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Abstract

The winter time stratification and circulation above sill depth in Sognefjor-
den is studied from CTD and ADCP data from February 2002-2004. The year
to year variability in distribution of temperature and salinity has been related
to variations in Sognesjoen and offshore wind field, although the exact rela-
tionship is unknown. The circulation in the fjord is correlated with the vertical
distribution of temperature and salinity. The variability in flow structure fol-
lows the variability in the vertical distributions. In 2004 there is a four layered
circulation, while in 2002 there is a three layered circulation.

Both circulation and stratification show cross fjord variations, which most
likely is due to rotational effects. The fjord is found to be wider than the
baroclinic Rossby radius. From the cross fjord variations of the stratification,
geostrophic flow has been calculated. The geostrophic flow is divided in simi-
lar layers of inflow and outflow as the flow measured by ADCP, although the
magnitudes are different.

Sognefjorden is statically stable, but velocity shear may induce turbulence
where the stratification is weak.
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Chapter 1

Introduction

The nature of fjords have made them attracting since the early days of oceanog-
raphy. Water mass exchange only occur at mouth of the fjord, and the sources
of fresh water are typically rivers at the head of the fjord. The fjord mouth and
the rivers are fairly easy to monitor. With knowledge of input and output to
fjord, it is relatively easy to study the different the processes inside a fjord com-
pared to the open ocean. When the variability at the boundaries are known,
the effect of these variabilities on the fjord can be studied as well.

The Scandinavian fjords were the subjects of the earliest fjord investiga-
tions, and the focuse was on the brakish outflow in the surface and the deeper
compensation flow. Ekman(1875) and Helland-Hansen(1906) were some of
those who first turned their attention to the fjords. Later efforts were made
to make theoretical descriptions of fjord circulation(e.g. Stommel and Farmer,
1952).

Another approach to the fjords was initiated by Tully(1949), who started to
investigate the influence of human activity in estuaries. Gade(1970) used this
approach in his survey of Oslofjorden. Svendsen(1977) investigated a Nor-
wegian fjord system to study the consequences of river regulation for hydro
power purposes.

In the seventies the first models of fjord circulation appeared( Long, 1975,
Gade and Svendsen, 1977). These models focused on the estuarine circula-
tion, and computed the thickness and salinity of the brackish along the fjord
axis. Since then numerical ocean models have been widely used in fjord re-
search(e.g. Eliassen et al, 2001).

In the eigthies there were several reviews of the current knowledge of fjord
processes, one of the most important work from this decade was done by
Farmer and Freeland(1982)!.

In more recent time, the Arctic fjords of Svalbard have been subject for
many investigations(e.g. Svendsen, 2002). The interest in these fjords are trig-

ISome of the historical references are obtained from Farmer and Freeland(1982)
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2 CHAPTER 1. INTRODUCTION

gered by the concern of global warming.

The biological production in fjords has also been investigated. Aure and
Stigebrandt(1989) studied the impact of fish farming on fjords, while Asplin(2004)
has been studying the spreading of salmon lice in fjords. There has also been
studies on how to increase the biological production in fjords by artificial up-
welling(e.g. Aure et al, 2000 and Berntsen et al, 2002).

Despite all the efforts put into investigations of fjords, there are few publi-
cations describing Sognefjorden. The master degree thesis of Hermansen(1974)
and a technical report(Gade, 1971) seems to be the highlights. Although the
main features and driving forces in fjords are well known, it is far from trivial
to make an accurate description of physical oceanography of fjords. Increased
understanding of processes in semi-closed environments such as fjords could
contribute to a better understanding of processes outside fjords as well, and
ultimately be of use for new parameterizations for modeling purposes.

This paper is based upon three sets of data from Sognefjorden. The data
sets origins from field courses for students at the Geophysical Institute, Uni-
versity of Bergen. The purpose of these field courses is typically to give the
students an introduction to oceanographic field work, and the data sets is the
result of rather random investigations. Thus the data has been gathered with-
out any clear purpose, other than to get a general overview of Sognefjorden.

This paper attempts to describe the the stratification and circulation above
sill depth in Sognefjorden. The data available was gathered in February 2002-
2004, and it is thus the winter time conditions which are discussed. The most
important data gathered are temperature and salinity from CTD, and current
profiles from ADCP. The first objective is to compare the stratification and the
current profiles to see if these are related. Next objective is to find any mech-
anisms causing any year-to-year variability in both stratification and circula-
tion. This is done by studying offshore wind fields, flow at the bottom of the
sill and variations in the coastal waters. As meteorological data from Sogne-
fjorden is sparse, one fjord arm where there is a meteorological station located
in the inner parts is studied to look for impact of atmospheric forcing. The
effect of atmospheric forcing is also studied by looking at the short time varia-
tion in the fjord.

Various calculations are also important. Both static stability and shear sta-
bility is computed for some locations in the fjord for all three years, and in 2003
geostrophic flow will be studied.

In Chapter 2 there is a general description of Sognefjorden and descriptions
of circulation and stratification of fjords in general. Chapter 3 is a description
of data and the methods used for obtaining them. In Chapter 4 the various
results are presented, and the discussions are found in Chapter 5.



Chapter 2

Sognefjorden

2.1 Geography
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Figure 2.1: Overview map of Sognefjorden

Sognefjorden is the longest and deepest fjord in Norway, and is located on
the west coast, see Fig.2.1. The greatest depth, 1308 meters, is found in main
fjord just west of Hoyanger. The distance from the sill to Skjolden, which is
usually considered to be the head of the fjord, is about 175 km. In this paper
the head of the fjord is chosen to be Ardal. Usually Ardalsfjorden is regarded
as fjord arm, but choice is made because the data coverage of Lusterfjorden is
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A CHAPTER 2. SOGNEFJORDEN

insufficient for a study of the year to year variability.

The only sill in Sognefjorden is at the mouth of the fjord, and the sill depth
is 165 meters. The details of the topography of the sill are not well known. The
sill prevents free circulation for water masses below sill depth.

West of the sill is an area called Sognesjoen, which is sheltered by islands
both in north and south. Sognesjoen is not sheltered by any sill and is in direct
communication the open ocean.

Several of the rivers which ends up in Sognefjorden are regulated due to
production of hydro electricity. The effect of the regulation is that the fresh wa-
ter discharge is spread more even throughout the year. If the rivers were not
regulated, the fresh water discharge would exhibit a very seasonal variability,
with 92% of the discharge from May to October (Gade, 1971). The rivers typi-
cally enters a fjord at the head. However, in Sognefjorden rivers may also enter
the heads of the many fjord arms.

Most of Sognefjorden is flanked by steep mountains, especially in the inner
parts. Due to the steep mountains, the wind direction is typically upfjord or
downfjord.

The outer part of the fjord experiences a mild coastal climate, while the
innermost part is dominated by inland climate. In the innermost parts of the
fjord ice covers might be present for weeks in cold winters( Den norske los,
2001).

2.2 Fjord features

Water masses Fjords with some sort of sill at the mouth are usually assumed
to contain three different water masses; brakish /estuarine water, intermediate
water and basin water. The brackish water is a mixture of fresh water from
river discharge and the intermediate water. The salinity of the brackish is low,
but the variability through the year is large(Hermansen, 1974). This is due to
the seasonality in the the runoff. In wintertime the runoff is relatively low, and
salinity of the brakish water is quite high. In this paper water with salinity less
than 32.5 psu is assumed to be brackish water.

