. As can be

seen in the figure, it seems to be both a seasonal signal and a large interannual variability.

Note also the very large inflow in winter 1993, with the volume flux reaching 9.3 Sv in January.

This is clearly a single, distinct event. However, all high inflow events ocurrs in winter. At one

occasion (November 1985), there is a net outflow of Atlantic Water in the section. Overall,

the model gives an average net Atlantic inflow of 3.2 Sv, with a standard deviation of 1.5 Sv.

The large standard deviation, compared to the average, reflects the variability of the inflow.

If the recirculation in the section is neglected and the total inflow is computed, the average

inflow rises to 6.0 Sv. However, the standard deviation is reduced to 1.1 Sv. Thus, including

the recirculation seems to contribute to a more steady inflow.

Figure 5.3 shows the net Atlantic inflow over the Iceland-Faroe Ridge, and shows a high

variability both seasonally and interannually, although the differences are smaller than in the

Faroe-Shetland Channel. Some striking features include a very sharp change from low inflow

in 1988 to high inflow in 1989, and very low inflow in January 1993, when the highest peak

ocurred in the Faroe-Shetland Channel. Overall, the model gives a net Atlantic inflow of 3.0

Sv with a standard deviation of 1.0 Sv. The total inflow amounts to 4.4 Sv, with a standard

deviation of 0.9 Sv.
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Figure 5.2: Faroe-Shetland Channel. Left: Net inflow of Atlantic Water. Right: Yearly

moving averages of total inflow, Atlantic inflow and net Atlantic inflow.
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Figure 5.3: Iceland-Faroe Ridge. Left: Net inflow of Atlantic Water. Right: Yearly

moving averages of total inflow, Atlantic inflow and net Atlantic inflow.

Figure 5.4 shows the net Atlantic inflow through the Denmark Strait. An average of 0.8

Sv with a standard deviation of 0.3 Sv, is found. In November 1986 and October 1995, there

is a net outflow of Atlantic Water through the section. The largest inflow is found in late

spring/early summer, while winter values show a larger variability. Generally, the inflow is

lower in winter, but the two largest peaks is found in February, with 1.6 Sv in 1985 and 1991.

The total inflow is 1.6 Sv on average, with a standard deviation of 0.4 Sv.

Total inflow, Atlantic inflow and net Atlantic inflow are summarized in table 5.1. In both

the Faroe-Shetland Channel and the Iceland-Faroe Ridge, the Atlantic inflow is very close

to the total inflow. The net Atlantic inflow is, however, substantially lower, indicating that

some recirculation is taking place and/or some eddy activity in the area. In the Denmark

Strait, there seems to be very little recirculation of Atlantic Water. However, a substantial

part of the inflow is obviously Atlantic Water with temperatures below 5 oC.
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Figure 5.4: Denmark Strait. Left: Net inflow of Atlantic Water. Right: Yearly moving

averages of total inflow, Atlantic inflow and net Atlantic inflow.

Section Total inflow Atlantic inflow Net Atlantic inflow

Faroe-Shetland Channel 6.0 5.9 3.2

Iceland-Faroe Ridge 4.4 4.1 3.0

Denmark Strait 1.6 1.0 0.8

Total 12.0 11.0 7.0

Table 5.1: Modeled inflow over the Greenland-Scotland Ridge.

In order to quantify the consistency in the seasonal signal, correlation coefficients between

the monthly means for each year and the modeled climatological monthly means for the net

Atlantic inflow through the three sections, have been computed. The correlation coefficients

are found to be 0.54 on average for the Faroe-Shetland Channel, with positive values in all

years, 0.31 on average for the Iceland-Faroe Ridge; highly variable with values down to -0.6,

and 0.41 on average for the Denmark Strait, with the only negative values in 1991 and 2004.

These values are around 0.1 lower than the values computed from the total inflow through the

three sections. Thus, the Faroe-Shetland Channel is the only section where the inflow show a

fairly consistent seasonal variation with the higher inflow in winter. In the Denmark Strait,

the seasonal signal is weaker, and also in opposite phase, with the higher values in summer,

while it is impossible to conclude whether there is any seasonal signal on the Iceland-Faroe

Ridge.

5.1.2 NAO

Wind is a major driving force of currents in the upper layers, and the North Atlantic Oscil-

lation (NAO) may therefore greatly influence the flow over the Greenland-Scotland Ridge.

Monthly means and yearly moving averages of the NAO-index are shown in figure 5.5 (left),

while winter values (December through March) of the NAO-index are shown to the right.
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The NAO data are from http://www.cgd.ucar.edu, and are based on the normalized dif-

ference in sea-level pressure between Lisbon, Portugal and Reykjavik, Iceland. The winter

index is available for all years, while the monthly data are available only up to 2002. The

correlations between the NAO-index and the modeled inflow through the three sections on

the Greenland-Scotland Ridge are shown in table 5.2.
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Figure 5.5: Left: Monthly averages and yearly moving average of NAO index for the

period 1981 to 2002. Right: Winter values of the NAO-index, the months Dec, Jan, Feb

and Mar are included.

Section Monthly means Winter values

Faroe-Shetland Channel 0.36 0.40

Iceland-Faroe Ridge 0.28 0.49

Denmark Strait -0.33 -0.40

Table 5.2: Correlation coefficients between net Atlantic inflow and NAO index.

5.1.3 Discussion

The net Atlantic inflow shown in table 5.1, show that the two branches east of Iceland are

the main contributors to the Atlantic inflow to the Nordic Seas. This is in agreement with

observations, see e.g. Hansen & Østerhus (2000). Also the volume fluxes in all three branches

are in fairly good agreement with observations. Table 5.3 compares the modeled data with

different observations and also one other model experiment by the use of the model system

MICOM (Miami Isopycnic Coordinate Ocean Model), conducted by Nilsen et al. (2003).

Table 5.3 shows that the modeled volume fluxes presented here are generally lower than

observed values. However, these model results represent the whole modeled period, 1981-

2005, while the observations only include time series from late 1990s until around 2001.

Østerhus et al. (2005) operates with an uncertainty of 1 Sv on the total inflow over the
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Modeled Estimated from observations

Section ROMS N(2003) HØ(2000) T(2003) H(2003) Ø(2005)

FS 3.2 4.4 3.2 3.8

IF 3.0 2 3.3 3.5 3.8

DS 0.8 0.5 1.0 0.8

Total 7.0 6.9 8.5

Table 5.3: Modeled and observed values for net Atlantic inflow over the Greenland-

Scotland Ridge. N(2003)=Nilsen et al, 2003. HØ(2000)=Hansen and Østerhus, 2000.

T(2003)=Turrell et al, 2003. H(2003)=Hansen et al, 2003. Ø(2005)=Østerhus et al,

2005.

Greenland-Scotland Ridge. When this uncertainty and the interannual variability is taken

into consideration, the model results are quite close to the observed volume transports. In-

cluding only the years 1999-2001, which are the years of measurements Østerhus et al. (2005)

base their findings on, the following volume transports are found in the model: 4.2 Sv in

the Faroe-Shetland Channel, 2.7 Sv over the Iceland-Faroe Ridge and 0.7 Sv through the

Denmark Strait; a total of 7.6 Sv, which is within the uncertainty of the 8.5 +/-1 Sv found

by Østerhus et al. (2005). On the other hand, the model show a larger fraction of the in-

flow coming through the Faroe-Shetland Channel in these years than what is estimated from

observations.

Two other factors that may play important roles, are how the inflow is defined and where

the section is placed. The first regards which water masses are accounted for and how eddy-

activity and recirculation is treated, and the latter regards which currents are accounted for

and how much influence the eddy-activity and recirculation will have. In this work, all three

sections are placed across the shallowest parts of each of the three passages. This in order

to omit most of the topographically steered recirculation within the passage, and also to

catch all inflow and outflow through each section and close the Nordic Seas basin. However,

inspection of vertical sections through the three passages indicate some eddy-activity on the

Iceland-Faroe Ridge and some recirculation in the Faroe-Shetland Channel. In the Denmark

Strait, the inflow and outflow seems to consist of totally different water masses and are easily

distinguishable. Thus, both the total inflow and outflow through the Denmark Strait would

have been good approximations of the net inflow and outflow, respectively. A section north

of the Faroes is often used to measure the inflow over the Iceland-Faroe Ridge. This will

remove most of the influence of eddy-activity and recirculation on the Ridge, but it may also

include some Atlantic Water from the Denmark Strait inflow, especially when water masses

are defined solely by temperature. Therefore, higher inflow may be expected through the

northward section than through the section along the Ridge.

As an example of the importance of defining the water masses, I will compare these model

results with the model results by Nilsen et al. (2003). In this work, net Atlantic inflow is

defined as net inflow of water with temperatures above 5 oC, where all outflow of these water

masses are considered recirculation and is therefore subtracted from the total Atlantic inflow.
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This gives a total inflow of 4.4 Sv and a net Atlantic inflow of 3.0 Sv over the Iceland-Faroe

Ridge. In the model experiment done by Nilsen et al. (2003), the total inflow through this

section was found to be 5.6 Sv, while a high outflow of 3.6 Sv gave a net inflow is 2 Sv.

However, no temperature criterion was used, and these two net inflows may therefore not be

directly compared.

As seen in figures 5.2 to 5.4, there seems to be some seasonal signal in the inflow through

the three sections. Østerhus et al. (2005) found no significant seasonal variation in the flow

pattern in the two branches east of Iceland, while the inflow through the Denmark Strait had a

seasonal amplitude significantly different from zero. They also found that the inflow through

the Faroe-Shetland Channel showed the largest variability. However, it was uncertain whether

this variability was realistic, or if it was due to differences in the precision of the estimates.

In the model results, the Shetland branch shows the largest variability both seasonally and

interannually. To investigate the possible seasonal differences, summer and winter averages of

the inflow have been computed. The three first and the three last months of the year have been

used to calculate the winter averages, while the summer averages consist of the months April

through September. To quantify the seasonal difference in Atlantic inflow, the differences and

standard deviations of the differences between the winter and summer averages are calculated.

The section that shows the largest seasonal variability, is the Faroe-Shetland Channel, with an

average difference of 1.1 Sv between summer and winter. The standard deviation is 0.8 Sv, or

about 70 % of the total difference. On the Iceland-Faroe Ridge, the seasonal signal is weaker.

On average, the difference between winter and summer is 0.5 Sv, with the higher inflow in

winter. The standard deviation is, however, 0.6 and thus larger than the average difference.

