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Abstract

Førdefjorden is the site of a newly permitted submarine tailing disposal (STD) in Norway, and
it is nationally debated. Major implications of an STD can be toxic compounds of the tailing,
severe impacts on the benthic infauna, and dispersion of the tailing in the water masses. The
most fine-grained particles have low sinking velocity and can potentially disperse far away
from the STD site. It is crucial to understand the dynamics at the STD site to determine the
spread of the tailing. In this thesis, I study the dispersion of fine-grained particles in Førdefjor-
den using data from the hydrodynamic fjord model Førdefjord160, which applies ROMS, and
the particle tracking model LADIM. I evaluate the hydrodynamic model’s performance com-
pared to observations, and investigate the effect of changing the bathymetry and the release
depths on the particle dispersion through four scenarios. The two first scenarios represent the
early stages of the permitted STD with today’s bathymetry and release depths close to the basin
bottom. The third scenario represents the end of the STD, while the last scenario is an extreme
case. The latter two scenarios have release depths higher up in the water column and a shal-
lower bottom at the STD site. The validation implies that the model does not entirely capture
the higher current speed values, nonetheless, it presents a realistic current field in the fjord. I
find that particles drift further with decreasing release depths and a shallower bathymetry. I
consider the fine fraction in regard to the regulations of the permitted STD and find that there
is a pronounced amount of annual sedimentation in all scenarios. Daily concentrations of par-
ticles in the water masses are frequently close to or exceeding the set limits. The fine fraction
of the annual tailing discharge can lead to high values of sedimentation and concentration, and
it should be investigated further prior to the start of the STD in Førdefjorden.
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Chapter 1

Introduction

Fjords in Norway have been the site of mine waste disposal since the late 17th Century
(Ramirez-Llodra et al., 2015). Norway has the largest amount of Submarine Tailing Disposals
(STDs) in the world, including seven active sites, 11 inactive, and two new sites accepted in
2018-2019 (Ramirez-Llodra et al., 2022, 2015). Tailing is the waste produced after extracting
the targeted mineral, and STD is one of several methods for handling the waste from the min-
ing industry (Ramirez-Llodra et al., 2015). One of the newly permitted sites is in Førdefjorden,
which is an extensive debate in Norway. Major implications of STDs are for instance poten-
tially toxic compounds within the tailing, smothering of the benthic infauna, and dispersion of
the tailing in the fjord system (Ramirez-Llodra et al., 2015; Dold, 2014; Vare et al., 2018).

The circulation in fjords varies in terms of the topography, the proximity of coastal water, wind
patterns, and the amount of freshwater runoff. The Norwegian fjords are usually long, narrow,
and deep, with a sill at the fjord mouth accompanied by one or several basins towards the fjord
head. The sill is a topographic barrier separating the fjord basin from the sea (Aksnes et al.,
2019). The fjord mouth connects the fjord to the sea, and the head is the inland termination of
the fjord (Farmer & Freeland, 1983). Rivers typically discharge in the fjord head area. Fresh-
water is less dense than seawater and forms a brackish surface layer. The freshwater input
causes a stronger stratification in fjords relative to the adjacent coastal water. Horizontal pres-
sure gradient forces induce baroclinic currents between the fjord and the coastal water (Inall &
Gillibrand, 2010). This water exchange happens mainly between the surface layer and the sill
depth, i.e. the intermediary layer (Asplin et al., 1999). The water below sill depth is called the
basin water. The three-layering structure is a generic way of categorizing the different water
masses in fjords (Figure 1.1) (Stigebrandt, 2012).

In fjords with relatively deep sills, the intermediary circulation is the dominating mechanism
for coast-fjord water exchange (Aure et al., 1996). The intermediary water is situated between
the sill depth and the surface layer, and thus the water is directly in contact with the coastal
water (Figure 1.1). The coastal water consists of the Norwegian Coastal Current (NCC), which
is a buoyancy-driven current flowing northwards along the Norwegian coast (Sætre, 2007a).
The NCC is mainly driven by coastal wind and freshwater runoff from the Baltic Sea and
fjords along the Norwegian southwest coast. On the seaward side and parallel to the coastal
current flows the Norwegian Atlantic Current (NAC) (Figure 1.1). There is a dynamic interac-
tion between the two currents, and mixing with the more saline NAC increases the salinity of
the NCC and thus the stratification of the NCC decreases when travelling northwards (Sætre,
2007a). The NCC highly influences the intermediary circulation, and the density distribution
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in this layer in fjords tends to mirror the density field at the coast (Aksnes et al., 2019).

Figure 1.1: Schematic of the typical structure of a Norwegian fjord and the main forcing
mechanisms driving the fjord circulation. Source: Institute of Marine Research.