The intermediate water is found between the brackish water and sill depth.
The intermediate water is coastal water. Because the intermediate water is
found above sill depth, there is no obstacles for the circulation in this layer
and it is generally well ventilated.

The basin water is found below sill depth. Basin water is the densest wa-
ter in the fjord, and in order for this water to be replaced, water with greater
density must cross the sill. In general replacement of basin water does not
happen very often, and the basin water may become stagnant. Due to vertical
mixing, the basin water gradually becomes less dense, increasing the possi-
bility for replacement. In Sognefjorden replacement of the basin water occurs
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Figure 2.2: Schematic view of the estuarine circulation

approximately every 8 year(Hermansen, 1974).
PP y yory

Estuarine circulation The brackish water is part of what is known as the es-
tuarine circulation. The brackish water is a result of the mixing fresh water
and the intermediate water near river mouths. Due to the input of water to
the fjords from rivers, the surface is raised from the geopotential level. This
gives a barotropic pressure gradient, driving the brackish water downfjord.
The slope of the surface elevation due to the river discharge is typically 1 cm
per 10 km (Farmer and Freeland, 1983). Due to the low salinity of the brack-
ish water, there is a strong density gradient between the brackish water and
the intermediate water. This density gradient is known as the pycnocline. If
mixing due to wind and tides are small, there will be limited mixing across
the pycnocline (Ellison and Turner, 1959). Still, there will be a small amount
of mixing due to entrainment. Entrainment is a one way process which trans-
ports mass from a less turbulent medium into a more turbulent one (Kundu,
2004). Due to the entrainment the salinity of the brackish water increases to-
wards the mouth of the fjord. The amount brackish water increases as well,
and the downfjord transport in the brackish layer can be between 5 to 10 times
as large as the freshwater input to the fjord (AMAP,1998). Thus there is a con-
siderable amount of fjord water which is transported out the fjord. This water
has to be replaced, and there exists an upfjord flow just beneath the brackish
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layer. This is the idealized situation, shown in Fig.2.2.

Wind driven circulation Both local and offshore wind field influences the
fjord circulation. Svendsen(1981) found that the mean surface flow in the
fjord is mainly wind driven. The offshore wind field generates upwelling
and downwelling events along the coast. The upwelling and downwelling
are caused by Ekman transports due to winds along the coast. Wind towards
south gives upwelling while wind towards north gives downwelling. Seetre
et al(1987) found that upwelling on the west coast of Norway occurs within
2-5 days after the onset of winds towards south. They further report that such
an upwelling causes strong downfjord flow in the upper layer in the larger
fjords. The offshore wind field causes fluctuations in the offshore ocean pres-

sure field(Aure, 1996). Changes in the pressure field will alter the cirulation in
a fjord.



Chapter 3

Data and methods

Data presented in this paper was gathered during surveys in Sognefjorden.
In 2002 the survey was performed in the beginning of February(2"¢ - 8", in
2003 in the beginning of February as well(5" -11""), while in 2004 in the end
of February(22"¢ - 27™"). The surveys were conducted by students during the
tield course taught at the Geophysical Institute at the University of Bergen.
The results from the each year has been described and discussed in reports
by the participants of the field course (Field course report, 2002, Field course
report, 2003, Field course report, 2004). These reports are available from the
Geophysical Institute in Bergen. For details on the instruments in use and
calibration of these instruments, the reader is referred to these reports.

Naming conventions The following convention is used to describe the fjord.
The fjord mouth is the intersection between the fjord and coastal waters. The
sill is found at or close to the mouth. The head of the fjord is the innermost
part of the fjord, furthest away from the open ocean. If wind or flow is said to
be in downfjord direction, the direction of motion is toward the mouth of the
fjord. If motion is upfjord, the direction of motion is toward the head of the
fjord.

The shores of the fjord will be referred to as the northern and the southern
side. When looking downfjord, the left hand side will be the southern side and
the right hand side will be the northern side.

CTD CTD profiles were obtained with a Seabird Electronic Inc. SBE911plus
sonde. The CTD were equipped with conductivity, temperature and pressure
sensors. The measurements were processed by various versions of the SEA-
SOFT data package by Seabird Electronic, which provided filters, averaging of
the data and calculation of the salinity.

Water samples were obtained for calibration of the conductivity sensor. The
water samples were analyzed with a Guideline Portasal Salinometer. In 2003

7



8 CHAPTER 3. DATA AND METHODS

and 2004 the conductivity sensors were calibrated a few months prior to the
surveys, and no adjustment of the salinity values proved necessary. There are
some confusion about the calibration from the 2002 survey. The cruise report
from 2002 only states that water samples has been obtained for calibration
purposes, but no values are mentioned. The files containing the conductivity
and salinity from the water samples exists, but the files do not tell at which
station the water samples were obtained. All files relating the water sample
bottles to CTD stations are missing, and it is thus not possible to calculate any
correction factor. However, small variations in salinity distributions are not an
important issue in this report, and the data from 2002 will be assumed to have
a sufficient accuracy for the purpose of this report.

ADCP An ADCP(Acoustic Doppler Current Profiler) was used to measure
the flow at different depths. The ADCP in use was a vessel-mounted narrow-
band ADCP(RD Instruments) on board R/V Hékon Mosby.

The recordings are averaged over depth and time. The vertical axis has
been divided into 8 meters thick cells and the center of the uppermost cell
is at 16 meters. Flow above 12 meters depth is not resolved. The temporal
averaging time is about 1 minute.

A vessel-mounted ADCP measures flow relative to the ship. On R/V Héakon
Mosby the ADCP is connected with the navigational system of the ship. When
the movement of the ship is known, the absolute flow can be obtained.

RCM A recording current meter from Aanderaa Instruments, a RCM7, was
deployed at the sill in February 2004 and retrieved in May. The deployment
depth was approximately 150 meters. The pressure sensor was not function-
ing, nor was the conductivity sensor. The RCM7 measures flow speed with a
rotor, and direction with a vane. For speeds lower than 5 cm/s, the measure-
ments of flow direction are not reliable (pers.com. Lars Asplin).



Chapter 4

Results

4.1 General results
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Figure 4.1: Temperature and salinity distribution in Sognefjorden, February
2002

Fig.4.1 show the temperature and salinity distribution in Sognefjorden in
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February 2002 in the entire fjord. The density is mainly controlled by the salin-
ity, and will not be discussed. Positions of all stations are shown in Fig.4.2a.
The two outermost stations, st. 2 and st. 3, are located outside the sill.

Close to the sill, at st. 4, the thermocline is found between 50 and 100 meters
depth. Towards the head of the fjord the depth of the thermocline decreases,
and the upper 30 meters becomes more stratified. The coldest water is found
near the head of the fjord. Below the thermocline there is a layer of warm
water. In the outer parts of the fjord, the temperature in this layer is around
8.2°C, while in the inner parts the temperature is around 9.1°C. Towards the
head of the fjord the depth of the warm layer decreases. Below the warm layer
the temperature decreases. The decrease is quite sharp from 8.0°C to 7.6°C.
Below the 7.5 isotherm the temperature decreases to about 7.1°C at 500 meters
depth. Below this the temperature is almost constant. Unlike the 8°C isotherm,
the 7.5°C isotherm mostly horizontal.