The difference is also negative in some years. In the Denmark Strait, the difference between

winter and summer inflow is -0.1, with a standard deviation of 0.2. Thus, the inflow through

the Denmark Strait has the highest values in summer, but the standard deviation is also here

higher than the average seasonal difference, and the difference also gives positive values in

some years. It is thus impossible to conclude whether the inflow through the Denmark Strait

and over the Iceland-Faroe Ridge show any seasonal variability, while the seasonal variability

in the inflow through the Faroe-Shetland Channel has an average difference between summer

and winter which is larger than the standard deviation. Thus, it is reasonable to say that

the Shetland branch show a seasonal signal. However, the standard deviation of the winter

and summer means are 1.1 Sv and 1.0 Sv, respectively. This may imply that the seasonal

signal is masked by the interannual variability, and that the interannual variability is on the

same order of magnitude as the seasonal variability. This is supported by looking at yearly

averages and the standard deviation of the interannual variability. As the winter is the season

with the highest inflow, each year is centered around the winter, so that each year span from

July one year to June the next year. In this way, the whole winter season with corresponding

low pressure activity is kept within the same year. Yearly average net Atlantic inflow ranges

from 1.4 Sv in 1985/86 to 5.0 Sv in 2001/02. A standard deviation of 0.9 Sv is found between

the years, which is close the average difference of 1.1 Sv between summer and winter values.

In the other two sections, the interannual variability is smaller than in the Faroe-Shetland

Channel, with standard deviations of 0.4 Sv and 0.2 Sv for the Iceland-Faroe Ridge and the

Denmark Strait, respectively. Thus, the difference between summer and winter values are on
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the same order of magnitude as the standard deviations between the years in both sections,

but the variability is smaller relative to the inflow in the two latter sections. However, the

difference between two following years are on the order of two standard deviations on several

occasions in all three sections. This also gives relatively large fluctuations on the yearly net

Atlantic inflow over the Greenland-Scotland Ridge (figure 5.6).
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Figure 5.6: Yearly net Atlantic inflow over the Greenland-Scotland Ridge. The averages

are from July to June.

Although variations on a time scale shorter than a couple of months are impossible to

detect using monthly averages, there are some traces of such fluctuations also in this data

set. The most spectacular event is the extremely large inflow through the Faroe-Shetland

Channel in January 1993, with the total inflow reaching 10.8 Sv. The corresponding net

Atlantic inflow is 9.3 Sv, which is almost three times the average net Atlantic inflow, even

in winter. My suggestion to why this anomalously high inflow ocurred, is that an extremely

intense low pressure system with corresponding very strong winds crossed the area in January

1993. However, this is not seen in the NAO index. It is also an interesting observation that

the net Atlantic inflow over the Iceland-Faroe Ridge was correspondingly low at the same

time (see figures 5.2 and 5.3). During the years 1985/86, when the lowest inflow in the Faroe-

Shetland Channel ocurred, one month, November 1985, show a slightly negative net inflow of

Atlantic Water. In the Denmark Strait, there are two events of negative monthly net Atlantic

inflow during the whole time series. On the Iceland-Faroe Ridge, no such event ocurrs.

From figure 5.1, it is clear that the Denmark Strait inflow is seasonally in counter-phase

with the other two sections. In fact, while the two other inflows have larger values in winter

than in summer, the Denmark Strait inflow show a dipole structure, with the largest peak

in May, and a lower peak in November/December. Two minima are found, one in March

and a second in August/September. Another interesting observation, is a seemingly shift

in the seasonal variation in the inflow through the Denmark Strait. At the start of the

time series, the largest values are found in February/March and decreasing through the year.

After 1985, however, the largest inflow is generally found around May/June. Computing
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correlations between the seasonality each year and the climatological seasonality, gives an

average correlation coefficient of 0.41. The correlation is positive for all years except 1991

and 2004, when there is a small negative correlation. In the years 1982 to 1985 the correlations

are below 0.25. This indicates a fairly consistent seasonal signal, except for the mid-1980s,

as mentioned. Jonsson & Valdimarsson (2004) conclude that although there is no seasonal

signal in the current velocity, the Atlantic Water fraction varies seasonally and gives rise to

a seasonal amplitude of 0.2 Sv, with a maximum in September. In the model, the maximum

is seen in May/June, while September is close to the minimum inflow.

According to both observations (Østerhus et al. 2005) and model results (Nilsen et al.

2003), there is a negative correlation between the Atlantic inflow between Greenland and the

Faroes and the Atlantic inflow between the Faroes and Shetland. This is partly explained

by the influence of the NAO, which represents the mean wind stress in the North Atlantic.

A positive NAO-index will tend to push water northeastward, mainly through the Faroe-

Shetland Channel, but also over the Iceland-Faroe Ridge, depending on the position of the

Icelandic low. On the other hand, a positive NAO will give northerly winds in the Denmark

Strait, blocking the inflow through this section but allowing a larger outflow. A negative

NAO-index will act in the opposite way; reducing the inflow east of Iceland and increasing

the inflow west of Iceland. This pattern is poorly resolved in these model results. The

correlation between the total inflow between Greenland and the Faroes and the inflow in the

Faroe-Shetland Channel, is as low as -0.24. However, the value is negative, which gives an

indication of the pattern. There is no correlation between the Iceland-Faroe Ridge inflow and

the Faroe-Shetland Channel inflow. This reflects that the inflow over the Iceland-Faroe Ridge

is not only dependent on the NAO-index, but also dependent on the position of the Icelandic

low (Northern Center of Action, NCA, of the NAO; Hilmer and Jung, 2000). Comparing the

two inflows through the Denmark Strait and the Faroe-Shetland Channel, gives a correlation

coefficient of -0.54. This supports, to some degree, the observations which indicate that these

two inflows are in counter-phase.

5.2 Svinøy Section

The Svinøy section is strategically placed across the core of the Norwegian Atlantic Current

flowing northward along the Norwegian shelf, and has been monitored by moorings and

frequent CTD-sections for several years. According to observations, the Norwegian Atlantic

Current shows a two-branch structure, with one branch lying on the Norwegian shelf edge

and the other branch located along the 2000 m isobath, following the topographic slope of

the Vøring plateau, Orvik et al. (2001), Orvik & Niiler (2002).

5.2.1 Results

Figures 5.7 and 5.8 show the total and the Atlantic inflow through the Svinøy section. From

the figures, it is clearly seen that both the total flow and the Atlantic inflow through the

section have a large variability, both seasonally and interannually. The first observation is

a clearly lower volume flux in the 1980s, until a sharp rise in the volume fluxes is seen in
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1989. In the Atlantic layer, the lowest seasonal inflow is found during summer, with values

of around 6 Sv. In October to January, the volume flux is increased to around 8 Sv, a

difference of 25-30% of the flow. The seasonality in the total flow has a different phase, with

the minimum flow in August and the maximum flow in March. On average, the model gives

an Atlantic inflow of 7.0 Sv with a standard deviation of 1.8 Sv, while the total volume flux

is 44.0 Sv with a standard deviation of 13.4 Sv. The large standard deviations reflect the

large variabilities.
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Figure 5.7: Total volume transport (left) and transport of Atlantic Water (right) through

the Svinøy section.
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Figure 5.8: Volume fluxes through the Svinøy section. Note that the Atlantic inflow is

multiplied by 10.

To distinguish the two different branches in the Norwegian Atlantic Current, a vertical

line has been drawn approximately at the 800 m isobath. The Atlantic inflow west of this

line is hereafter termed “western branch” and the Atlantic inflow east of this line is termed

“eastern branch”. Inspection showed that this was an adequate choice for distinguishing the

two branches. The inflow of Atlantic Water in the two branches is shown in figure 5.9. A
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striking observation is that the western branch seems to be almost non-existent from the start

of the data set in 1981 until 1989. In 1989, it suddenly establishes and is consistent for the

rest of the period (1989-2005). The eastern branch is well developed in all years. However,

in the 1980s, the weak western branch is compensated by a slightly stronger eastern branch,

although not enough to keep the total Atlantic inflow at the same level through the whole time

series, as can be seen in figures 5.7 and 5.8. In the years 1981 to 1989, the western branch

has an average volume transport of only 1.3 Sv, while the eastern branch has an average

volume transport of 4.5 Sv. The standard deviations are 1.0 Sv and 1.2 Sv, respectively. The

standard deviation is very high compared to the average in the western branch, reflecting

that the western branch is both weak and highly variable in the 1980s. Figure 5.9 does

not show any clear seasonal cycle in the western branch. However, it seems to be a higher

inflow in summer and autumn than in winter and spring. This might be connected with

summer heating at the surface, which is not excluded. Especially in the years with very low

inflow, this may have a relatively strong influence on the calculated volume flux of Atlantic

Water. Excluding the years 1981 to 1988 in the calculations, gives an average of 3.7 Sv in

the western branch and 4.0 Sv in the eastern branch. The standard deviation is 1.2 Sv in

both sections. Thus, the volume transport in the western branch is almost tripled, while

the volume transport in the eastern branch has decreased slightly. It is also worth noting

that while the total volume transport in the western branch is almost tripled, the standard

deviation is the same, indicating a more consistent flow, or a consistent seasonal signal in all

years.
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Figure 5.9: Volume transport of Atlantic Water in the western branch (left) and the

eastern branch (right) of the Svinøy section.

Looking at the velocity fields (figure 5.10), confirms that the western branch of the Nor-

wegian Atlantic Current was almost absent in the 1980s. However, in 1995 there is a clear two

branch structure, with the eastern branch following the continental slope, while the western

branch follows the slope of the Vøring Plateau. This is also seen in the anomalies, with a

negative anomaly of 0.1-0.15 m/s in the western branch in 1985, and a positive anomaly of

0.1 m/s in 1995. In the eastern branch, there is only small differences in both years. It is also
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clearly visible that the Atlantic inflow north of the Faroe Islands was weaker in the 1980s

compared to the 1990s. Also the Shetland branch of the inflow show a positive anomaly in

the current speed in the 1990s.
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Figure 5.10: Yearly averaged velocities at 50 meter depth in 1985 (left) and 1995 (right).

The color scale is the same in the two figures.
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Figure 5.11: Yearly averaged velocity anomalies at 50 meter depth in 1985 (left) and

1995 (right). The color scale is the same in the two figures.