The study of the intermediary circulation is limited in comparison with the estuarine circula-
tion and tidal exchange (Farmer & Freeland, 1983; Aure et al., 1996; Arneborg, 2004). The
crooked coastal topography largely influences the water exchange between the coast and the
fjord and is likely a reason for the limited research on the topic (Asplin et al., 1999). A way
to enhance the knowledge of the intermediary circulation in addition to obtaining more ob-
servations, is to apply models. Ocean models are used in an extensive range of applications,
such as the physics of the global ocean, individual oceans, specific coastal regions, and fjords
coupled to external components (Shchepetkin & McWilliams, 2009). These are for instance
the atmosphere, river runoff, and seafloor sediments. The Institute of Marine Research (IMR),
the Norwegian Meteorological Institute (MET Norway), and the Norwegian Institute of Wa-
ter Research (NIVA) developed the coastal model Norkyst800 (Myksvoll et al., 2018). MET
Norway runs the model operationally with daily forecasts (Dalsøren et al., 2020), and IMR
runs an operational salmon lice model based on results from Norkyst800 (Asplin et al., 2020).
The salmon lice model consists of the Lagrangian Advection and Diffusion Model (LADIM)
(Ådlandsvik, 2022) that uses the hydrodynamic results from Norkyst800 to calculate particle
trajectories (Asplin et al., 2020). MET Norway also developed a framework for trajectory
modeling called OpenDrift (Dagestad et al., 2018). OpenDrift can be used to predict for in-
stance oil drift, drifting objects for search and rescue, and microplastics in the ocean (Dagestad
et al., 2018). The combination of hydrodynamic and trajectory modeling can also be used to
investigate the dispersion of mine tailing.
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The mining industry produces large amounts of waste both formed by non-processed rock
from access tunnels and shafts and by processed tailing (Ramirez-Llodra et al., 2015). The
tailing can be up to 99.99% of the ore, and it is usually stored in land-based dams. However,
the potential risk of dam failure, rugged topography, and land availability in general lead to
an increase in submarine disposal of mine tailing (Ramirez-Llodra et al., 2015). An additional
advantage of STD is the prevention of acid drainage, since acids produced by sulfide oxida-
tion are neutralized by the buffer capacity of seawater (Dold, 2014). Furthermore, there has
been a major increase in the demand for minerals and metals over the last century due to both
economic and world population growth (Vare et al., 2018; Dold, 2014). The increase in STD
sites appears despite the lack of well-established techniques and practices for discharging mine
tailings into the marine environment (Ramirez-Llodra et al., 2022). A better understanding of
the dynamics at the STD site and tailing properties is needed to determine the spread of the
tailing (Ramirez-Llodra et al., 2022).

The STD permitted in Førdefjorden is due to the production of titanium dioxide (TiO2) and
garnet from the Engebø mountain adjacent to the fjord. Previous studies conducted in Førde-
fjorden are mainly impact assessments regarding the planned STD. The impact assessment
by Staalstrøm & Molvær (2009) describes the process from extracting the targeted minerals
from the ore to the disposal of the remaining tailing. The ore is grained down to grain sizes of
< 0.3mm before the minerals are extracted. The tailing is fine-grained at this stage and is floc-
culated to increase the sinking velocity when discharged into the fjord (Staalstrøm & Molvær,
2009). The flocculation process reduces the amount of fine-grained particles to 5× 10−3 %
of the tailing (Vogelsang & Bjerkeng, 2014). This fine fraction has a low sinking velocity
and nearly does not settle at the fjord bottom (Staalstrøm & Molvær, 2009). The amount of
fine fraction is uncertain, and the impact assessments have mainly focused on investigating the
impact of larger particles (Nepstad & Rye, 2014). Staalstrøm & Molvær (2009) include the
fine fraction, but the report investigates a potential accident where particles are discharged at
the surface for seven days only. Ramirez-Llodra et al. (2022) report that the most fine-grained
particles of the tailing have the most profound effect on the benthic infauna, which is the or-
ganisms living within the sediments on the seafloor. Furthermore, Rygg (2007) investigates the
benthic infauna in Førdefjorden, and finds that the fjord has a rich infauna compared to other
western Norwegian fjords. Despite these findings, the knowledge of how the fine-grained par-
ticles can potentially disperse in Førdefjorden is limited.