The halocline is located at about the same depth as the thermocline. Above
the halocline the salinity is almost constant. The layer above the halocline
becomes more stratified towards the head of the fjord. The 33 psu isohaline
is inclined. Below the halocline the salinity is increasing slowly with depth.
Close to the head the lowest salinity values are found. The salinity gradients
are also strongest at the head. The 33.0 psu isohaline is inclined, but the 34.0
psu isohaline is horizontal. The depth of the 35.0 psu isohaline increases to-
wards the head of the fjord. There is also a thin layer with salinity greater than
35.0 psu at around 200 meters depth in the outer part of the fjord.

4.2 Stratification above sill depth

Maps of the CTD surveys are presented in Fig.4.2. The best spatial resolution
was obtained in 2002. In 2003 the innermost stations is in the intersection be-
tween Ardalsfjorden and Lusterfjorden, while the other years the innermost
stations are found inside Ardalsfjorden.

Fig.4.3 and Fig.4.4 show the temperature and salinity distribution in the
upper 160 meters, respectively.

In all three years there are strong gradients in the surface close to the head.
These gradients are the boundary between the brackish and the intermediate
water. Due to the low salinities of the brackish layer, the density is low, and the
brackish water will stay in the surface. In 2002 the depth of the thermocline
and halocline increases rapidly downfjord, and the isolines are inclined. In
2003 the thermocline and the halocline are horizontal in the inner half of the
fjord, and the stratification does not change much. In the upper 50 meters in
the outer part of the fjord the isolines are inclined and the stability decreases.
In 2004 the uppermost isolines are at constant depth along the whole length of
the fjord. Some of the deeper isotherms are inclined, while the isohalines are
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horizontal.

4.3 Individual profiles

Fig.4.5 and Fig.4.6 show some temperature and salinity profiled from individ-
ual CTD stations. There are stations from the outer, the middle and the inner
part of the fjord, with one station from each year. The temperature profiles are
organized such that Fig.4.5 a, b and c are from the outer part of the fjord from
2002-2004. Fig.4.5 d, e and f is from the middle of the fjord while Fig.4.5 g., .h
and .i is from the inner part. The salinity profiles are in the same order.

In the outer part of the fjord in 2002 the upper 50 meters are homogeneous
in both temperature and salinity. In 2003 and 2004 the upper 50 meters are
stratified. In 2002 and 2004 there is a layer with fairly constant temperature,
8.2°C to 8.4°C, from 70 meters down to about 200 meters. In 2003 the layer
with these temperatures are much thinner than in the two other years. The
surface is coldest in 2003 and the upper 160 meters are less saline.

In the middle part of the fjord, the upper 50 meters has become more strati-
tied in 2002. The warmest water is found at shallower depths than in the outer
part of the fjord.

In the inner part of the fjord the warmest water is much closer to the sur-
tace for all three years, but 2003 is still coldest, and the warm layer is found at
greater depths. In 2002 and 2003 the warm water is contained in almost homo-
geneous layers, but this is not the case in 2004, where there is a temperature
maximum at 20 meters depth. There is more warm water in 2002 than in 2004.
At 50 meters depth the salinity was 33.85 psu in 2002, 34.03 psu in 2003 and
34.2 psu in 2004.

4.4 ADCP sections

The position of the ADCP sections are shown in Fig.4.7. The ADCP sections
from 2002-2004 is shown in Fig.4.8, Fig.4.9 and Fig.4.10, respectively. The sec-
tions are organized such that the outermost section is at the top and the inner-
most at the bottom.

The ADCP surveys shows distinct layers with flow in different directions,
either upfjord or downfjord.

In 2002, Fig.4.8, there is upfjord flow in the uppermost layer. In the second
layer from the top there is outflow. Comparing the depths of flow layers to
the salinity profiles, the uppermost layer covers depths corresponding to the
lower parts of the homogeneous layer and the halocline. The second layer is
found at similar depths as the warm layer. The strength and depth of the flow
decreases upfjord. The depth of the halocline decreases towards the head of
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Figure 4.5: Temperature profiles from the outer part of Sognefjorden(a, b and
c), the middle part(d, e and f) and the inner part(g, h and i)
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Figure 4.7: Location of ADCP sections, 2002-2004.

the fjord as well. The warm layer behaves similar, the depth and thickness
decreases towards the head of the fjord.

In the two outermost section in 2003, Fig.4.9a and b, the uppermost layer
shows downfjord flow. In the second layer from the top the flow is upfjord.
The second layer is found at depths corresponding to the halocline, which in
the outer part of the fjord is strongest at around 50 meters depth. In the third
layer the flow is weaker than the flow at corresponding depth in 2002. There
are large differences between the warm layer in 2002 and 2003. In the two
innermost sections there is no clear structure below the uppermost layer, but
the inflow in the uppermost layer is strong. The strong inflow corresponds to
the depths above the maximum temperature.

In the two outermost sections in 2004, Fig.4.10a and b, a three layer struc-
ture is seen. In the uppermost layer there is upfjord flow, in the second layer
there is downfjord flow and in the third layer from the top there is upfjord
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flow. The flow in the third layer is weaker than in the two uppermost layers.
Section 3 and section 30 are located quite close to each other, but they show
very different structures. The sections were obtained 2 days apart. In the in-
nermost section there are no clear structures, but there is mainly upfjord flow
in the depths resolved by the ADCP.



Chapter 5

Discussion

51 Stability

Fig.5.1 show profiles of Richardson number, flow, density and buoyancy fre-
quency. The buoyancy frequency, N, is calculated from
N2 — —9g @
Pref dz

and is a measure of the static stability. The static stability depends upon the
density distribution. At depths where strong density gradients are found, the
stability is high. However, at depths where strong velocity shears are found,
the stratification might not be strong enough to prevent turbulence. The di-
mensionless Richardson number,

(5)?

relates the strength of stratification and any velocity shear present. According
to Benoit-Cushman(1994) Ri > i is a sufficient condition for stable stratified
flow, and that the converse is a necessary condition for unstable flow. In gen-
eral Ri < 1 is a reliable predictor of instability. However, there is evidence of
the existence of decaying turbulence for Ri > 1, and that Ri > 1 is a necessary
and sufficient criterion for stability(Skogseth et al, 2005). Thus when Ri < 1
the velocity shear can be expected to generate turbulence.

In the profiles of N, the strongest static stability is found in the upper 100
meters where the density gradients are strongest, as expected. Looking at the
flow profile from 2002, the flow changes sign within the pycnocline. At these
depths the Richardson number is high, thus the the strong stratification pre-
vents turbulence. Below 100 meters the conditions favor turbulence, as the
Richardson number is small. The velocity shears at these depths are small, but
stratification is almost neutral.

Ri =

22
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Figure 5.1: Richardson number(Ri), flow profile, density distribution and
buoyancy frequency(N). The flow profiles are cross-fjord averages of the U-
component from the ADCP measurements. The buoyancy frequencies are cal-
culated from the density distribution. The Richardson number is calculated
from the buoyancy frequencies and the flow profiles. The full vertical line in
the Richardson number profiles is drawn at Ri = 0.25. All data from the outer
part of the fjord.
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In 2003 and 2004 there are some depths where the Richardson number is
less than 1, but there are also depths where Ri takes on large values. The low
Richardson numbers indicate presence of turbulence.

The flow profiles are obtained from a cross-fjord averages of the outermost
ADCEP sections from each year. The density profile is obtained from the CTD
station closest to the ADCP section. It is thus assumed that the CTD profile
and the flow profile represents the same water masses, which is not true, and
the calculated values of N and Ri are not exact.

In the inner parts of the fjord, Fig.5.2 the strength of the flows decreases.
Except for the upper 20 meters the static stability is low, but it is not possible
to determine if turbulence is more likely to occur in the inner part of the fjord
than in the outer part of the fjord.