Two parameters that affect both the volume transport and the heat flux, which will be

discussed later, is the current speed through the section and the temperature across the

section. Figure 5.12 shows the average temperature and the average current speed in the

Atlantic layer through the Svinøy section. As can be seen, there is a clear seasonal signal in

the average temperature, as expected. But the yearly average temperature is also oscillating,

with a period of several years. This also seems to be the pattern in the average current speed,

with the highest values in winter, but also large interannual variations. The highest values

are found in January 1982, 1983 and 1993, with the monthly average current speed reaching

0.27-0.28 m/s.
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Figure 5.12: Average temperature (left) and current speed (right) in the Atlantic layer

defined by temperature above 5 oC in the Svinøy section

5.2.2 Discussion

The Svinøy section is strategically placed across the core of the Norwegian Atlantic Current,

carrying Atlantic Water into the Nordic Seas. The Svinøy section monitoring program has

been run since 1995, and time series of volume transports through the section stretching over

several years are available. Based on four years of measurements (1995-1999) using both

current meter moorings, VM-ADCP, SeaSoar-CTD and CTD transects, Orvik et al. (2001)

estimated an inflow of 4.2 Sv in the eastern branch and 3.4 Sv in the western branch, with

standard deviations of 1.5 Sv and 1.0 Sv, respectively. This gives a total Atlantic inflow of

7.6 Sv. This compares very well with the results found in the model, with an average volume

transport of 2.8 Sv in the western branch and 4.2 Sv in the eastern branch, which gives a

total Atlantic inflow of 7.0 Sv. These model results are based on the whole model period.

However, it is more interesting to compare only the years when measurements are available.

This will also cancel out the anomalously low inflow in the western branch during the 1980s.

Including only the years 1995-1999, gives an average modeled volume transport of 3.4 Sv

in the western branch and 3.8 Sv in the eastern branch; a total of 7.2 Sv. The standard

deviations are 1.0 Sv and 1.2 Sv, respectively. Considering the relatively large uncertainties,

these results are very close to the findings of Orvik et al. (2001).

Observations suggest that the inflow through the Faroe-Shetland Channel mainly feeds

into the eastern branch of the Atlantic inflow, while the inflow between the Faroes and Green-

land mainly feeds into the western branch (Orvik & Niiler 2002). Using monthly averages,

gives a correlation coefficient of 0.57 between net Atlantic inflow through the Faroe-Shetland

Channel and the volume transport in the eastern branch of the Norwegian Atlantic Current.

Using the total Atlantic inflow through the Faroe-Shetland Channel gives a correlation co-

efficient of 0.73. Thus, the recirculation east of the Faroe Islands is also contributing to the

flow in the eastern branch. On the other hand, there is only a weak and negative correlation

between the volume transport in the western branch and the net Atlantic inflow west of the

Faroe Islands (table 5.4). However, some of the Atlantic inflow recirculates in the Faroe-
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Shetland Channel and subtracting this recirculation from the net Atlantic inflow between

Greenland and the Faroes, gives a correlation coefficient of 0.31 between the net Atlantic

inflow west of the Faroes and the western branch. This indicates that a high recirculation in

the Faroe-Shetland Channel tends to weaken the western branch in the Svinøy section.

The two branches in the Norwegian Atlantic Current are believed to be in opposite phase

(Mork & Blindheim 2000), and should thus be negatively correlated. This is consistent with

observations showing opposite phases in the inflow through the Faroe-Shetland Channel and

the inflow over the Iceland-Faroe Ridge. This is used to explain the rather stable inflow

through the Svinøy section although the two branches in the inflow show a large variability.

In the model, the monthly averages show a correlation of -0.23 between the two branches.

Using yearly averages (July-June), gives a correlation of -0.49. Thus, the model supports

the observed pattern of a negative correlation between the two branches, although the signal

is rather weak. The correlations between the volume transports in different sections are

summarized in table 5.4. Two interesting events show the negative correlation between the

two branches clearly (figure 5.9). The first event occurs in March 1995, when there is an

anomalously high inflow in the eastern branch. In the same month, there is almost a complete

halt in the volume transport in the western branch. The second event occurs in winter and

spring, 2001. Then there is another halt in the western branch inflow, from March to June.

In the eastern branch, there is not any distinct high in the winter time inflow that year, but

the seasonal high continues well into the summer (June/July). Except for the event with

the stretching of the seasonal high in 2001, this phenomenon is only seen at the start of the

time series, when the western branch is almost non-existent. Thus, when the western branch

weakens, the volume transport in the eastern branch seems to increase to maintain the total

volume transport through the Svinøy section.

Sections Month Winter

Greenland-Scotland Ridge - Svinøy Section (AW) 0.68 0.76

Faroe-Shetland Channel - Denmark Strait -0.54 -0.84

Faroe-Shetland Channel - Eastern Branch 0.57 0.50

Iceland-Faroe Ridge+Denmark Strait - Western Branch -0.18 -0.38

Faroe-Shetland Channel - NAO 0.36 0.40

Iceland-Faroe Ridge - NAO 0.28 0.49

Denmark Strait - NAO -0.33 -0.40

Svinøy Section (AW) - NAO 0.35 0.46

Svinøy Section (Total) - NAO 0.27 0.46

Eastern Branch - NAO 0.45 0.64

Western Branch - NAO 0.06 0.14

Eastern Branch - Western Branch -0.23 -0.07

Table 5.4: Correlations between the net Atlantic inflow through different sections. Winter

is the months December-March.

As can be seen in figure 5.2, the inflow through the Faroe-Shetland Channel was weak in
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the mid-1980s, while the inflow over the Iceland-Faroe Ridge was rather strong in the early

1980s. The low modeled volume transport in the western branch and the correspondingly

higher volume transport in the eastern branch in the Svinøy section in the 1980s, contradict

the observations suggesting that the Shetland-branch mainly feeds into the eastern branch

and the inflow over the Iceland-Faroe Ridge mainly feeds into the western branch of the

Norwegian Atlantic Current. However, figures 5.10 and 5.11 indicate that the inflow through

the Faroe-Shetland Channel contributes to both branches in the 1990s, while this connection

seems to be “shut” (at 50 meters) in the 1980s.

Table 5.5 shows the modeled and observed volume transports in the Svinøy section. There

is very good agreement between model results and observations, but the modeled volume

transport in the western branch is low compared to observations when the whole time series

is used. The obvious reason for this is the already mentioned low inflow in the western branch

during the 1980s.

Modeled Observations

Section 1981-2005 1995-1999 1995-1999

Western Branch 2.8 3.4 3.4

Eastern Branch 4.2 3.8 4.2

Total 7.0 7.2 7.6

Table 5.5: Modeled and observed Atlantic inflow through the Svinøy section. The obser-

vations are from Orvik et al, 2001.

As can be seen from figures 5.7 and 5.8, the volume flux through the Svinøy section

increases dramatically in the late 1980s. One factor that may trigger such large changes, is

changes in the NAO. As can be seen from figure 5.5, the NAO-index increased and made a

shift from negative to positive yearly values in 1988/89, and the winter values of the NAO-

index shows a distinct peak in 1989. However, as the modeled volume flux through the

Svinøy section and the NAO-index show only a weak correlation (table 5.4), the NAO seems

insufficient to explain the dramatic shift in the volume transport. The event in January 1993

with the highest Atlantic inflow, is clearly connected with an increased average speed in the

Norwegian Atlantic Current (figure 5.12). This is also the month when the Faroe-Shetland

Channel experienced an extremely high inflow. However, there is nothing in the NAO-index

that may explain this anomalous strong current.

Orvik et al. (2001) conclude that the eastern branch shows a systematic annual cycle with

summer to winter variations in the proportion of 1 to 2. They also concluded that the volume

transport in the flow correlated well with the NAO-index on a 3-month time scale. In the

model, the seasonal signal is weaker, with a difference of 1 Sv, or almost 1/3 of the average

flow, between summer and winter in the eastern branch. The western branch, on the other

hand, shows no seasonal differences. Here, only the years 1995-1999 were used. Using 3-

month averages of volume transport in the eastern branch and the NAO-index in these years,

gives a correlation of 0.45, while the correlation between the volume transport in the eastern

branch and net Atlantic inflow between Shetland and the Faroes is 0.86. Calculating seasonal
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differences for the whole model period, shows an average difference of 1.2 Sv between summer

and winter values in the eastern branch, with the highest transports in winter. However, in

2001, the average volume transport was larger in summer. In the western branch, there is no

evidence of any seasonal differences. One interesting observation is that in 2001, the western

branch shows a considerably larger (1.2 Sv) volume transport in winter compared to the

summer value that year. This coincides with the opposite seasonal difference in the eastern

branch. The correlation between the seasonal differences in the two branches is -0.06.

Figure 5.8 reveals that the total flow and the Atlantic inflow through the Svinøy section

have different phases. The Atlantic inflow, with a maximum in October to January, leads the

total inflow, with a maximum in March, by a few months. This is also seen in the seasonal

lows; the low in the Atlantic inflow occurs in June, while the low in the total flow occurs

in August. This may suggest that the two have different forcing mechanisms. Based on

monthly averages, the total flow and the Atlantic inflow have a correlation coefficient of 0.45.

However, the highest correlation is found by comparing the Atlantic flow with the total flow

one or two months later, which both gives a correlation of 0.56.

A strong correlation between the total inflow over the Greenland-Scotland Ridge and the

Atlantic inflow through the Svinøy section is to be expected. Correlation coefficients for dif-

ferent time spans are shown in table 5.4. Using monthly averages gives a correlation coefficient

of 0.68. However, 0.68 is is not a very high correlation, which is indicating that other factors

contribute to the variability in the Svinøy section. Using winter values (December-March)

gives a correlation of 0.76.

As shown in both figures 5.7 and 5.8, the Norwegian Atlantic Current shows a high vari-

ability, both on yearly and monthly timescales. Using monthly averages, gives a correlation

coefficient of 0.35 between the Atlantic inflow in the Svinøy section and the NAO-index,

while using winter values only gives a correlation coefficient of 0.46. The two branches of the

Atlantic inflow show different responses to the NAO. While the eastern branch is dependent

of the NAO, to some degree, the western branch shows no connection to shifts in the NAO.

This is consistent with the findings of Orvik et al. (2001), concluding that the eastern branch

is a topographically trapped and near barotropic current, while the western branch appears

as an unstable frontal jet.



Chapter 6

Outflow over the

Greenland-Scotland Ridge

The inflow of Atlantic Water into the Nordic Seas is compensated by an outflow of deep

water over the Greenland-Scotland Ridge and also a southward transport of cold surface and

intermediate water and ice through the Denmark Strait. In this chapter, the outflow of water

masses with temperatures below 5 oC over the Greenland-Scotland Ridge, will be presented.