In my thesis, I will investigate the dispersion of the fine fraction of the mine tailing in Førde-
fjorden. I assume that 1% of the fine fraction of the total mine tailing is left after the floccula-
tion process. The fine fraction contains particles with a grain size of <15 µm. Table 1.1 con-
tains the regulations regarding the permitted STD that I consider in my thesis (Anon., 2023). I
additionally set the annual tailing discharge to 4×109 kgyr−1, which is the maximum permit-
ted amount of mine tailing. This gives an annual amount of fine fraction of 4×107 kgyr−1.

Table 1.1: Regulations for the permitted STD in Førdefjorden (Anon., 2023). RD stands for
release depth of particles.

Sedimentation 3.0mmyr−1

Concentration 40 m above RD 2.0mgl−1

Concentration outside STD area below RD 3.0mgl−1
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The objective of my thesis is to study future scenarios of particle dispersion in Førdefjor-
den. I investigate how the fine fraction disperses with varying particle release depth and the
bathymetry in the fjord. I use results from a hydrodynamic fjord model to look at the circula-
tion in Førdefjorden. The model is run twice for the same period with two different bathyme-
tries. I examine the transport of particles by applying a particle tracking model, where I vary
the release depths. Additionally, I use hydrographic and current observations conducted by
IMR to evaluate the fjord model performance. I aim to investigate the following research
questions:

• Does the hydrodynamic model simulate realistic circulation in Førdefjorden in compar-
ison with observations?

• How do changes in bathymetry and release depth of particles affect the particle disper-
sion in the fjord?

• Will the dispersion of the fine fraction be pronounced in regard to the regulations?

The structure of this thesis is as follows: Chapter 2 includes background theory about fjord
dynamics. Chapter 3 contains a presentation of the study area, the models and the data I use,
the setup of the scenarios, and relevant equations. Furthermore, I present the results from
model validation and particle dispersion in Chapter 4. I discuss my findings in Chapter 5,
followed by a conclusion and future perspectives in Chapter 6.



Chapter 2

Background

2.1 Coast-fjord water exchange

The main forcings of water exchange between fjords and the coast are freshwater runoff, wind,
horizontal pressure gradients, and tides (Asplin et al., 2020). Figure 2.1 illustrates the com-
mon circulation patterns in fjords. The estuarine circulation is situated in the surface layer
and is mainly driven by freshwater runoff from rivers discharging in fjords (Myksvoll et al.,
2011). The input of freshwater generates a higher pressure of the surface layer inside the fjord
than outside, inducing a current propagating out of the fjord (Stigebrandt, 2012). Local winds
in fjords are typically steered by the surrounding topography and are thus primarily directed
along the fjord axis. The wind and tides induce mixing between the fresher surface layer and
the more saline water beneath and form a brackish surface layer (Aure et al., 2007). In the ab-
sence of freshwater input, the brackish layer is non-existent. Additionally, the brackish layer
might not be present in the outer part of long fjords due to mixing processes (Asplin et al.,
2020). The main sources of mixing in the surface layer are current shear and wind (Dyer,
1997). The coast-fjord water exchange due to the estuarine circulation is relatively small in
comparison with other water exchange components (Aure et al., 2007).

The effect of wind on fjord circulation can be divided into local and non-local wind forcing
(Asplin et al., 1999). While the local wind pushes the surface water with a mechanical drag
and generates mixing (Aure et al., 2007), the non-local wind forcing concerns the influence of
coastal winds on the fjord circulation. Norway is located in the path of the atmospheric polar
front which regularly sends low-pressure systems towards the coast (Asplin et al., 2020). This
leads to episodically strong coastal winds at the Norwegian west coast with a duration typically
less than a day. Although the direction changes from the angle of the eastward propagating at-
mospheric lows, it is typically more southerly winds during winter and northerly winds during
the summer. The southerly wind will lead to a convergence of water towards the coast (Ek-
man transport; Cushman-Roisin & Beckers, 2011). The convergence results in downwelling of
lighter surface water downstream of the fjord mouth. The downwelling generates an internal
Kelvin wave subsequently propagating into the fjord. The depressed phase of such a wave will
have a corresponding current in the upper layer in the direction of the wave propagation, i.e.
into the fjord. Below the upper layer flows an opposite directed current scaled so the vertically
integrated current in the whole water column is zero. Northerly wind will cause a divergence
of water towards the coast. Divergence of water leads to upwelling, which is the process of
denser water being lifted outside the fjord mouth. A similar internal Kelvin wave is generated
but in the elevated phase. The corresponding current in the upper layer will be in the opposite
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direction of the wave propagation, i.e. out of the fjord (Asplin et al., 1999).

Figure 2.1: The different water masses in a deep silled fjord, and processes happening within
and between the layers. Figure from Stigebrandt (2012).