The available data does not provide any information about the temporal
development of the Richardson number.

5.2 Temperature and salinity variability

The variations in the stratification in the upper 50 meters, the brackish layer,
are caused by variation in freshwater discharge, precipitation/evaporation, at-
mospheric heating/cooling and mixing by tides and wind. Below the brackish
layer the variability in stratification is due variations in pressure field at the
sill and in the fjord.

The are not many meteorological stations in Sognefjorden, and there is lim-
ited amount of data available on air temperature, local wind field and precip-
itation. Evaporation is not expected to have any strong impact on the strat-
ification in the winter. Although the local wind field inside the fjord is un-
known, the offshore wind field is known. Variations in the offshore wind field
is compared to variations in the stratification in the fjord. Measurements from
Ytteroyane Lighthouse is assumed to be representative for the offshore wind
field.

In Fjeerlandsfjorden, which is one of the larger fjord arms of Sognefjorden,
wind and temperature observations are available from the head of the fjord.
The effect of wind and temperature on the stratification in Fjeerlandsfjorden
will be discussed in a separate section.

5.2.1 River runoff

To discuss the effect of river runoff, the flow of water in two rivers has been
obtained. This is not sufficient to make quantitative calculations, but allows
a comparison of the variations of flow of water in the rivers to the variations
in the fjord stratification. The flow of water is obtained from two of the Nor-
wegian Water Resources and Energy Directory(NVE) stations in Leerdalselvi
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Figure 5.2: Richardson number(Ri), flow profile, density distribution and
buoyancy frequency(N). The flow profiles are cross-fjord averages of the U-
component from the ADCP measurements. The buoyancy frequencies are cal-
culated from the density distribution. The Richardson number is calculated
from the buoyancy frequencies and the flow profiles. The full vertical line in
the Richardson number profiles is drawn at Ri = 0.25. All data from the inner
part of the fjord.
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Figure 5.3: Monthly average of the flow of water per second at Stuvane
in Leerdalselvi and Gilja in Merkrisdalselvi(m?/s). Both Leerdalselvi and
Morkrisdalselvi are regulated, but Gilja is located in an unregulated part of
Morkrisdalselvi.

and Merkrisdalselvi. Stuvane is located in a regulated part of Leerdalselvi,
while Gilja is found in an unregulated part of Merkrisdalselvi. The mouths
of Laerdalselvi and Merkrisdalselvi are found in Leerdal and Skjolden, respec-
tively. See Fig.2.1. The monthly average of the flow of water per second is
shown in Fig.5.3.

The lowest amount of runoff in October-December is found in 2002 in both
rivers, although the differences between 2002 and 2003 are small. The high-
est amount of runoff was in the autumn of 2001. The runoff in the autumn
possibly influences the following winter. Thus autumn 2001 is related to the
variations in February 2002. Equivalent for the other two years.

In the unregulated river there is almost no runoff at all in January-March. In
the regulated river the January the runoff is about the same for all three years,
but in February the least amount of runoff is found in 2003. The difference
between 2003 and 2004 are quite small small.

From Fig.4.3 and Fig.4.4, the most developed estuarine circulation is seen
in 2003 and 2004. In 2004 the halocline is horizontal throughout most of the
fjord, while in 2003 the halocline is horizontal in the inner half of the fjord. In
2002 the surface gradients are only maintained close tho the head. According
to Gade (1971) the thickness of the brackish layer during the runoff season,
May to October, is between 5 to 15 meters thick. In February the brackish
layer would be expected to be thinner. The brackish layer is often assumed to
be homogeneous (Stigebrandt,1980), which is caused by the strong halocline
between the brackish water and the intermediate water. Strong stratification
prevents vertical turbulence, and most of the energy from wind stress is used
for acceleration and homogenization of the brackish layer.
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If the upper 50 meters of the fjord were dominated by the river discharge,
stratification should be stronger in 2002 than in 2003 and 2004, since the river
discharge is greatest this year. But the situation is opposite, the stratification
seems to be better maintained in 2003 and 2004. The difference is seen by
studying inclination of the 32.5 psu isohaline in Fig.4.4. In 2004 it is horizontal
through most of the fjord, in 2003 it is horizontal in the inner half of the fjord,
while in 2002 it is only horizontal very close to the head. If the 32.5 psu iso-
haline is horizontal, the estuarine circulation is intact, but if it is inclined like
in 2002, the stability has not prevented mixing between the brackish layer and
the intermediate water. This indicates that either the stability for some reason
was weaker in 2002, or that there has been stronger winds in 2002 than in the
previous years.

In Laerdalselven and Mgkrisdalselvi the largest flow of water was found in
2002, but it is possible that the the two rivers are not representative for the river
discharge to the fjord, or that there has been precipitation altering the stratifi-
cation. Mekrisdalselvi provides very little fresh water to the fjord in January
and February, and this is most likely the same for all unregulated rivers enter-
ing Sognefjorden or any fjord arms. The discharge from the regulated river,
Leerdalselvi, might not be representative for other regulated rivers, as the pro-
duction at various power stations may vary. If the rivers are not representative
for the total fresh water input to the fjord in the winter months, this could rea-
son for the weaker surface stratification in 2002.

Some of the properties of the warm layers might be due to the strength of
the stability in the brackish layer. The main feature of the warm layer is that
it is located closer to the surface near the head of the fjord, and the temper-
atures are higher in the inner parts of the fjord. The strongest stabilities are
found in the inner part of the fjord. Thus the isolation from the surface forc-
ing by the brackish layer has maintained the temperature in the warm layer,
and due to small amounts of mixing the warm layer resides close to the sur-
face. Downfjord the salinity in the brackish layer increases and the stability
decreases. This allows more vertical mixing, which can explain why the tem-
perature in the warm layer is lower in the outer part of the fjord. The increased
mixing would also contribute to the increased thickness of the warm layer to-
wards the mouth. The depth of the warm layer was also commented by Her-
mansen(1974), who concluded that the stability of the surface layer allowed
the warm water to reside close to the surface at the head of the fjord.

However this argument does not explain why the warm layer is colder and
located deeper in 2003 than in 2002, even though the surface stability seems to
be stronger in 2003 than in 2002. The inner most station in 2003, station 139, is
located in the mouth of Ardalsfjorden, while in 2002 and 2004 the innermost
station is located inside the fjord. The stations from 2002 and 2004 which cor-
responds to station 139 is station 24 and station 118, respectively. From Fig.4.3
it is seen that the warm layer is colder and found at greater depth in 2003
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compared to 2002 and 2004 in this area.

It is possible that there has been some short time variations in the surface
layer which could have had some influenced the stratification. Some short
time variations from 2004 will be discussed later. It is also possible that the
there are other mechanisms than the strength of the stability which causes the
variations in the warm layer.

5.2.2 Seaice

Sea ice might be an important factor for the variability in distributions in
Sognefjorden. When parts of the fjord is covered with ice, the stratification
is protected from both atmospheric cooling and wind stress. In 2003 and 2004
there was ice in the inner parts of the fjord(authors personal log). The extent
of the ice cover is not known, neither is the ice conditions in 2002. If there
were significant amounts of ice in 2003 and 2004, but not in 2002, this could
explain why the surface gradients are maintained in 2003 and 2004 with less
river runoff than in 2002. In 2002 the CTD survey covered all of the fjord arms
in Sognefjorden, while in 2003 and 2004 this was not possible due ice in some
part of the fjord. This indicates that there was less ice 2002.