6.1 Results

0

2

4

6

8

10

12

1 2 3 4 5 6 7 8 9 10 11 12
1981

1982

1983

1984

1985

1986

1987

1988

1989

1990

1991

1992

1993

1994

1995

1996

1997

1998

1999

2000

2001

2002

2003

2004

2005

Month

Y
ea

r

Outflow through the Denmark Strait

1 2 3 4 5 6 7 8 9 10 11 12
4

4.5

5

5.5

6

6.5

7

7.5

8

8.5

9

9.5

10
Average outflow through the Denmark Strait

Month

V
ol

um
e 

tr
an

sp
or

t (
S

v)

Figure 6.1: Outflow through the Denmark Strait.

The main contributor to the outflow from the Nordic Seas to the Atlantic is the Denmark

Strait. Some of the volume transport through this section is by southward advection of ice

along the eastern coast of Greenland. However, ice-transport will not be studied in this

work. In the model, an average of 6.4 Sv is transported out of the Nordic Seas through the

Denmark Strait. As can be seen in figure 6.1, there is a clear seasonal cycle in the Denmark

Strait outflow, with the highest transport in winter. The ratio between summer and winter

26
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values is almost 1 to 2, with just above 8 Sv in winter and below 5 Sv in summer, on average.

However, there are also some interannual changes in the outflow. As can be seen in figure

6.1, the outflow was substantially lower during parts of the 1980s, especially in winter.
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Figure 6.2: Outflow over the Iceland-Faroe Ridge.
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Figure 6.3: Outflow through the Faroe-Shetland Channel.

Figures 6.2 and 6.3 show the outflow through the Iceland-Faroe section and the Faroe-

Shetland Channel, respectively. The figures show that in both sections, the interannual

variations are larger than seasonal variations. In the Faroe-Shetland Channel, there is clearly

a larger outflow in the second half of the modeled period, compared to the first half. Including

the whole time series gives an average outflow of 2.2 Sv through this section. Over the Iceland-

Faroe Ridge, the situation is different, with the largest outflow in the years around 1990, and

lower outflow at the start and at the end of the modeled period. On average, only 0.4 Sv

leaves the Nordic Seas through this section. Note that these numbers only include water

masses with temperatures below 5 oC.
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6.2 Discussion

The total outflow, which includes both the recirculating Atlantic Water and the outflow of

water masses with temperatures below 5 oC in the three sections, are shown in table 6.1.

More than half the outflow through the Faroe-Shetland Channel is outflow of Atlantic Water

either due to recirculation or eddy-acticity in the section. On the Iceland-Faroe Ridge, the

Atlantic Water accounts for around two thirds of the outflow. In the Denmark Strait, the

situation is totally different, with very little recirculation of Atlantic Water.

ROMS

Sections Total Below 5 degC Observations MICOM

Faroe-Shetland Channel 4.9 2.2 4.5 (2.6) 2.1

Iceland-Faroe Ridge 1.4 0.4 1.0 3.6

Denmark Strait 6.4 6.3 4.3 4.3

Table 6.1: Southward volume transports over the Greenland-Scotland Ridge. Observa-

tions are from Hansen and Østerhus, 2000 and the model results from MICOM are from

Nilsen et al, 2003. The number in parantheses is the deep waters alone, which should

be close to the total outflow corrected for recirculation of Atlantic Water.

Table 6.2 shows correlations between the outflow in different sections and the NAO-index.

The table shows values for the total outflow, while the numbers in paranthesis show values

when the Atlantic Water is excluded. There is a high, negative correlation between the

total outflow through the Faroe-Shetland Channel and the total outflow between Greenland

and the Faroes. Generally, the correlations based on the outflow of water colder than 5 oC

are considerably lower than the correspondingly correlations where also the Atlantic Water is

included. Figure 6.4 shows the yearly moving averages of the total outflow (including Atlantic

Water) in the Faroe-Shetland Channel and between Greenland and the Faroes.

Sections Monthly Winter

Faroe-Shetland Channel - Greenland-Faroe -0.57 (-0.32) -0.76 (-0.46)

Faroe-Shetland Channel - Denmark Strait -0.49 (-0.33) -0.70 (-0.45)

Faroe-Shetland Channel - NAO -0.33 (-0.23) -0.62 (-0.52)

Iceland-Faroe Ridge - NAO -0.09 (-0.14) 0.21 (-0.07)

Denmark Strait - NAO 0.52 (0.51) 0.79 (0.77)

Table 6.2: Correlations between the total outflow through different sections and also

compared to the NAO index. Values in paranthesis are with the Atlantic Water excluded.

The most distinct current in the Denmark Strait is the southward surface flow of cold

water (not shown). Figure 6.1 shows that the Denmark Strait outflow is variable, and that

there is a clear seasonal signal in the outflow. The largest outflow ocurrs during winter (Oc-
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Figure 6.4: Yearly moving averages of total outflow through the Faroe-Shetland Channel

and between Greenland and the Faroes.

tober through March), with seasonal differences of around 3.5 Sv. This contradicts existing

literature, e.g. Dickson & Brown (1994), who found no significant seasonal cycle in the Den-

mark Strait overflow. However, outflow at all levels are included in this study. A separation

into upper, intermediate and deep waters, may give a different picture of the seasonal and

interannual variability. The yearly seasonality and the seasonal mean show a correlation of

0.75, with no values below 0.5. This indicates a consistent seasonal pattern of the flow. The

years 1985 through 1988 differ from other years (figure 6.1). In these years, the outflow is

lower compared to other years, and the signal is seen throughout the year, and this contribute

to the large year to year variations. Macrander et al. (2005) argue that the lack of interannual

variability in earlier measurements, are due to the lack of continous long time-series. From

measurement data obtained over a period of 4 years, they conclude that the Denmark Strait

overflow is larger than earlier observed, and is varying by as much as 20%, from 3.0 Sv to 3.7

Sv, while earlier observations indicated a more stable flow of 2.7-2.9 Sv. This interannually

variability is supported by these model results. Macrander et al. (2005) do not mention any

strong seasonality in the Denmark Strait overflow. However, only volume transports below

the layer of maximum current shear was included. Thus, the results from the model, includ-

ing both deep water and surface water, is expected to give higher volume transports than the

estimates based on observations.

Nilsen et al. (2003) found a southward transport of 4.3 Sv through the Denmark Strait,

using the isopycnic ocean model MICOM. This result compared well with existing literature.

Hansen & Østerhus (2000) estimated an outflow of 6.0 Sv through the Denmark Strait and

the Canadian Archipelago. Fissel et al. (1988) estimated the transport through the Canadian

Archipelago to be 1.7 Sv, which leaves 4.3 Sv to be transported through the Denmark Strait.

Compared to these results, the transport obtained in this model study is quite high. These

model results also indicate that there is no net volume transport through the Canadian

Archipelago. However, the Canadian Archipelago is not included in this work, and the

question is therefore left without any thorough answers.
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A substantial part of the outflow through the two other sections on the G-S Ridge,

is recirculation of Atlantic Water, mainly in the Faroe-Shetland Channel. Compared to

observations, the model is quite close in reproducing the outflow through the Faroe-Shetland

Channel, both with respect to the recirculated Atlantic Water and the colder water masses

alone. The total outflow of 4.9 Sv agrees well with the total outflow of 4.5 Sv found by Hansen

& Østerhus (2000). Subtracting the Atlantic Water component, gives an outflow of 2.2 Sv of

colder water masses, which is consistent with the deep water outflow of 2.6 Sv reported from

observations. The outflow over the Iceland-Faroe Ridge, compares less well with observations,

with 1.1 Sv Atlantic Water and only 0.4 Sv of colder water masses. However, this indicates

a lot of eddy-activity on the ridge, which may give measurements a large variability and

uncertainty. Nilsen et al. (2003) found a very large outflow, but also a very large inflow

through this section in their model study. However, they concluded that the net inflow was

close to observations. In these model results, a total inflow of 4.4 Sv and a total outflow of

1.5 Sv gives a net inflow of 2.9 Sv through the section, which is relatively close to the 2.3 Sv

net inflow found by Hansen & Østerhus (2000).

The main difference between the inflow and the outflow in the two sections, is the lack

of any seasonal cycle in the outflow. On the other hand, the outflow in both sections show a

large interannual variation. This interannual variability is different in the two sections. The

outflow between the Faroes and Shetland show a significant increase throughout the modeled

period. Generally, the highest values are found in spring/early summer. On the Iceland-Faroe

Ridge, there is a substantially larger outflow through some years in early and mid-1990s.

These highs mainly ocurrs in summer. However, towards the end of the modeled period, the

outflow returns to the values found in the 1980s. Note also the maximum outflow in January

1993, which coincides with the maximum Atlantic inflow through the Faroe-Shetland Channel

(figure 5.2). The reason for this high is not known, but the same explanation as for the record

high Atlantic inflow in the Faroe-Shetland Channel in the same month is suggested; that this

is due to extreme low pressure activity in the region, that is not captured in the NAO-index.

1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 2003 2005
4

4.5

5

5.5

6

6.5

7

7.5

8

8.5
Net Atlantic inflow east of Iceland vs. outflow through Denmark Strait

Year

V
ol

um
e 

tr
an

sp
or

t (
S

v)

Atlantic inflow
Denmark Strait outflow

Figure 6.5: Yearly moving averages of net Atlantic inflow between Iceland and Scotland

and outflow of water masses with temperatures below 5 oC in the Denmark Strait.
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Using monthly averages, the correlation between the total outflow through the Faroe-

Shetland Channel and the total outflow between Greenland and the Faroes was found to

be -0.57. Using winter values only gives a correlation of -0.76 (see figure 6.4 and table 6.2).