Coastal upwelling and downwelling are important features of the coast-fjord water exchange
(Sætre, 2007b). During upwelling at the coast, denser water can get lifted above sill depths
and can potentially enter the fjords (Asplin et al., 1999). If the entraining coastal water is suf-
ficiently dense, it can sink deeper than the sill depth replacing parts of the basin water. These
inflow events of dense coastal water replacing the basin water in the fjord are termed deep
water renewals. The inflows are often intermittent, which can result in a partial renewal (Gade
& Edwards, 1980). Another factor that might reduce a renewal episode is mixing between the
entraining coastal water and the resident basin water. The mixing reduces the density of the
inflow, such that the inflow of water does not reach the bottom of the basin (Figure 2.1) (Gade
& Edwards, 1980).

Another important forcing on fjord circulation is tides. The tide propagates from south to
north along the Norwegian coast as a Kelvin wave and the M2 constituent is the leading mode
(Asplin et al., 2020). Tides feed energy to fjords through internal waves and jets. The tide
propagates into the fjord as a barotropic wave, and the influence of topography and the strat-
ification in the fjord can generate internal waves, which again can induce turbulence and di-
apycnal mixing processes in the fjord (Farmer & Freeland, 1983; Stigebrandt, 2012). In fjords
with shallow and narrow sills, the currents due to tides are energetic and cause mixing at the
sill (Tinis & Pond, 2001). In wide and deep fjords, the current speed due to tides is modest
(Asplin et al., 2020), but the influence of tides on mixing in the basin is still important.
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2.2 Rotational dynamics
Fjords can be classified as narrow or broad by comparing the fjord width L to the internal radius
of deformation Ri (the Rossby radius). A fjord is narrow if L < Ri and broad if L > Ri. The
effect of Earth’s rotation on the fjord circulation becomes important in broad fjords (Cushman-
Roisin et al., 1994). Ri in a two-layered fjord is defined as

Ri =
ci

f
(2.1)

where f is the coriolis parameter and ci is the internal wave speed given by

c2
i =

g′H1H2

H1 +H2
(2.2)

H1 and H2 are the thicknesses of the upper and lower layers, respectively. g′ is the reduced
gravity defined as

g′ =
g(ρ2 −ρ1)

ρ2
(2.3)

ρ1 and ρ2 are the densities of the layers, and g is the gravitational acceleration. Ri depends
on the stratification of the fjord, which is typically highest in the upper part of the fjord and
decreases with depth. Thus, Ri will decrease with increasing depth, i.e. the influence of
rotation can become more important for the dynamics at depth.
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Chapter 3

Material and methods

In this chapter, I will present the study area of Førdefjorden, the models and the datasets I
use to investigate the dynamics and particle dispersion in Førdefjorden. The datasets include
modeled and observed oceanic data provided by IMR, in addition to modeled atmospheric
data from MET Norway. Furthermore, I will describe my experiments and briefly explain the
instruments used to sample the data. Lastly, I will present the equations I use to calculate my
results.

3.1 Study Area

Førdefjorden is located at the western coast of Norway at 61.5◦N and 5.5◦E (Figure 3.1a).
The fjord is 75 km long and is divided into an inner and outer part by a 55 m deep sill at Åla-
sundet (Figure 3.1c) (Staalstrøm & Daae, 2009). The inner part of the fjord is deepest close
to Ålasundet with depths down to 350-400 m, and becomes shallower towards the head of the
fjord. There are two major rivers discharging into the inner part of Førdefjorden, named Jølstra
and Nausta (Bruvold et al., 2023). Jølstra has its outlet at the fjord head by the town Førde,
while Nausta runs out in the fjord by the village Naustdal 10 km west of Førde. The rivers
are national salmon rivers, and the inner part of Førdefjorden is therefore a national salmon
fjord (Kögel, 2019). The outer part of the fjord is about 300 m deep at the planned STD site,
which is marked by the black dashed lines in Figure 3.1c. The STD area extends westwards
into a deeper basin of depths down to 340 m. There is a deep sill at approximately 305 m depth
separating the two basins in the outer part of the fjord (Staalstrøm & Daae, 2009). The outer
basin is deepest by Flokeneset with depths down to 375 m. There are additionally two sills
further out westwards towards the coast. The southern sill between Flokeneset and Svanøy
is 20 m deep, and the northern sill between Svanøy and Skjeljevikneset is at 210 m depth,
with respective widths of 3.7 and 2.5 km. The fjord width ranges from 2.9 km to a couple of
hundred meters. The surrounding topography is mountainous with heights up to 1304 m. In
this project, however, I will focus mainly on the area enclosed by the red rectangle in Figure
3.1b and shown in Figure 3.1(c,d).
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Figure 3.1: Maps of the study area showing the location of the Førdefjord160 model domain
at the western coast of Norway (a), and the Førdefjord160 model domain including the model
bathymetry (b). The red rectangle in (b) encloses the area shown in the lower panels (c,d). (c)
includes the release point of particles for the LADIM runs (black arrow), and the black dashed
lines illustrate the planned STD site based on an estimation done by Asplan Viak (Anon., 2014).
The black dots show the location of the current measurement stations and the orange triangles
display the location of the CTD stations. The pink crosses show the wind data locations at
Ytreøyane (b) and Vevring (c). (d) displays the modified bathymetry in the STD area used for
future scenarios. Land contours from Norkyst800 (a) and Førdefjord160 (b,d,c).