The presence of an ice cover allows an alternative explanation for the rea-
son of why the warm water is located close to the surface near the head of
the fjord. Svendsen and Utne (1979) observed a large horizontal temperature
gradient in a fjord. An ice cover was moved downfjord by downfjord winds,
raising warm and saline water almost to the surface. However, without rota-
tional effects to balance the inclined isohalines caused by such an upwelling,
the isohalines would return to an equilibrium state after the wind ceased. Since
the isohalines are inclined in all three datasets, it seems like the warm layer is
in equilibrium state. So unless strong and steady downfjord winds are very
common, the inclination is not caused by upwelling.

5.2.3 Offshore windfield

There are some pronounced differences from year to year in the the offshore
wind field. The wind field is shown in Fig.5.4. In January 2002 and 2004, there
are long periods where the wind is towards north, while in January 2003, there
is a long period with wind towards south. In February 2002 and 2004 the wind
direction is variable, while in February 2003 the wind is towards north the
whole month. The stratification in 2002 and 2004 is similar and the offshore
wind field is similar, while in 2003 both wind field and stratification differs
from the other years.

The long period of wind towards south in January 2003 would create an
upwelling event at the coast, transporting surface water out from the coast.
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Figure 5.4: Wind observations at Ytteroyane Lighthouse from January and
February, 2002-2004. Data is provided by the Climate division at the Norwe-
gian Met Office(eklima.met.no)
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This has possibly drained the almost all brackish water out of Sognefjorden,
leaving only a very thin insulating brackish layer in 2003, allowing cooling
and mixing. In February, when the wind direction is more variable, a new
brackish layer may have developed in the inner half of the fjord.

5.2.4 Variability in Sognesjoen

Most of the the water entering and leaving Sognefjorden must pass through
Sognefjorden. The water in Sognesjoen is made up of water from Sognefjorden
and water transported northwards by the Norwegian Coastal Current(NCC).
The variability in Sognesjeen will thus be influenced by the variability in the
NCC and by which type of water that leaves Sognefjorden.

The Institute of Marine Research(IMR) has a coastal monitoring CTD sta-
tion in Sognesjgen. Around three times per month CTD measurements are
performed at a fixed location and at fixed depths. The data from these mea-
surements are shown in Fig.5.5. Notice that the measurements are not evenly
spread through the year, and due to the bad temporal resolution the figures
might not be representative. In 2003 most of the salinity data has not been cal-
ibrated. Yet, the figures will be discussed as if they were representative for the
temporal variation in Sognesjoen.

The summer of 2002 was less saline in the upper 50 meters than the sum-
mers of 2001 and 2003. In the autumn of 2002 there is less warm water, and
there was less warm water available for inflow to Sognfjorden, which is cold-
est in 2003. In February 2003 cold water extends deeper down than in the other
years. It is unclear if this is because the fjord had less warm water in 2003, or
if this cold water contributed to cold conditions in Sognefjorden this year.

5.3 Circulation

The ADCP surveys will be used for the discussion of the variability in the fjord
circulation. The year to year variability of the measured flow is compared to
the variability in the stratification.

5.3.1 Flow structure related to stratification

The ADCP surveys shows distinct layers with flow in different directions, ei-
ther upfjord or downfjord. The different layers can be related to the stratifica-
tion and the assumed structure of fjords with the brakish and the intermediate
layers. A crude comparison of the flow versus the stratification is shown in
Fig.5.6. Due to the limitations of the ADCP, the upper part of the brakish layer
is not resolved in most sections.
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Figure 5.5: Temperature(a) and salinity(b) at the Institute of Marine Research’s
CTD station in Sognesjoen. Measurements from 2001 to 2004. A colorbar is
shown on top of each figure
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Figure 5.6: Temperature and salinity profiles from stations in the vicinity of
the outermost of the ADCP sections for each year. The red lines are the depths
where the flow changes direction, and the arrows show the direction of flow
in each layer. Arrows pointing left right means downfjord flow. The arrows
are not representing the true proportion of the speed of the flow in each layer.
The letter refers to the name of the layer; S - surface layer, U - upper layer, I
- intermediate layer, L - lower layer. The surface layers are not visible in the
ADCP sections in 2002 and 2004, but the surface layers are assumed to be there
with downfjord flow.
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In the three outermost sections in 2002, Fig.4.8a, b and c, the uppermost
layer corresponds to the lower part of the homogeneous layer and the halo-
cline. From the knowledge of the estuarine circulation, there should be down-
fjord flow in surface. Thus the brakish layer should be considered as two lay-
ers, in this paper referred to as the surface layer and the upper layer. The
surface layer is where the freshest water is transported downfjord, and in the
upper layer the compensation flow is found. In 2002 the surface layer is not
resolved, while the upper layer extends down to where the temperature max-
imum is found.

In the outermost sections in 2003, Fig.4.9a and b, the uppermost flow layer
is believed to be the surface layer. Compared to the profile, this downfjord
flow is found where the strongest gradients are found. The upfjord flow in
the upper layer is found at depths where gradients are weaker. This inflow
extends much deeper than in 2002, but the maximum temperature is found at
greater depths in 2003 than in 2002.

In the outermost sections from 2004, Fig.4.10a and b, there is an inflow
layer at about the same depths as the surface layer outflow in 2003. Thus
it is possible that the entire flow structure has been reversed. However, the
inflow layer extends almost down to the temperature maximum, like the the
upper layer inflow from 2002 and 2003 do. And as seen in Fig.5.6¢ the inflow
is found where the there is a thin layer of constant temperature, with a strong
temperature gradient above. This strong gradient corresponds to the strong
gradients where the surface layer outflow was found in 2003. This suggest
that there is a thin, unresolved surface layer with outflow in 2004, and that the
flow structure is the same as in the previous years.

Assuming that the inflow found in the upper layer is entirely due to the
compensation current of the estuarine circulation, the strength of the flow in
the surface layer can be calculated, since the transport through the two layers is
about the same, but in opposite directions. It is assumed that the motion in the
surface layer only is due to the barotropic pressure gradient. Using section 17
from 2002, Fig.4.8a, as a reference, the thickness of the compensation flow, H,
is about 50 meters. The average speed of the compensation flow,U, across the
section is taken to be 0.15 m/s. Further it is assumed that the thickness of the
surface layer outflow,H; is 10 meters, and that the width of the fjord is the
same at all depths. This gives the surface layer speed as

_ H.U

Us
H;

=0.75m/s

Flow speed of 0.75 m/s seems too be to fast for the surface layer outflow, since
the maximum speed in the part of the surface layer which is resolved is 0.35
m/s. Thus upper layer inflow can not just be the compensation flow of the
estuarine circulation in 2002.
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In 2002 there is downfjord flow below the halocline, in the intermediate
layer, and the flow in the upper layer is probably a compensation of this down-
fjord flow. The situation in 2004 is different, since within the warm layer there
is both inflow and outflow. The flow structure below the halocline is then sep-
arated into the intermediate layer and the lower layer. Then the upper layer
inflow only compensates for the assumed surface layer outflow, since the inter-
mediate layer and the lower layer compensates each other. This would explain
why the upper layer is found at shallow depths in 2004 compared to 2002.

In 2003 the surface layer is thicker than the other years, and more water
must replaced by the compensation flow. Still it seems like there is more water
moving upfjord than downfjord in 2003, because the flow below the halocline
is so small.