The corresponding correlations between the Faroe-Shetland Channel and the Denmark Strait

are -0.49 and -0.70, respectively. Thus, the total outflow between the Faroes and Greenland

is in counter-phase with the outflow through the Faroe-Shetland Channel. The correlation

between the net Atlantic inflow over the Greenland-Scotland Ridge and the outflow of water

masses with temperatures below 5 oC through the Denmark Strait is found to be 0.85, while

including only the Atlantic inflow east of Iceland gives a correlation of 0.83. Thus, there seems

to be a close connection between the Atlantic inflow into the Nordic Seas and the outflow

of cold water masses through the Denmark Strait (figure 6.5). Calculating the correlation

between outflow through the Denmark Strait and the NAO-index, reveales a correlation

of 0.52 using monthly means and 0.79 using winter values. In the other two sections, a

correlation of -0.62 was found between the NAO-index and the total outflow through the

Faroe-Shetland Channel, using winter values only. Ignoring the Atlantic Water component of

the outflow reduces the correlation to -0.52. For the Iceland-Faroe section, the correlations

between outflow and NOA-index are insignificant. This implies that the outflow over the

Iceland-Faroe Ridge is the section which is less sensitive to changes in the NAO. This is also

expected, as a high NAO-index will allow more water to leave the Nordic Seas through the

Denmark Strait (especially in upper layers, where the East Greenland Current is both strong

and highly variable). A high NAO-index will also block for some of the outflow through the

Faroe-Shetland Channel. The low correlation between the NAO-index and the outflow over

the Iceland-Faroe Ridge, may again be explained by the variability of the Northern Center

of Action (NCA); the variability in the position of the Icelandic low. The higher correlation

between the NAO-index and the total outflow over the Greenland-Scotland Ridge, compared

to only the outflow of colder water masses, may be explained by that the Atlantic Water is

found in upper layers while the colder water is found in deeper layers, except for the cold

surface water in the Denmark Strait. Thus, the colder water masses are less sensitive to wind

forcing.
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Arctic exchange

The exchange between the Atlantic and the Arctic Ocean plays an important role in the

thermohaline circulation in the world oceans. The Arctic is connected to the world oceans

through the Bering Strait, the Canadian Archipelago and through the Nordic Seas. The

connection through the Nordic Seas differ greatly from the other two, due to the inflow of

warm Atlantic Water through the Nordic Seas, giving a net heat loss to the atmosphere in

both the Nordic Seas and in the Arctic, see e.g. Simonsen & Haugan (1996). Atlantic Water

enters the Arctic Ocean both through the Fram Strait and through he Barents Sea, and cold

Arctic Water is transported out of the Arctic (figure 4.1). Changes in the inflow or in the

heat content in the Atlantic Water entering the Arctic Ocean, may have a large impact on

the climate in Polar regions (see e.g. the ACIA-report on impacts of a warming Arctic). A

warming of the Atlantic Water layer in the Arctic in the early 1990s is reported, with the

average temperature rising by as much as 1 oC, Grotefendt et al. (1998) and Quadfasel et al.

(1991). In this section, the water mass exchanges between the Nordic Seas and the Arctic

Ocean will be investigated in some detail, with main focus on the Fram Strait.

7.1 Fram Strait

The Fram Strait is an area of large interest because a large portion of the exchange of Arctic

Water and Atlantic Water between the Arctic Ocean and the Atlantic takes place through

this passage. There is also a large transport of sea-ice out of the Arctic through the Fram

Strait, but ice-transport is not studied in this work.

7.1.1 Results

The modeled volume fluxes through the Fram Strait are shown in figure 7.1. On average,

the model gives a total northward volume flux of 9.0 Sv with a standard deviation of 4.1 Sv.

Southward, the volume flux is 13.6 Sv with a standard deviation of 5.0 Sv. The relatively

large standard deviations are clearly due to the large seasonal and interannual variability of

both the inflow and the outflow. A maximum is found in the flow in both directions in late

winter/early spring and a minimum is found during summer. Computing summer and winter

32
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averages gives an average southward flow of 11.6 Sv in summer and 15.4 Sv in winter. The

numbers for the northward flow are 8.0 Sv and 9.8 Sv, respectively.
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Figure 7.1: Southward (left) and northward (right) volume transports through the Fram

Strait.
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Figure 7.2: Seasonal volume fluxes through the Fram Strait.

Figure 7.3 shows the mean temperature in the northward and southward flowing water

masses in the Fram Strait. A large variability in the northward temperature is revealed, while

the temperature in the southward flowing water masses seems to have a trend towards a higher

temperature. The yearly running mean of the temperature in the northward flowing water

masses is varying with almost 1 oC, from 0.3 oC in the mid-1980s to almost 1.3 oC in 1990.

There is also a clear seasonal cycle in the temperatures, with the highest temperatures in

autumn. However, surface water is not filtered out, and is contributing to higher temperatures

in autumn. The mean current speeds (figure 7.4) show a more similar pattern in both

directions than temperature, with a distinct low in the mid-1980s. Typically, the highest

values of the average current speed is found in winter, with values between 0.05 and 0.1 m/s,
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Figure 7.3: Mean temperature of northward flowing water (left) and southward flowing

water (right) in the Fram Strait.
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Figure 7.4: Mean current speed of northward flowing water (left) and southward flowing

water (right) in the Fram Strait.

while summer values are generally below 0.03 m/s in the northward flow and 0.04 m/s in the

southward flow.

7.1.2 Discussion

The volume transports found in the model are in good agreement with the findings of Schauer

et al. (2004), estimating a total northward transport between 9 and 10 Sv, with standard

deviations of 2 and 1 Sv, respectively. The southward volume transport was found to be

between 12 and 13 Sv, with standard deviations of 1 and 2 Sv, respectively. Schauer et al.

(2004) used a section consisting of 14 moorings along 78o55’N, stretching from 6o51’W on the

Greenland shelf break to 8o40’E on the western shelf break off Spitsbergen, thus only slightly

south of the modeled section presented in this study. Fahrbach et al. (2001) estimated a

northward volume transport of 9.5 Sv in the Fram Strait, with a standard deviation of 1.4
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Sv. A southward volume transport of 11.1 Sv was estimated, with a corresponding standard

deviation of 1.7 Sv. Overall, they found a net southward transport of 4.2 Sv +/- 2.3 Sv.

The results of Schauer et al. (2004) were based on 3 years of measurements, from September

1997 to July 2000. Calculating the modeled volume transports during this period, gives a

southward transport of 15.3 Sv and a northward transport of 9.7 Sv. These transports are

slightly higher than the average transports for the whole time series. There is a clear seasonal

cycle in both the inflow and the outflow in the model. By direct observations, Schauer et al.

(2004) and Fahrbach et al. (2001) found that the northward flow through the section is

strongest in winter, while the southward flow of volume and heat did not show any clear

seasonal signal.

Figure 7.4 shows that the reduced flow in the mid-1980s is due to lower current speeds

through the section. Lower temperatures in the same period also contribute to reduced

volume transport of water with Atlantic origin. It seems to be the lack of a winter maximum in

the years 1985 and 1986 that is the main reason for the drastically reduced volume transports

in those two years. However, although also the summer values was below average, the largest

anomalies are seen in winter. In 1986, the average current speed rises sharply, and is returned

to “normal” values by 1990. From 1988 to 1991, the average temperature in the northward

flowing water rises dramatically, from 0.4 oC to 1 oC in the yearly moving average. However,

fluctuations in both average temperature and average current speed are also seen later in the

time series. The increased inflow of water originating from the Atlantic, is in agreement with

the findings of Dickson et al. (2000), who concluded that the Arctic warming in the early

1990s probably was a combination of both warmer and stronger inflow of Atlantic Water.

According to Dickson et al. (2000), this might be due to increased NAO index and advection

of atmospheric heat into the Nordic Seas, reducing the oceanic heat loss in the Nordic Seas.

The heat transport through Fram Strait and other sections is discussed in a later chapter.

7.2 Barents Sea Opening

The modeled exchange between the Barents and the Nordic Seas is already done by Budgell

(2005). Here, only a brief presentation of these results is given. In this model run, a total

of 4.3 Sv is flowing into the Barents. With 1 Sv leaving the Barents through the Fugløya-

Bjørnøya section, a net inflow of 3.3 Sv is found. This agrees with the findings of Budgell

(2005), even though he used a grid with a horizontal resolution of about 9 km, compared to

about 20 km in this model run. These transports are high compared to observations; based on

fixed current meter mooring arrays, Ingvaldsen et al. (2004) estimated a net Atlantic inflow

of 1.5 Sv into the Barents. Model studies by Maslowski et al. (2004) showed a net volume

transport of 3.3 Sv (2.5 Sv Atlantic Water) into the Barents when the section was stretched

to include the whole Barents entrance between Norway and Spitsbergen. Including the part

of the section north of Bjørnøya, a net flow of 3.4 Sv into the Barents is found in this model

run. However, these model results include the Norwegian Coastal Current (NCC), which may

contribute with as much as 1 Sv. Due to the poor salinity fields in this model run, the NCC

can not be separated from Atlantic water masses.
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Volume transports through the

Nordic Seas

After the investigation of all the sections closing the Nordic Seas basin, an estimate of the

total volume flux through the Nordic Seas can be made (see figure 4.3). All water masses

entering the Nordic Seas are defined as “inflow” and all water masses leaving the Nordic Seas

are defined as “outflow”. Inflow, outflow and net volume fluxes through the different sections

are shown in table 8.1. On average, a total of 23.2 Sv is flowing into the Nordic Seas basin

and 23.8 Sv is leaving the basin, which gives a net outflow of 0.6 Sv. This offset of about 3%

is considered acceptable, taken into account the uncertainties in the volume fluxes through

the different sections, the coarse model resolution and also that there might be some small

leakage between the sections.

By the use of existing literature, an estimate of the total volume flux through the Nordic

Seas based on observations, is made. However, due to the lack of available data, this estimate

is not complete. The main contributors are, however, present. Both the inflow over the G-S

Ridge and the exchanges through the Fram Strait are subjected to several investigations.

Some of the observations are summarized in table 8.1. Ingvaldsen et al. (2004) estimated a

net Atlantic inflow of 1.5 Sv through the Barents Sea Opening. The other entrance to the

Barents Sea, between the Bjørnøya and Spitsbergen, accounts only for a minor part of the

exchange between the Norwegian Sea and the Barents Sea. The other uncertain section is the

Utsira West section, which covers the entrance from the Norwegian Sea into the North Sea.

As this is the only entrance to the North Sea, except for the British Channel, the northward

and southward flux through the Utsira West section must balance (the exchange through the

British Channel is only minor). The North Sea is, like the Barents Sea, a shallow sea, which

means that the currents are mainly wind-driven. As shown for the Barents Sea, the model

gives too high values for the flow in shallow areas. Whether or not this also applies for the

North Sea is unknown. However, the net flow through the Utsira West section should be

close to zero.

A close inspection shows that the outflow over the G-S Ridge exceeds the inflow by 1.8

Sv. However, water masses with temperatures below 5 oC entering the Nordic Seas through

the Denmark Strait, are not accounted for. This amounts to 0.8 Sv (note the total inflow of
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1.6 Sv compared to the Atlantic inflow of 0.8 Sv). The remaining 1 Sv is from the 1 Sv that

is put into the model through the Bering Strait and removed along the southern boundary.

However, this leaves the flux through the Canadian Archipelago to balance, which contradicts

observations suggesting that there is a net southward flow of 1.7 Sv through the archipelago

(Fissel et al. 1988).