3.2 Hydrodynamic fjord model

I used output data from the hydrodynamic fjord model Førdefjord160 to examine the dynamics
in Førdefjorden. Førdefjord160 is a high-resolution model based on the open-source Regional
Ocean Modeling System (ROMS, https://www.myroms.org), with a horizontal resolution of
160 m × 160 m and with 35 vertical levels. ROMS is a state-of-the-art, three-dimensional, free
surface, hydrostatic, primitive equation model that uses generalized terrain-following sigma
coordinates in the vertical (Haidvogel et al., 2008; Shchepetkin & McWilliams, 2005).

The hydrodynamic boundary forcing along the open boundaries of Førdefjord-160 is from the
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fjord model Norfjords160 which again gets boundary values from the coastal model Norkyst800.
Norkyst800 covers the Norwegian coast with 800 m × 800 m horizontal resolution and also
implements ROMS (Albretsen et al., 2011). IMR established Norkyst800 to estimate salmon
lice dispersion along the Norwegian coast, but it has great general applicability (Asplin et al.,
2020). To study fjords with narrow sounds and crooked topography, IMR developed Nor-
fjords160 parallel to Norkyst800 (Albretsen & Asplin, 2021). Norfjords160 covers the Norwe-
gian coast in 13 subareas with 160 m × 160 m horizontal resolution (Asplin et al., 2020). The
horizontal resolution is the only difference between the models. Førdefjord160 is a modifica-
tion of Norfjords160. The subarea A05 of Norfjords160 covers "Sogn og Fjordane" including
Førdefjorden. Førdefjord160 has a smaller model domain to speed up the simulation, but also a
more realistic bottom matrix than the A05. The results from Førdefjord160 and Norfjords160
are comparable.

The model domain of Førdefjord160 covers Førdefjorden and the surrounding area from Dals-
fjorden in the south to the southern part of Frøyssjøen in the north. The grid is rotated with an
angle of approximately 65° relative to the longitude, which is visible in Figure 3.1(a,b), and
it is divided into 281× 471 grid cells. The vertical resolution is highest in the surface layer
and decreases with depth with a small increase again in the lowest layers. The model was run
twice from July 2021 to June 2022. The first run included a bottom matrix representing the
present bathymetry, while the second run had a bathymetry simulating modifications caused
by tail deposits. This is explained further in Section 3.3.1.

Førdefjord160 takes hourly data from parts of a 25-year hindcast archive of Norkyst800 re-
sults (Dalsøren et al., 2020; Asplin et al., 2020). The atmospheric forcing in Førdefjord160 is
from the weather prediction model AROME-MetCoOp (Meteorological Co-operation on Op-
erational Numerical Weather Prediction) 2.5 km, which is the main forecasting system at MET
Norway (Müller et al., 2017). Tidal forcing is from TPXO7.2 global tidal analysis (Egbert &
Erofeeva, 2002; Dalsøren et al., 2020). Daily river flow rates are included based on estimates
of runoff in all catchment areas in Norway provided by the Norwegian Water Resources and
Energy Directorate (NVE). Further details about model configurations can be found in Dal-
søren et al. (2020), which describe the model setup for Norfjords160.

3.3 Particle tracking model

To examine the particle drift, I used the Lagrangian Advection and Diffusion Model (LADIM)
developed at IMR (Ådlandsvik & Sundby, 1994; Ådlandsvik, 2022). LADIM is an offline
ocean particle tracking model and it takes input data from ROMS (Ådlandsvik, 2022). In
my experiments, the model is forced with the current output from Førdefjord160. LADIM
calculates the velocity at a given location by using bilinear interpolation. To transport the
particles, LADIM uses the Runge-Kutta fourth-order method (Boyce & DiPrima, 2005). The
model is set to release one super particle per minute at a given release depth, and the output
is per day as a snapshot. One super particle represents the mass of 76 kg of particles. The
maximum age of a particle is 40 days. If a particle does not settle after 40 days, it is discarded
from the simulation to reduce the computational demand. The vertical and horizontal mixing
are set to constant values of 10−5 m2 s−1 and 0.1m2 s−1 respectively.
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3.3.1 Setup for the scenarios