As these ADCP measurements have not been averaged over more than 1
minute, it is not possible determine how much of flow is due tidal effects,
which is a possible explanation of the changes between section 30 and section
3 in 2004, Fig.4.10b and c. For all three years the structures weakens and dis-
appears in the inner part of the fjord. The general feature in the stratification
is that the the depth of the halocline decreases towards the head of the fjord.
Thus one explanation for the changing flow structure is changes in the pres-
sure field. The compensation flow of the estuarine circulation is expected to be
weaker towards the head of the fjord, since less water has been entrained into
the brakish layer.

5.3.2 Vertical distributions in Sognesjoen

Differences inside and outside the sill Fig.5.7 shows the temperature and
salinity profiles from Sognesjoen in January and February 2002-2004. Profiles
from CTD stations inside the fjord, close to the sill, has been added for com-
parison.

In 2002 there are measurements on both sides of the sill February 4. Above
60 meters depth Sognesjoen is most saline, while from 60 to 150 meters depth
Sognefjorden is most saline. These differences in salinity coincides with the
flow structure in 2002, Fig.4.8a. The upper layer inflow is found at depths
where Sognesjoen is most saline, while the outflow is found where the fjord is
most saline.

In 2003 the measurements inside and outside the sill differs in time, and
the comparison is less direct. January 22" Sognesjoen is more saline than in
the upper 100 meters than the fjord is at February 9. From 100 meters to
150 meters the fjord is most saline. The salinity difference between the coastal
water and the fjord water could be used to explain the inflow in 2003, Fig.4.9b,
but at the depths where the fjords are most saline there is no clear outflow.
This could mean that the the pressure surfaces at this depth are horizontal.
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Figure 5.7: Temperature and salinity profiles from IMR’s station in Sognesjoen
and from the fjord(red curves), January-February 2002-2004
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In 2004 are measurements in Sognesjoen February 19" while the measure-
ments in the fjord are from February 22", The differences above 100 meters
depth are subtle, but at the depths where the fjord is most saline, the outflow is
found. In the upper 15 meters Sognesjoen is most saline, and the upper layer
inflow is upfjord. Looking at the temperature profile, Sognesjoen is colder than
the fjord above 100 meters depth, but warmer below. In 2004 there is a four
layer circulation, possibly is the lower layer inflow related to this temperature
difference.

These interpretations are based on the assumption that the pressure field is
determined by salinity gradients between Sognesjoen and Sognefjorden, with-
out regard to any surface elevations. Thus it is not certain that it is possible
to determine the flow structure from salinity differences, but they seem to be
related. Since the measurements are not done at the same time, except in 2002,
the gradients might appear larger than they really were at the time.

Differences below sill depth In 2002 and 2003 Sognefjorden is colder than
Sognesjoen below 150 meters depth. In 2004 Sognefjorden is coldest below 200
meters depth. This is a typical feature for fjords with deep sills like Sognefjor-
den(Gade, 1980). The water below sill depth can only be renewed when water
with greater density is available outside the sill. From Fig.5.5 it is seen that
the coldest water in Sognesjoen appears in the late spring and early summer.
The salinity does not inhibit the same seasonal pattern. As seen from Fig.5.7
the salinity below sill depth is almost the same inside and outside the sill. The
temperature difference then determines which water mass is the densest. Thus
the warm water outside the sill in January and February is not dense enough
to replace any basin water in 2002 and 2003. But in 2004 where the the temper-
ature is the same inside and outside the sill down to 200 meters depth, there
must have been some replacement of basin water. The reason for this replace-
ment is unclear. There must be some short events where coastal water flows
into the fjord, replacing some of the upper basin water. An explanation for the
inclination of the 35.0 psu isohaline in Fig.4.1b could then be that the partial
replacement events are only able to influence the outer parts of the fjord, and
there has not been time for adjusting the salinity gradient along the the fjord.

5.4 Cross fjord variations

The CTD surveys have mainly been focused on resolving the variations along
the fjord, while the ADCP surveys have been used for resolving cross fjord
variations. Direct comparison of CTD and ADCP is therefor not very accurate,
but it still leaves indications of the properties of the water moving upfjord and
downfjord.
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Figure 5.8: Location of the CTD stations in cross fjord CTD section 1 and 2.
Station 154 is included as a reference point.

From 2003 there are some sections of CTD stations across the fjord. These
sections allows a comparison of cross fjord variation in stratification and circu-
lation. The CTD sections are located in the outer part of the fjord, 20 to 25 km
inside the sill, see Fig.5.8. Section 1 is the outermost section, shown in Fig.5.9a
and b, section 2 is in Fig.5.9a and b. The sections are shown with the north
side of the fjord to the right in the figures. The sections will be compared to
ADCEP sections 8 and 10, Fig.4.9a and Fig.4.9b. Locations of the ADCP sections
are shown in Fig.4.7b. The ADCP sections are located closer together than the
CTD sections, and the direct comparison might not be completely justified.

In general the ADCP surveys reveals asymmetrical flow across the fjord. It
has been reported that due to the Coriolis force, flow in fjords will tend to fol-
low the coast to the right of the flow(Svendsen,1981). Most of flow seen in the
ADCEP sections is indeed focused to the right hand side of the flow direction.

The internal radius of deformation, R,, is a measure of the importance of
the rotational effects. R; depends upon stratification and depths of the differ-
ent layers, and there are many possible choices of values. R; is given by

R, VI

f

! — !
where g = 2=t and H = el

p1(Hy) and p2(Hy) is the density(thickness) of the upper and lower layer,
respectively. For a range of different density and thickness values, the baro-
clinic radius of deformation is found to be R; = 5km + 2km. The width of
Sognefjorden varies from 5 km in the outer part to around 2 km in the inner
parts(Hermansen, 1974). Thus the Coriolis force must be included in equation
of motion in Sognefjorden. This also means that geostrophic flow may exist
inside the fjord, as long as the fjord is wide enough and the stratification is fa-
vorable. Flow set up by pressure gradients between the coastal water and the
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fjord may exist far into the fjord, if the flow is in geostrophic balance. Thus the
different stratifications from year to year might be a reason for different flow
regimes, in addition to the differences in the pressure fields. It is also be an
explanation for why the flow structures changes towards the head of the fjord,
where the fjord width is less than R;.

In both CTD sections there is a surface layer of constant temperature. This
layer of constant temperature is thicker in section 1, which could be due to the
topography. The salinity is not constant in the upper 50 meters. In section 1 the
lowest salinities is found on the northern side of the fjord. The salinity on the
northern side at section 2 is about the same as at section 1, but the salinities are
lower on the southern side. This low salinity probably origins from the small
fjord arm southwest of section 2. Brackish water formed in this fjord arm will
not have much time to get mixed with fjord water, and therefor is quite fresh.
At the mouth of the small fjord arm the brackish water turns towards east due
to the Coriolis force.

The isolines located at around 120 meters depth are horizontal, but some
of the shallower isolines are inclined. The inclination of the isolines are most
pronounced at section 1.

A layer with downfjord flow is found in the shallowest depths resolved
by the ADCP at section 8. The outflow reaches deepest at the northern side.
This outflow is probably the cold and fresh water seen in CTD section 1, mov-
ing downfjord as part of the estuarine circulation. The upfjord flow is found
at about the same depth as the 32.5 psu isohaline. Thus the inflow is found
within the halocline, which means that the water moving upfjord has proper-
ties different from both the surface layer and the intermediate layer.