Model Observations

Section Inflow Outflow Netflow inflow outflow netflow

Denmark Strait 0.8 - 0.3 6.3 - 1.9 -5.5 1.0 4.3 -3.3

Iceland-Faroe 3.0 - 1.0 0.4 - 0.3 2.6 3.3 1.0 2.3

Faroe-Orkney 3.2 - 1.5 2.2 - 1.0 1.0 4.3 2.6 1.7

Utsira-Orkney 1.2 - 0.5 1.1 - 0.4 0.1

Fugløya-Bjørnøya 1.0 - 0.4 4.3 - 1.1 -3.3 1.5* -1.5*

Bjørnøya-Spitsbergen 0.4 - 0.2 0.5 - 0.2 -0.1

Fram Strait 13.6 - 5.0 9.0 - 4.1 4.6 12-13 - 2 9-10 - 2 2-4 - 2

Total 23.2 23.8 -0.6 21.1 18.9 2.2

Table 8.1: Volume fluxes through the sections closing the Nordic Seas, with standard

deviations. *Atlantic Water only.



Chapter 9

East Greenland Current

The East Greenland Current carries cold water originating from the Arctic southward from

the Fram Strait to the Denmark Strait and into the Atlantic Ocean. The current also carries

some Atlantic Water that is recirculated in the Fram Strait and therefore never enters the

Arctic Ocean. A considerable amount of freshwater in the form of sea-ice is also transported

southward by this current. In order to capture the volume transport in the East Greenland

Current, a section stretching from the eastern coast of Greenland, at 75oN and eastward to

the 8oW-meridian, at 74oN, has been used to study the temperature and volume transport.

9.1 Results

The total volume transport in the East Greenland Current is shown in figure 9.1. A clear sea-

sonality in the flow is revealed, but also a remarkably high interannual variability. Especially

two distinct extremes are seen. A very low volume transport is evident in the mid-1980s,

with the yearly mean dropping below 10 Sv and monthly means as low as 2.3 Sv and 2.5 Sv

in July 1985 and 1987, respectively. The other extreme is the maximum volume transport in

1995, reaching 55.9 Sv in January and the yearly mean exceeding 30 Sv. Averaged over the

whole time series, the model shows a volume transport of 20.5 Sv with a standard deviation

of 9.7 Sv. The high standard deviation, 50 % of the average flow, reflects the very large

variability in the volume transport.

Figure 9.1 shows a clear seasonal cycle in the East Greenland Current, with the largest

transport found in winter and a considerably smaller transport in summer. This is also in

accordance with the total flow through the Svinøy section (figure 5.7) and the flow through

the Fram Strait (figure 7.1) and the outflow through the Denmark Strait (figure 6.1).

9.2 Discussion

The average volume transport in the East Greenland Current found in the model, is remark-

ably close to the findings of Woodgate et al. (1999). Based on direct current measurements,

they found an average volume transport of 21 Sv +/- 3 Sv. However, they pointed out that

it is difficult to locate the eastern edge of the current, and therefore, they calculated the av-

38



9.2. DISCUSSION 39

0

10

20

30

40

50

60

1 2 3 4 5 6 7 8 9 10 11 12
1981

1982

1983

1984

1985

1986

1987

1988

1989

1990

1991

1992

1993

1994

1995

1996

1997

1998

1999

2000

2001

2002

2003

2004

2005

Month

Y
ea

r

Total volume transport in the East Greenland Current (Sv)

1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 2003 2005
0

10

20

30

40

50

60
Total volume transport in the East Greenland Current

Year

V
ol

um
e 

tr
an

sp
or

t (
S

v)

Monthly mean
Yearly moving average

Figure 9.1: Total volume transport in the East Greenland Current.

erage volume transport using different moorings. Using the moorings extending from 14oW

to 10oW gives an average transport of 16 Sv, while including the mooring at approximately

8oW gave a transport of 25 Sv. However, their best estimate is a section from 14oW to 9oW,

which gives an average transport of 21 Sv. Using the model data, gives a yearly average

transport of 31.6 Sv in the period July 1994 to June 1995, which is 20 % larger than the

25 Sv observed when using the maximum range of the moorings, east to 8oW. Woodgate

et al. (1999) also found a clear seasonal signal, with a minimum monthly transport of 11

Sv in summer and a maximum monthly transport of 37 Sv in winter, both with errors on

the order of 5 Sv. These observations were based on the best estimate, east to 9oW. In the

model, the winter maximum is found i March, with an average volume transport of 31 Sv,

while the minimum in summer is found in July/August, with an average volume transport

of 13 Sv. The standard deviations are 10 Sv and 5 Sv, respectively. Using the total range

of the measurements, showed a seasonal cycle ranging from 14 Sv in summer to 41 Sv in

winter. Calculating corresponding values from the model (1994/1995) gives the values 17 Sv

in summer and 56 Sv in winter. Thus, it is worth noting that Woodgate et al. (1999) deployed

their moorings in the year when the model shows the largest volume transport in the whole

25 year period the model is run. Measurements from earlier years indicate that the current

has low interannual variability (Woodgate et al. 1999). This is contradicted by the model

results, showing a large year to year variability (figure 9.1). The high variability is reflected

in the high standard deviation, which is as large as 50% of the mean flow. The high seasonal

variability reported by Woodgate et al. (1999), contradicts previous literature stating that

no seasonal or interannual variability is found in the southward flow through the Fram Strait

(Foldvik et al. 1988) or in the Denmark Strait overflow (Dickson & Brown 1994). However,

based on recent measurements, Macrander et al. (2005) show that interannual variability is

present in the Denmark Strait overflow, and that previous estimates of the Denmark Strait

overflow may be too low. As seen earlier, the model results do indeed show great variabil-

ity, both seasonally and interannually in the Fram and Denmark Straits and in the East

Greenland Current.
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Models Observations

Water mass ROMS S 91 L 91 F 95 W 99 F 95

All 20.5 19 13.6 12 21 25

Atlantic Water 7.7 8

Seasonal range 13-31 13-31 11-37

Table 9.1: Volume transports in the East Greenland Current. Sources are: S 91 - Stevens,

1991; L 91 - Legutke, 1991; F 95 - Fahrbach et al, 1995; W 99 - Woodgate et al, 1999.

9.3 Recirculated Atlantic Water

In the East Greenland Current, water of Atlantic origin, hereafter termed recirculated At-

lantic Water, is easily distinguishable as a core of warmer water flowing southward along

the shelf slope of Greenland, while the upper layer part of the East Greenland Current is

seen as a strong and narrow current on the Greenland shelf, transporting cold surface water

southwards. To quantify the flux of recirculated Atlantic Water, I have calculated the south-

ward transport of water with temperatures above 0 oC. The recirculated Atlantic Water is

isolated from the surface by a cold surface layer most of the year. However, during summer,

the surface layer is heated and the highest temperatures are found in the upper 50 meters.

To filter out this “noise” of warm summer water at the surface, where the strongest currents

are found, I have canceled out all water masses in the upper 30 meters when looking at re-

circulated Atlantic Water. The volume flux of recirculated Atlantic Water is shown in figure

9.2. As can be seen in the figure, the flow is highly variable, and shows the same features

as the total volume flux in the East Greenland Current. At the start of the time series, a

remarkably high flow is seen, reaching 20.2 Sv in February 1981. However, as this is very

early in the time series, this might be due to some spin-up effects and the results should not

be fully trusted. In the mid-1980s, the flow almost ceased totally, with the monthly averages

dropping to 0.6 Sv in July 1985 and 0.2 Sv in July 1987. At this time, the dynamics in

the model should be in balance, thus, this low not only seen in the East Greenland Current,

but in the whole Nordic Seas basin, is supposed to reflect reality. In 1995 another high is

seen, reaching 20.6 Sv in March, with the yearly running mean reaching 12.1 Sv. The peak

in 1995 may be in association with the higher Atlantic inflow through the Svinøy section

during the winters 92/93 and 94/95 (figures 5.7 and 5.8). The high volume transport of re-

circulated Atlantic Water in 1995 coincides with the extremely large volume transport in the

East Greenland Current in winter 1995 (figure 9.1). This may imply that more recirculated

Atlantic Water is formed by mixing with other water masses in winter 1994/1995, and also

a larger flow from the Arctic through the Fram Strait, see figure 7.1. However, the largest

flux of recirculated Atlantic Water takes place in February 2005, when the volume transport

reaches 20.8 Sv. Looking at figure 9.3, reveals that the high in winter 1981 is mostly due to

higher temperatures or a larger body of recirculated Atlantic Water in 1981, as the current

speed does not show any distinct peak in 1981 compared to other years. The peaks in 1995

and 2005 are different. Here, high current speed seems to be the most contributing factor, as
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the average flow speed shows a distinct peak in winter 1995 and a smaller peak in winter 2005,

while the average temperatures show no distinct peaks in those two winters. This suggests

a strong connection with inflow from the Arctic or a larger flow in the Greenland Sea Gyre,

rather than a connection with a high Atlantic inflow in the Svinøy section. Thus, the driving

force of this anomalously high volume transport may be found within the Nordic Seas or in

the Arctic.
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Figure 9.2: Volume transports of water with temperatures above 0 oC, below 30 meters,

in the East Greenland Current.

On average, the model gives a volume transport of 7.7 Sv of water warmer than 0 oC

in the East Greenland Current, using monthly means. The standard deviation is as high

as 4.0 Sv, indicating a high variability in the flow. Figure 9.2 shows that this variability is

mostly due to seasonal variations, but the interannual variations may also be considerable.

Especially in the mid-1980s, it seems to be an anomalously low transport of these water

masses, which compares well with the generally reduced transport in the Nordic Seas in that

period. The calculated transport compares well with the findings of Woodgate et al. (1999).

From a 9-month period of measurements, they calculated an average transport of 8 Sv, with

a variance of 4 Sv and an uncertainty of 1 Sv. They found no clear seasonal signal, with the

annual variability being on the same order as the shorter time-scale variations. Calculating

the transport of recirculated Atlantic Water in the period July 1994-June 1995, gives an

average transport of 11.2 Sv, which is about 30% larger than the observed values found

by Woodgate et al. (1999). However, considering the 4 Sv variance in the observations by

Woodgate et al. (1999) and a standard deviation as high as 6 Sv in the model data, does not

give any statistical evidence for a significantly difference in the observed and modeled volume

transports.