In my particle tracking experiments, I vary between two different model bathymetries and four
release depths. I ran LADIM for one year for each scenario equivalent to the simulation period
for Førdefjord160. Table 3.1 shows the setup for the different runs. Scenario S1 has a release
depth of particles at 280 m depth and a bathymetry representing the present bathymetry in the
fjord. Scenario S2 also includes the present bathymetry but the release depth is set to 250 m
depth. The future scenarios S3 and S4 have release depths of particles at 150 and 100 m depth,
respectively, and include a modified bathymetry. The modified bathymetry is an assumption
based on the estimation by Omholt et al. (2014) of the basin bottom after 50 years of tailing
disposal. The pipe discharging the tailing is assumed to move upwards with time only, creating
a mountain-like structure (Figure 3.1d). The particles are released at 61.495°N and 5.436°E,
shown by the arrow in Figure 3.1c. The grain size was set to < 15µm. The corresponding
sinking velocities v can be calculated using Stokes law:

v =
2
9

(
ρp −ρ f

)
µ

gR2 (3.1)

ρp is the density of the particle, ρ f is the density of the fluid, µ is the dynamic viscosity,
g is the gravitational acceleration, and R is the radius of the spherical particle. Particles with
size < 15µm will sink with a velocity of < 2× 10−4 ms−1. The sinking velocity is set to
10−4 ms−1 in all scenarios as a representative mean value.

Table 3.1: Setup for the different scenarios.

Scenario Release depth [m] Bathymetry

S1 280 Present
S2 250 Present
S3 150 Modified
S4 100 Modified

3.4 Measurements

3.4.1 Current measurements

IMR deployed three acoustic doppler current profilers (ADCP) across Førdefjorden to mea-
sure the current in the fjord from February to May 2022. The ADCPs were of the type Nortek
Signature 250 and were located in three positions across the fjord to the west of the planned
STD area (Figure 3.1c). They were anchored at the bottom and measured from 283 m and 251
m depending on the bottom depth. Table 3.2 contains further information about the station lo-
cations and sampling range. Figure 3.2 shows a schematic of the mooring setup at the northern
position. Schematics of the middle and southern moorings are in Appendix A (Figures A.1
and A.2).

The instrument measures current velocity by emitting sound signals in four beams from trans-
ducers, which are reflected by particles in the water and received again by the transducers. The
instrument then calculates the velocity with the following equation:
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V =
FDoppler

FSource
· c

2
(3.2)

V is the velocity in the direction of the sound signal, FDoppler is the change in frequency of
the received signal (the Doppler shift), FSource is the frequency of the emitted wave, and c is
the speed of sound (Nortek, 2018). The sampling area is divided into vertical grid cells and
the calculated velocities are averaged within every cell. The cell size for this experiment was
set to 4 m. The sampling interval was 20 minutes, with an averaging interval of 100 seconds
per sampling. The accuracy of Signature250 can be found in Table 3.3.

Table 3.2: Properties of the current observation stations.

St. Lat [°N] Lon [°E] Deployment
time

Recovery
time

Bottom
depth [m]

Sampling
range [m]

N 61.486 5.354 17.02.22 23:30 31.05.22 22:30 343 283-109
M 61.483 5.354 17.02.22 23:35 07.05.22 09.35 344 283-109
S 61.481 5.354 17.02.22 23:40 07.05.22 09.00 311 251-77

3.4.2 Hydrographic measurements
IMR has hydrographic data from Førdefjorden from nine different years. The hydrographic
data is from CTD stations, and the location of stations and in which months the stations are
taken varies each year. I chose CTD stations from within the model simulation period and
from around the STD area marked as orange triangles in Figure 3.1(c). The profiles are from
October 2021, December 2021, and February 2022. The stations are named after which month
they are sampled. Table B.1 contains detailed information about locations, dates, and depths
of profiles. The instrument used at all stations was an SBE 911plus CTD, and the accuracy of
the different sensors is listed in Table 3.3. The instrument measures temperature, conductivity,
and pressure, and calculates salinity from the obtained measurements.

Table 3.3: Accuracy of the current profiler signature250 and SBE 911plus CTD.