At ADCP section 10, the surface layer outtlow is less resolved than at the
previous section. The reason for this is unclear.

The asymmetrical flow and the inclined isolines must be due to rotational
effects.

Geostrophic flow has been calculated from cross-fjord section 1, by using
a method described by Pond and Pickard(1983). The flow has been calculated
between each of the stations

1
Lf

where L is the distance between the two stations and f is the coriolis constant.
A®, and AP, is the geopotential anomalies at the two stations. 1} is speed at
300 meters depth, which is the reference depth. It is assumed that 300 meters
depth there is no motion and V;, = 0. The geostrophic velocities are shown in
Fig.5.10

In general the geostrophic flow is larger than the flow measured by the
ADCP. The larges differences are found in the two northernmost profiles. Al-
though the magnitude is to large, the geostrophic flow is divided in layers

V= Vh = — (A0, — Ad,)
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Figure 5.10: Profiles of calculated geostrophic velocities between the CTD sta-
tions in the outermost cross-fjord section and flow profiles from the ADCP
section 8. The flow profiles are averages from the ADCP section. The ADCP
section was divided into four parts, and each flow profile is an average of one
part. Positive values is upfjord flow, while negative values is downfjord flow.
Blue line is geostrophic flow profile, red line is flow from ADCP.
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with upfjord and downfjord motion. The layers are not exactly at the same
depths as the layers measured by the ADCP. The differences between the cal-
culated flow and the measured flow could be caused by the distance between
the ADCP and the CTD section. It should also be noticed that both sections are
snap shots of the conditions, and the influence of tides and wind is unknown.
The assumption that there is no motion at 300 meters depth is not very accu-
rate, in Fig.4.9a it is seen that there is some motion at this depth. Despite all the
possible error sources, this is still an indication of the importance of rotational
effects in fjords.

5.5 Sognesjoen

5.5.1 Short-time variability

The changes in the profiles in Sognesjoen, Fig.5.7, are compared to wind ob-
servations at Ytteroyane Lighthouse, shown in Fig.5.4.

The temperature and salinity distribution in Sognesjoen in January and
February differs from year to year. In 2002 the upper 50 meters becomes more
stratified, while in 2003 the upper 50 meters becomes fresher and colder. In
2004 the upper 50 meters becomes less homogeneous.

During the first 20 days of January 2002 the wind was towards north, but
prior to the measurements January 27" there was some wind towards south.
In the beginning of February the wind is towards north. There are no long pe-
riods with constant wind direction prior to the measurements from February
17", but the two days before the wind was towards north. One possibility is
then that the winds towards north prior to January 27 drained brakish wa-
ter from Sognesjoen and Sognefjorden, while wind towards north prior to the
two next measurements caused stacking of the brakish water. It is possible that
wind field is causing the difference below 50 meters as well, but from Fig.5.5 it
is seen that water down to 100 meters depth typically becomes colder and less
saline in February.

In 2003 the is wind towards south during the first half of January. The days
prior to January 22" the wind is first towards west and towards east. In most
of February there is quite strong winds towards north. It’s unclear if the wind
towards south is the reason for the saline and warm water in the surface in
January. Possibly the constant southern winds have drained almost all brak-
ish water out of the fjord in January, and the small amount of brakish water
continuously leaving the fjord is mixed with coastal water in Sognesjoen.

In 2004 the depth of the thermocline and halocline are found to increase
from February 7" to 28"". During this period the wind changes direction sev-
eral times, and it is difficult to make any interpretation. The offshore wind
tield cannot on their own explain the changes in the temperature and salin-
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Figure 5.11: Vertical temperature and salinity distribution in January and
February in 2004 at IMRs station at Utsira, located at N 59° 19" E 4° 48’, ap-
proximately 180 km south of Sognesjoen.

ity distribution in Sognesjoen. Fig.5.5.1 shows the vertical temperature and
salinity distribution at Utsira in January and February 2004. Utsira is located
on the south west coast of Norway, around 180 km south of Sognesjoen. At
Utsira warmer and more saline water are found in the end of January. It is
possible that this warm and saline water has been transported northwards by
the Norwegian Coastal Current(NCC), and contributes to the increase in tem-
perature and salinity in Sognefjorden. Assuming an average speed of 0.1 m/s
of the NCC, it would take about 21 days for the warm water to be transported
up to Sognesjoen.

Another possibility is that the downfjord transport of warm water in Fig.5.6
persists over some period long enough to increase both temperature and salin-
ity in Sognesjoen.,

5.5.2 Sill flow

Fig.5.12a and Fig.5.12b shows recordings of velocity and temperature from a
RCM and wind measured at Ytteroyane Lighthouse for March and April, re-
spectively. The RCM was moored at the sill. The depth of the RCM was ap-
proximately 150 meters. The time series have been treated with a 24-hours
running mean filter, to remove most of the contribution from the tides and any
internal waves.

Due to the orientation of Sognesjoen, which is southwest-northeast, in-
flow should be towards northeast while outflow should be towards southwest.
However, as the RCM records show, the dominant flow directions are towards
northeast and towards south. The flow towards northeast is obviously inflow
to the fjord, while the flow towards south must be outflow. The reason for the
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Figure 5.12: The offshore wind field is measured at Ytteroyane Lighthouse.

The sill bottom flow and temperature are from an RCM deployed at the bottom
of the sill
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Figure 5.13: The difference between the observed water level and the pre-
dicted water level from the harmonic constants as measured at The Norwegian
Hydrographic Service’s tide gauge in Bergen. The data was obtained from
statkart.no

outflow to be directed towards south rather than towards southwest is proba-
bly due to topographic effects.

During the first half of March the flow direction is mainly towards north-
east, except for a short period were the flow is towards southeast and east. The
flow turns towards southeast approximately at the same time as the winds to-
wards north ceases. While the flow is towards southeast the temperature de-
creases slightly. Around March 9" the wind is towards west-northwest, and
the flow first changes towards east, then towards northeast. Around the 14"
the wind turns towards north and northeast, and at the same time there is
strong outflow at the bottom of the sill. At the onset of this outflow event,
the temperature drops by 0.15°C. The temperature increases a little when the
strength of the outflow decreases.

In the beginning of April the wind is towards west-northwest, and there
is strong inflow. During the next days the wind is variable, while the inflow
is still strong. The inflow does not end until the wind is towards southwest
for some days. During the following outflow event the wind changes towards
north, which does not seem to change much in outflow. However, in the begin-
ning of the outflow event the temperature drops, but when the wind changes
towards north the temperature increases. At the onset of the last inflow event
in April the temperature decreases.

When the wind changes towards northwest again, the outflow ends and
and inflow event begins. The inflow persists long after the wind towards
northwest has ceased.

There seems to be a stronger correlation between the flow direction and
onshore/offshore component of the wind than between the flow direction and
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the along-shore component of the wind. But any correlation is not very clear.

It also seems like like inflow can persist long after any steady wind has
ceased. One possibility is that if an upwelling occur, and the isohalines are
raised, they may stay raised due to a geostrophic balance. As long as this
geostrophic balance last, the pressure field outside the sill will be maintained.