Looking at the amount of water of Atlantic origin in the Jan Mayen Current, flowing

eastward north of Jan Mayen, shows that about two thirds of the Atlantic Water in the East

Greenland Current is recirculated into the Greenland Sea basin. On average, 5.6 Sv of water

with Atlantic origin is recirculating into the Greenland Sea north of Jan Mayen. The large

variations in the Jan Mayen Current, which is directly fed by the East Greenland Current, is
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also apparent in the standard deviation of the volume transport in the Atlantic layer, with

the standard deviation being almost 60% of the total flow. The interannual signal with a

very high flow in early 1981, a very low flow in the mid-1980s, and then increasing towards

the 1990s, and then oscillating with periods of a few years in later years, is also seen in the

Atlantic layer in the Jan Mayen Current (not shown). As two thirds of the water in the

Atlantic layer in the East Greenland Current is recirculated into the Greenland Sea Gyre,

the remaining one third is expected to enter the Iceland Sea basin between Iceland and Jan

Mayen and either enter the Norwegian Sea or leave the Nordic Seas through the Denmark

Strait. The outflow of water of Atlantic origin in the Denmark Strait and in the section

between Iceland and Jan Mayen is not quantified. However, 1.6 Sv is entering the Nordic

Seas through the Denmark Strait, while there is a net westward flow of 2 Sv between Iceland

and Jan Mayen. This leaves 0.4 Sv to originate from the East Greenland Current. It is

uncertain how large fraction of this is of Atlantic origin.
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Figure 9.3: Mean temperature (left) and mean current speed (right) in the Atlantic layer

in the East Greenland Current.

In the East Greenland Current, the generally lower volume transport in the 1980s is

due to both lower temperatures and flow speeds (figure 9.3). The average temperature in the

Atlantic layer shows a remarkable variability. In the mid-1980s, the yearly mean temperature

is 0.25 to 0.4 oC. The monthly averaged temperatures never exceeds 0.5 oC between 1983 and

1989. In 1990, the temperature curve rises sharply, and the yearly mean temperature is 0.6 to

0.8 oC between 1990 and 1996. Even the monthly averaged temperatures rarely drop below

0.5 oC in this period. Between 1997 and the end of the data set in 2005, other similar highs

and lows are seen. However, these highs and lows last for a shorter period, around 1-3 years.

Figure 9.3 may explain the 0.5 oC increase in temperature in the Denmark Strait overflow

between 1999 and 2003, observed by Macrander et al. (2005). The low volume transport of

recirculated Atlantic Water in the mid-1980s, may be in connection with the low and highly

variable Atlantic inflow in the western branch of the Svinøy section in the 1980s. As this

branch of the Atlantic inflow follows the polar front along the eastern slope of the Mohn Ridge

and then further along the western slope of the Knipowich Ridge (Orvik & Niiler 2002), this
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branch may contribute the most to the recirculation of Atlantic Water in the Fram Strait.

However, most likely it is also connected with the generally lower volume fluxes in the Nordic

Seas in the 1980s.



Chapter 10

Heat fluxes

The heat released from the ocean and into the atmosphere in the Nordic Seas is having a

major impact on the climate in northern Europe. In this chapter, the modeled amount of

heat transported into the Nordic Seas over the Greenland-Scotland Ridge, will be quantified.

Further, the heat flux into the Arctic and the heat loss in the Nordic Seas is calculated.

A reference level of zero degrees has been chosen, which means that the Atlantic Water is

supposed to have a temperature of 0 oC when leaving the Nordic Seas. The heat flux is

calculated by the equation:

Q = Cp ∗ ρ ∗ T ∗ V, (10.1)

where Cp is the specific heat capacity of sea water (3985 J/kgK), ρ is the density of sea water

(here set to 1028), T is the average temperature (in degrees Celsius, referred to the reference

level of zero degrees) and V is the volume flux through the section.

10.1 results

Figures 10.1 and 10.2 show the heat fluxes through the different sections studied in this work.

All figures, except for the Fram Strait, are based on the contribution from Atlantic Water

only. On the Greenland-Scotland Ridge and in the Svinøy section, Atlantic Water is defined

by temperatures above 5 oC. In the Barents Sea, the temperature for Atlantic Water is set

to 3 oC, and in the East Greenland Current Atlantic Water, or water of Atlantic origin, is

defined as water with temperatures above 0 oC.

Figure 10.1 shows that the heat flux has the same pattern as the volume flux. There is

a large seasonal variability in all sections, and there is also a large year to year variation.

In the Denmark Strait, the net northward heatflux due to Atlantic inflow is zero at a few

occasions. This occurs when there is no water masses classified as Atlantic Water entering

through this this section. In the 25-year period modeled, the average heat flux over the

Greenland-Scotland Ridge is 159 TW through the Faroe-Shetland Channel, 96 TW over the

Iceland-Faroe Ridge and 22 TW through the Denmark Strait, a total of 277 TW. There is,

however, large year to year variations, with values ranging from a minimum of 158 TW in

May 1987 to 448 TW in January 1989. Using yearly averages from July to June, show that

the lowest heat flux is is taking place in 1985/86, with a yearly average of 236 TW. The
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Figure 10.1: Heat fluxes into the Nordic Seas through the Faroe-Shetland Channel (top

left), Iceland-Faroe section (top right), Denmark Strait (bottom left) and Svinøy section

(bottom right). All values are relative to 0 oC and only contribution from Atlantic Water

is included. Note the scaling.

largest heat flux ocurrs in 2001/02 with a yearly average of 325 TW. Downstream of the

Atlantic inflow over the G-S Ridge, in the Svinøy section, the average heat flux is 239 TW.

The heat flux through the Svinøy section reflects the volume transport through the section,

with a distinct shift between the 1980s and 1990s (figure 10.1). Including only the years

1981-1989, gives an average heat flux of 210 TW, while including only the years after 1989,

gives an average heat flux of 256 TW. In December 1994, there is a distinct peak and the

heat flux reaches 463 TW, which is the highest value found in the whole time series. This is

related to the very high volume transport through the section in December 1994.

Figure 10.2 reveals a tremendous variability in the northward heat flux through the Fram

Strait, with yearly averages ranging from 9 TW in (1985/86) to 74 TW in 1989/90 and

1994/95. On a monthly time scale, the values range from 4 TW (June 1997) to 139 TW

(January 1995). For the whole time series, the average heat flux is 42 TW northward and -4

TW southward. This gives an average net heat flux of 46 TW into the Arctic through the

Fram Strait. Also the East Greenland Current exhibits very large variations in heat content,



46 CHAPTER 10. HEAT FLUXES

both on monthly and yearly time scales (figure 10.2). There is a typical seasonal pattern, but

the amplitudes are varying greatly from year to year, with a period of very low heat fluxes in

the mid-1980s and a period of very large heat fluxes in the early and mid-1990s. The heat flux

into the Barents Sea differs substantially from the heat flux through the Fram Strait. There

is a clear seasonal signal with large differences interannually. However, the yearly mean is

very stable (figure 10.2). Averaged over the modeled period, the net heat flux from Atlantic

Water into the Barents Sea is 98 TW, with a standard deviation of 34 TW. However, based

on yearly averages, the average heat flux is 98 TW with a standard deviation of only 8 TW.
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Figure 10.2: Northward (upper left) and southward (upper right) heat flux through the

Fram Strait (positive values northward). Eastward heat flux into the Barents Sea (lower

left) and southward heat flux in the East Greenland Current (lower right). All values

are relative to 0 oC. In lower panel only contribution from Atlantic Water is included.

Atlantic Water is defined as temperature above 0 oC in the East Greenland Current, and

3 oC in the Barents Sea. Note the different scaling in the plots.
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10.2 Discussion

Volume fluxes, average temperatures and heat fluxes in the different sections are shown in

table 10.1. The largest contributor to the heat flux into the Nordic Seas is the inflow through

the Faroe-Shetland Channel. This is mostly due to higher average temperature in this section.

The contribution from the inflow over the Iceland-Faroe Ridge is less, although the volume

transport is almost equal in the two sections (table 5.1). The inflow through the Denmark

Strait is by far the smallest contributor, with only one tenth of the total heat flux over the

G-S Ridge. According to the model results, there is a net heat loss of 38 TW between the

Greenland-Scotland Ridge and the Svinøy section. Calculating the volume transport and heat

flux over the Greenland-Scotland Ridge in the years 1999-2001, which are the years Østerhus

et al. (2005) based their calculations on, gives a modeled net volume transport of Atlantic

Water into the Nordic Seas of 7.6 Sv and a heat flux of 282 TW. Computing the heat flux

through the Svinøy section in the same period gives 255 TW, which indicates a 10 percent net

heat loss between the Greenland-Scotland Ridge and the Svinøy section. However, possible

recirculation in the Svinøy section is not subtracted from the total Atlantic inflow in this

section, which may contribute to a higher calculated heatflux through the Svinøy section.

Orvik & Skagseth (2005) estimated a heat flux in the eastern branch of the Noerwgian

Atlantic Current of 133 TW (table 10.1). To extend the observed heat flux through the

Svinøy section to include the western branch of the Norwegian Atlantic Current, the same

temperature as the observed temperature in the eastern branch (7.8 oC) is used. Then, using

the observed volume transport of 3.4 Sv (Orvik et al. 2001), gives a heat flux of 109 TW

in the western branch. This gives a total heat flux of 242 TW through the Svinøy section.

However, the uncertainty in this number must include that the western branch mainly consists

of Atlantic Water from the inflow between Greenland and the Faroes (Orvik & Niiler 2002),

which has a slightly lower temperature than the inflow through the Faroe-Shetland Channel

(Østerhus et al. 2005). In addition, this “one-box method” gives only a crude estimate of

the heat transport. Therefore, the calculated heat flux in the western branch presented here

may be too high. The western branch is also a more variable current, which contributes to

a large uncertainty in the volume flux and therefore also in the heat flux. Compared to the

heat fluxes observed over the Greenland-Scotland Ridge (Østerhus et al. 2005), the results

suggest that there is a heat loss of 20 percent between the Greenland-Scotland Ridge and the

Svinøy section.

The total heat flux through the Fram Strait, and also southward in the East Greenland

Current, show a large variability both seasonally and interannually, in contrast to the heat

flux into the Barents Sea, which shows a large seasonal variability, but a rather constant value

at longer time scales. In the Fram Strait and the East Greenland Current, the mid-1980s are

seen as a period of low heat flux, while the mid-1990s are seen as a period of high heat flux.

This is in agreement with the findings of Quadfasel et al. (1991) and Grotefendt et al. (1998),

reporting a warming of 1 oC in the intermediate/Atlantic layer in the Arctic. In figure 10.2,

it is seen that there was a dramatic increase in the heat transport into the Arctic between

1988 and 1991. In 1995, after the highest peak in the whole time series, the heat flux almost

dropped back to the values before 1989, until the increase observed by Schauer et al. (2004)



48 CHAPTER 10. HEAT FLUXES

is seen, starting in 1998. Schauer et al. (2004) observed an increase in the annual mean net

heat flux from 16 TW in 1997/98 to 41 TW in 1998/99. The corresponding values in the

model are 25 TW and 39 TW, respectively.