Instrument Sensor Accuracy

Signature250 Velocity 1.0% of measured value ±5.0×10−4 ms−1

Direction 2.0◦ for tilt <30.0◦

SBE 911plus Conductivity 3.0×10−4 Sm−1

Temperature 1.0×10−3 ◦C
Pressure 1.5×10−2 % full scale

3.5 Wind data
I include local wind in Førdefjorden and coastal wind from outside Førdefjorden to investigate
how it influences the water exchange in the fjord. The wind data is from the weather pre-
diction model AROME-MetCoOp (Müller et al., 2017), which also provides the atmospheric
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forcing in the Førdefjord160 model. The data is available online at thredds.met.no. AROME-
MetCoOp has a horizontal resolution of 2.5 km × 2.5 km and covers large parts of the Nordic
countries, including the North Sea, the Baltic Sea, and parts of the Atlantic Ocean (Müller
et al., 2017). The wind data I use is wind speed interpolated to 10 m height. The coastal wind
is from Ytreøyane and the local wind is from Vevring, both locations shown as pink crosses in
Figure 3.1(b,c).

3.6 Sedimentation and concentration calculations
LADIM does not calculate the sedimentation and concentration of particles, but it calculates
the annual settlement and the daily drift of particles. Thus, I count the settled particles in each
grid cell and use Equation 3.3 to calculate the sedimentation. For the concentration calcula-
tions, I count particles in the grid from the daily output and further calculate the concentrations
using Equation 3.5.

The annual sedimentation s of particles in the grid can be obtained by using the following
equation:

s = npssp (3.3)

where nps is the number of settled particles in each grid cell. The sedimentation of one particle
sp is given by

sp =
1000mp

ρs
(3.4)

where mp = m f /(ntotA) is the mass of one particle per m2 in a grid cell. The mass of the fine
fraction m f is defined as 1% of the total tailings, ntot is the number of settled particles in the
grid, and A = 160m×160m is the area of a grid cell. ρs = 2760kgm−3 is the density of the
sediment including 25% freshwater.

The daily concentration C of particles can be expressed as

C =
mnP

V
(3.5)

where nP is the number of particles in each grid cell, m is the mass of a particle, and V is the
volume of a grid cell with a vertical bin size of 10 m. Thus, V = 160m×160m×10m. The
mass of a particle is given by

m =
qm

ns
, (3.6)

where ns = 1/60s−1 is the amount of particles released per second, and qm is the mass flux of
particles.
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Figure 3.2: Schematic of the moored instruments at the northern position in Førdefjorden.
Source: IMR.
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Chapter 4

Results

In this chapter, I will present the results from the model validation of Førdefjord160, followed
by a comparison of the modeled current field with the present and the modified bathymetry.
Furthermore, I will present the coastal wind field outside Førdefjorden and the local wind field
in the fjord. Lastly, I present the results from the particle dispersion scenarios both in the
pelagic phase and the settlement of the particles. In this last section, I also investigate an event
of convergence of pelagic particles. The data included in this chapter is either from the period
of current observations or from the whole simulation period for the Førdefjord160 model. The
former is from the 18th of February to the 31st of May 2022, and the latter is from the 1st of
July 2021 to the 30th of June 2022.

4.1 Validation of Førdefjord160
This section contains a comparison of the modeled and the observed hydrography field, and of
the modeled and observed current field. How the model resolves the current field is crucial to
further examine the transport of particles. Thus, I focus mainly on validating the current field.

4.1.1 Hydrography
Figure 4.1 presents the modeled salinity (a) and temperature (b) per hour for the simulation
period together with observations shown as dots in the figure. Values below 30.0 PSU are col-
ored black (Figure 4.1a). The profiles displayed in Figure 4.2 correspond to the observations in
Figure 4.1. The model grid point I use in the figures has the same location as the CTD stations
taken in December 2021 and February 2022, shown as D1 and F1 in Figure 3.1c. The CTD
station from October 2021 is located slightly east of the two other stations. Table 4.1 contains
corresponding minimum, maximum, mean, and standard deviation estimates of the observed
and simulated salinity and temperature, and also of the model for the total period.

The modeled salinity and temperature fields show a seasonal pattern during the year, and a
high variability in the upper 100 m (Figure 4.1). In July 2021, there is a fresh and warm sur-
face layer. The surface layer becomes shallower, cooler, and more fresh in September. From
October to the end of November there is a freshening of the whole water column with a cor-
responding increase in temperature. The observations in October and December do not show
the same change in depth, but the upper 75m looks more similar to the observations (Figure
4.1). The simulated temperature field in January and February is mostly homogeneous below
the surface layer (Figure 4.1b). The salinity field varies more during this period, and becomes
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more homogeneous in March (Figure 4.1a). The surface layer becomes relatively shallow in
April until it deepens during May and June with an increase in temperature and a decrease in
salinity.