The wind field causes variations in the both the barotropic and the baro-
clinic pressure field. Assuming that the flow at the sill is two-layered, the
direction of flow in the upper layer is determined by the surface elevation,
the barotropic pressure, while the lower layer flow is determined by the baro-
clinic pressure. This relationship between the offshore wind field and up-
welling/downwelling has been documented by Seetre et all(1987). Fig.5.13
show the difference between observed sea surface level and predicted sea sur-
face level, the sea level elevation, in Bergen. This difference is mainly due
to athmospheric forcing. The measurements from Bergen are assumed to be
representative for the sea level in Sognesjoen. By comparing the sea level dif-
terence, Fig.5.13, with the flow at the bottom of the sill, Fig.5.12, there seems to
be no clear relationship between the surface elevation and the flow. In March
the first inflow period ocurres when the sea level elevation is negative, while
in April the most of the inflow occurs when the sea level elevation is positive.
There does not seem to be any relation between the sea level elevation and
the offshore wind field. The lack correlation between the wind and the sea
level elevation could be due to the distance between where each property is
measured.

Why the temperature first drops when the outflow begins, and then in-
creases after some time during the outflow is unclear.

5.6 Short term variability

In January 2004 there was an additional survey in Sognefjorden in January,
and some CTD measurements were made along the fjord. The CTD stations
were taken at the same location as at the main cruise in February, Fig.5.14 and
Fig.4.2c. This additional survey was conducted at 22" and 23" of January,
about one month before the main cruise.

Fig.5.15 show the vertical salinity distributions at three locations in the
outer half of the fjord in January . Only the upper 250 meters are shown.

The surface is coldest and least saline in February. From Fig.5.16 it is seen
that there was increased flow of water at the unregulated station Gilja in the
tirst week of February, while in at the regulated station Stuvane the flow of
water seems to be less in February than in January. The increase at Gilja could
indicate that there was an period of warm weather with rain increasing the
amount of fresh water in the fjord. But the flow of water at Gilja is much
less than at Stuvane, so probably it is the regulated rivers controlling the fresh
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Figure 5.14: Locations of CTD stations from the auxiliary cruise, January 2004

water discharge to the fjord in February and January. It is not obvious if the
variability in the flow of water has had any impact on the distribution or not.

At the two outermost stations, Fig.5.15a and Fig.5.15a, the upper 50 meters
has become more stratified in both temperature and salinity. From the offshore
wind field, Fig.5.4 it is seen that the were strong winds at the coast around Jan-
uary 22"%, while the wind conditions are calmer around February 22"¢. Thus
the differences in the upper 50 meters could be due differences in wind mix-
ing. Since the differences at the innermost station is smaller, this part of the
fjord might be less exposed to wind than the outer parts of the fjord.

Below 50 meters depth the changes are small in the two innermost stations.
At the outermost station the changes are greater. This could be caused by tidal
mixing close to the sill. It can also be caused by changes in the pressure field
at the sill, preventing steady flow structure from developing and thus coastal
water masses would not reach very far into the fjord.

The small changes below 50 meters during one month suggests that the
process causing the variability in the temperature and salinity distribution in
the fjord could occur several months prior to the surveys. It also suggests that
the flow structure discussed in Section 5.3 is not maintained for longer periods
of time.

5.7 Fjerlandsfjorden

In 2002 and 2003 CTD surveys were conducted in Fjeerlandsfjorden, one of
the larger fjord arms in of Sognefjorden, see Fig.5.17 and Fig.2.1 for location.
The temperature and salinity distributions are shown Fig.5.18 and Fig.5.19,
respectively.

The distributions in Fjeerlandsfjorden is very similar to the distributions in
the innermost parts of the main fjord. And as in the main fjord, it is colder
in 2003 than in 2002, especially in the surface. The thermocline is strongest in
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Figure 5.15: a, b and c are temperature(°C) profiles, and ¢, d and f are salin-
ity(psu) profiles. The black and red curves are the profiles from January 22"-
234 and February 22", respectively.

2003. The temperature maximum in Fjeerlandsfjorden 2002 is about the same
as at the head of the main fjord, but it is found at greater depth in Fjeerlands-
fjorden. The thermocline is much stronger in 2003.

The surface salinity gradients are stronger in 2003, but the 34.5 psu isoha-
line is found at greater depths in 2003 than in 2002.

Wind observations at the head of Fjeerlandsfjorden, Fig.5.20, shows that the
wind conditions in January 2003 were calmer than in January 2002. The calm
conditions in 2003 is probably one of the reasons why the surface is strongly
stratified in 2003.

From the temperature measured at the head of Fjeerlandsfjorden, the au-
tumn 2002 where colder than the autumn of 2001. In January the temperature
is about the same in 2002 and 2003, while February 2003 is colder than Febru-
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Figure 5.18: Temperature along Fjeerlandsfjorden in the upper 160 meters in
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ary 2002. It is possible that the air temperature in the autumn might be con-
tributing to the different temperature distribution, but it will not explain the
the differences in salinity. Most of the differences is probably due to advection.
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Chapter 6

Conclusion

Summary The temperature and salinity distribution in Sognfjorden in Febru-
ary show large variations, both in the brakish water and the intermediate wa-
ter. The variability in the brakish water was expected since this water mass is
under influence of atmospheric forcing. In Fjeerlandsfjorden the surface strat-
ification has been related to atmospheric forcing. It is not possible to explain
the variability in the brackish water in the main fjord from the available river
runoff data, but it is also possible that the available runoff data is not represen-
tative for the total fresh water input to the fjord. But in the winter months it
is probably the local wind field and temperature along the fjord which deter-
mines the distributions in the brackish water masses. The offshore wind field
might also be causing variability in brackish layer.

From calculations of the Richardson numbers, shear induced turbulence is
likely to occur in Sognefjorden.

Variability in the coastal water and the offshore wind field have been stud-
ied in order to explain the variability in the temperature and the salinity dis-
tributions in the intermediate water. The variability could be caused both by
variations in the offshore wind field and by variations in the coastal water, but
a firm conclusion cannot be made from the data available.

The circulation is found to be related to the stratification, and variability in
the circulation pattern can be related to the variations in the stratification.

Geostrophic flow has been found to have similar layers as the measured
flow. Thus it is possible that the baroclinic pressure fields inside the fjord is
driving the circulation.

The pressure differences between Sognesjoen and the fjord is found to have
relatively large variations during the winter months. It can be related both to
wind field and variations in the Norwegian Coastal Current, but the exact re-
lationship is not possible to determine. The flow structure can to some degree
be related to salinity differences between Sognesjoen and Sognefjorden. The
flow at the sill can also to a certain degree be related to the offshore wind field.
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Future work In order to further increase the knowledge of the physical oceanog-
raphy of Sognefjorden, more measurements are needed. From the work of
this paper, there are some topics which could be subject for further investiga-
tions in Sognefjorden. The first topic is the year-to-tear variability. The get
a better understanding of the variability, more knowledge of surface eleva-
tion, offshore and local wind field and river runoff. The sea surface varia-
tion can easily be measured by some pressure gauges around the sill, while
wind may be modelled on a fine scale from hindcast data. More informa-
tion about river runoff might be obtained through NIVA. Together with de-
tail information of inflow /outflow at the sill from a bottom moored ADCP, it
should be possible to determine the cause for the variations. Another option
to determine the year-to-year variability is to apply a numerical ocean model
like ROMS(Regional Ocean Modelling System). A combination of extended
knowledge of the mentioned variables and a model setup would off course
provide an even better result.

Another feature which could be investigated further is the shear stability.
By use of a stationary ADCP and CTD measurements with short intervals,
better estimates of the Richardson number may be achieved. Direct measure-
ments of turbulence would also be useful.

It would also be interesting to go make further investigations of the cross
fjord variations, in order to get a better understanding of the importance of the
rotational effects in fjords.
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