Simonsen & Haugan (1996) concluded that the net heat flux into the Arctic is most likely

in the range 50-80 TW. However, this estimate includes southward ice-transport, which is

not included in the numbers discussed above. According to Simonsen & Haugan (1996), the

heat transport of latent heat due to ice-export, is in the range 21-54 TW. The major part

of the heat transport occurs in the Fram Strait. Therefore, the modeled net northward heat

flux of 46 TW, obtained from the whole modeled time series, should lie within this range.

Modeled Observations

Section Vol Heat Av T Vol Heat Av T Period

F-S Channel 4.2 185 9.5 3.81 1561 9.51 1999-2001

Iceland-Faroe Ridge 2.7 79 7.3 3.81 1341 8.21 1999-2001

Denmark Strait 0.7 18 6.2 0.81 221 6.01 1999-2001

Total G-S Ridge 7.6 282 8.4 8.51 3131 8.51 1999-2001

Svinøy section, tot 7.0 239 8.7 1981-2005

Svinøy section, EB 3.8 147 9.5 4.22 1332 7.82 1996-2005

Svinøy section, WB 3.6 103 7.4 1996-2005

Fugl.-Bjørn. 4.6+ 98 5.9 1981-2005

Fram Strait 9.2+ 12 1.7 9.5+,3 253 1997-1999

Greenland East 7.5 18 0.5 1981-2005

Jan Mayen N 5.5 12 0.5 1981-2005

Table 10.1: Volume fluxes, heat fluxes and average temperature in the Atlantic layer

in different sections in the Nordic Seas. Volume fluxes are given in Sverdrup (1 Sv =

106 m3s−1), heat fluxes are given in Tera Watt (TW = 1012W) relative to 0oC, only

contribution from Atlantic Water is included. +Total northward/eastward transport.
1Østerhus et al, 2005; 2Orvik and Skagseth, 2005; 3Schauer et al, 2004.

The volume fluxes of Atlantic Water over the G-S Ridge, and thus also the heat fluxes,

are low compared to observations (table 10.1). The observations are from Østerhus et al.

(2005). Based on existing literature, Simonsen & Haugan (1996) concluded that the heat

flux into the Nordic Seas is probably around 300 TW. With a heat flux in the range 50-80

TW into the Arctic Ocean, the net heat flux into the Nordic Seas is in the range 220-250

TW. Here the Barents Sea is included in the Nordic Seas. An estimate of the heat loss in the

Barents Sea yields a heat loss in the range 28-80 TW (Simonsen & Haugan 1996). This gives

a net heat loss in the Nordic Seas (excluding the Barents Sea) of 140-222 TW, when the heat

flux between the Barents Sea and the Arctic is neglected. The corresponding heat budget

obtained in the model gives a heat transport from the Atlantic into the Nordic Seas of 277

TW. The net heat flux into the Barents Sea is 98 TW and 27 TW is transported northward

through the Fram Strait, which gives a net heat loss of 152 TW in the Nordic Seas. This low

number may be explained by the lower than observed inflow over the Greenland-Scotland
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Ridge and the higher than observed outflow to the Barents Sea. The low values compared to

recent observations, may also be partly explained by the generally lower modeled circulation

in the Nordic Seas in the 1980s, which are included in this budget.

Table 10.1 shows that the modeled southward heat flux in the Atlantic layer in the East

Greenland Current is 18 TW, averaged over the whole period 1981-2005. Similar calculations

for the Jan Mayen Current shows an eastward heat flux of 12 TW north of Jan Mayen, which

agrees with the finding that 2/3 of the recirculated or modified Atlantic Water in the East

Greenland Current recirculates into the Greenland Sea.
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Salinity

Salinity is an important part of the water mass characteristic and is influencing the density

of seawater. Therefore, salinity is often used to define water masses. However, the salinity is

not always well resolved in models, especially near the surface, where the influence from the

atmosphere is large. Here, some results of the modeled salinity are shown, and the behavior

of the salinity in this model run is discussed in short terms. Figure 11.1 shows the yearly

averaged sea surface salinity in the Nordic Seas. There is no clear trend in the sea surface

salinity, although the mid-1980s are seen as a period of lower salinity than the rest of the

modeled period. This low might be in connection with the lower Atlantic inflow in that

period. Despite the fact that the earlier mentioned sign error in the evaporation will actually

treat evaporation as precipitation, the sea surface salinity shows a rather stable mean, except

for the already mentioned period in the 1980s. Thus, there seems to be a drift towards higher

salinity in the model that is masked by the precipitation/evaporation error. However, looking

at hydrographic sections through the Atlantic inflow, reveals that salinity is decreasing with

time, at such a rate that after a period of 15 years, water masses with salinity above 35.0

psu is absent from the core of the Atlantic inflow. This freshening of the surface is mixed

deeper into the ocean as time evolves, and is thereby contaminating the upper part of the

water column, figure 11.2. In 1985, after the model has run for 5 years, a layer of water with

salinity below 34 psu is seen down to about 50 meter depth in the Norwegian Sea. Near the

shelf, a core of water with salinity above 35.0 psu (equivalent with Atlantic Water) is still

seen in 1985. By 1995, the core of Atlantic Water has disappeared, and by 2005, the layer

of relatively fresh water in the Norwegian Sea has reached down to about 500 meter depth.

Only the deep water masses (below 1000 m) are still unaffected by the unrealistic changes in

salinity.

The results in figures 11.1 and 11.2 may seem contradictory. However, figure 11.3 shows

that there are regional differences in the changes of the sea surface salinity. It is clearly seen

that the shelf areas, such as the North Sea and the norwegian coast are getting more saline

as time evolves. The reason why the North and Baltic Seas are left blank, is that the values

in these areas are outside the range. However, the anomaly in 2004 is just within the range

of 3 psu. When calculating the average sea surface salinity shown in figure 11.1, the Baltic

Sea and eastern part of the North Sea is left out, because of the large anomalies in these
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Figure 11.1: Left: Yearly average sea surface salinity in the Nordic Seas. Right: Clima-

tological sea surface salinity, based on model results from 1981 to 2004.

Figure 11.2: Salinity in Svinøy section in 1981 (upper left), 1985 (upper right), 1995

(lower left) and 2005 (lower right).

areas, and because these areas are outside the area of interest in this study. From figure

11.3, it is clear that the sea surface in the Greenland Sea, and especially the western part,

is getting more saline, while the Norwegian Atlantic Current is freshening. Thus, the sea

surface salinity is more homogenous throughout the Nordic Seas at the end of the model run.

This is not a surprising result. The sign error in the evaporation will have the largest impact
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in tropical regions, due to the higher temperatures and therefore higher evaporation rates at

lower latitudes. Thus, too fresh water masses are pumped into the Nordic Seas through the

Atlantic inflow over the Greenland-Scotland Ridge, as seen in figures 11.2 and 11.3.
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Figure 11.3: Sea surface salinity (left) and sea surface salinity anomaly (right) in 1981

(upper panel), 1984 (middle panel) and 2004 (lower panel).
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Concluding remarks

The model gives a good representation of the general circulation pattern within the Nordic

Seas basin and the exchanges between the Atlantic and the Arctic. In all key sections inves-

tigated, except the Barents Sea Opening, the modeled volume transports are within the error

limits of the observations. However, the variability on both monthly and yearly time scales

is larger in the model than in the observations. The two pathways for the Atlantic Water

into the Arctic are substantially different. The northward flow of Atlantic Water through the

Fram Strait is highly variable with large year to year variations, while the eastward flow of

Atlantic Water into the Barents Sea shows only large seasonal variability and is nearly con-

stant on longer time scales. Some of the variability in the Fram Strait is in agreement with

recent observations of an increased inflow of Atlantic Water and a warming in the Arctic.

A shift of regime is seen in the model between the 1980s and 1990s, when the general

circulation is intensified. During this intensification, the western branch of the Norwegian

Atlantic Current is established as a distinct current which persists throughout the rest of the

modeled period. This also influences the recirculation of Atlantic Water in the Fram Strait

and downstream in the East Greenland Current.

Budgets of volume and heat transports through the Nordic Seas are presented and com-

pared to observations. The modeled heat sink in the Nordic Seas (excluding the Barents Sea)

is in the lower end of estimates based on observations. Two main factors contribute to this;

the Atlantic inflow over the Greenland-Scotland Ridge is slightly lower in the model than in

observations, and the modeled volume transport of Atlantic Water into the Barents Sea is

significantly higher than in observations. While the temperatures are very close to observed

values, the lower Atlantic inflow into the Nordic Seas is due to lower than observed northward

volume transports over the Greenland-Scotland Ridge.

Overall, the model does an excellent job in reproducing the general circulation pattern in

the Nordic Seas, and the accuracy in bulk fluxes is sufficient for producing realistic volume

and heat budgets for the Nordic Seas. However, the model resolution is too coarse when

looking at smaller than basin-scale processes, and the low accuracy in the salinity makes it

impossible to separate water masses by salinity.
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Chapter 13

Appendix

13.1 Abbreviations

Table with abbreviations and coordinates for the different sections shown in the map, figure

3.1.

Section Abb. Longitude Latitude

Denmark Strait DS 31oW - 24oW 68o30’N - 65o30’N

Iceland-Faroe Ridge IF 14oW - 7oW 65oN - 62oN

Faroe - Orkney/Faroe-Shetland Channel FO 7oW - 3oW 62oN - 59oN

Utsira West/Utsira - Orkney UW 2o30’W - 5o30’E 59o20’N

Svinøy Section SS 2oW - 5oE 66o30’N - 62oN

Gimsøy section GS 2oW - 14oE 74o30’N - 68oN

Fugløya - Bjørnøya FB 20oE - 19o30’E 70oN - 74o30’N

Bjørnøya - Spitsbergen BS 17oE - 19o30’E 76o30’N - 74o30’N

Bjørnøya West BW 2oW - 19o30’E 74o30’N

Fram Strait FS 20oW - 11oE 79o40’N

Greenland East GE 20oW - 8oW 75oN - 74oN

Jan Mayen North JN 8oW 71oN - 74oN

Iceland - Jan Mayen IJ 15oW - 8oW 66oN - 71oN

Table 13.1: Abbreviations and coordinates of the different sections.
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