Figure 4.1: Simulated salinity (a) and temperature (b) for the total simulation period. The
dots are the observed salinity and temperature from CTD stations taken on the 3rd of October
2021, the 13th of December 2021, and the 16th of February 2022.

Figure 4.2 show the observed and simulated profiles of salinity and temperature from October
2021 (a), December 2021 (b), and February 2022 (c). The profiles were sampled on the 3rd of
October, the 13th of December, and the 16th of February. I extracted the modeled data from
the same occasions. The dashed lines present the observed data, and the solid lines present the
simulated data.

The observations in October show a distinct layer of warmer and fresher water right beneath
the surface, and a colder and more saline layer from approximately 100 m depth and down
to the bottom (Figure 4.2a). There is a clear thermo- and halocline separating the two layers.
Within the bottom layer, the temperature reaches a minimum value of 7.9◦C and the salinity
has a maximum value of 35.1 PSU (Table 4.1). This layering is not captured by the model. The
modeled salinity and temperature have a rapid increase at the surface, especially the salinity.
The modeled temperature is constant for the next ∼10 m before it decreases towards the bot-
tom to a minimum temperature of 7.4◦C, while the simulated salinity gradually increases from
below the rapid increase at the surface reaching a maximum salinity of 34.6 PSU (Figure 4.2a).

The upper 50 m of the simulated and observed temperature profiles in December are similar,
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Figure 4.2: Simulated and observed temperature and salinity from the 3rd of October 2021,
the 13th of December 2021 (b), and the 16th of February 2022 (c). The solid lines are modeled
data, and the dashed lines are observed data.

except for the warm bias in the model (Figure 4.2b). There is a thin layer of constant tempera-
ture at ∼ 10m depth both in the observations and the modeled temperature. The observed tem-
perature reaches a maximum temperature of 11.1◦C at approximately 50 m depth, decreases
between 50 and 150 m depth, and is further constant with depth. The simulated temperature
reaches a maximum temperature of 9.5◦C at 75 m depth and is approximately constant below
this depth (Figure 4.2b). The observed and simulated salinity are relatively similar, despite the
fresher surface in the model and an additional fresh bias below 100 m depth. The maximum
observed salinity is 35.1 PSU and the maximum modeled salinity is 34.4 PSU.

In February, the model has a minimum value in salinity of 20.5 PSU at the surface, which is
9.4 PSU less than the observed salinity at the surface (Figure 4.2c and Table 4.1). Despite this
discrepancy at the surface, the salinity profiles look similar with maximum values of 34.5 PSU
in the model and 35.0 PSU in the observations. The simulated temperature profile increases
from 4.7◦C in the surface to 8.1◦C at 100 m depth, and is nearly constant below 100 m depth
(Figure 4.2c). The observed temperature varies in the upper 50 m, reaching a maximum tem-
perature of 9.1◦C at approximately 50 m depth, and decreases again with depth. The observed
and simulated temperatures are alike from 250 m to 350 m depth.

The model is cooler and fresher than the observations at the surface in each profile (Figure
4.2). This discrepancy is also evident in the minimum, maximum, and mean values in Table
4.1, except for a higher mean temperature in October. Considering the mean salinity values,
the model is biased with 1.9 PSU in October, and with 1.8 and 2.0 PSU in December and
February, respectively. The standard deviation of the modeled salinity is also greater than the
standard deviation of the observed salinity. The modeled and observed mean temperatures
correspond better (Table 4.1).
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Table 4.1: The minimum, maximum, mean, and standard deviation of salinity (upper panel)
and temperature (lower panel) from the model and CTD-stations as shown in Figure 4.2. The
minimum, maximum, mean, and standard deviation of salinity and temperature for the total
simulation period are also included.

Min [PSU] Max [PSU] Mean [PSU] Std [PSU]
MOD OBS MOD OBS MOD OBS MOD OBS

Oct 26.8 30.2 34.6 35.1 32.5 34.4 2.4 1.0
Dec 29.3 32.0 34.4 35.1 32.6 34.4 1.7 0.9
Feb 20.5 29.9 34.5 35.0 32.6 34.6 3.3 0.8
Tot. period 9.1 34.7 32.7 3.0

Min [°C] Max [°C] Mean [°C] Std [°C]
MOD OBS MOD OBS MOD OBS MOD OBS

Oct 7.4 7.9 12.6 13.0 10.2 9.2 2.0 2.0
Dec 5.8 8.0 9.5 11.1 8.1 8.6 1.3 1.0
Feb 4.7 6.6 8.1 9.1 7.2 8.3 1.1 0.4
Tot. period 3.0 19.4 8.7 2.2

4.1.2 Selecting grid points for current field validation
To validate the model performance of simulating the current field in Førdefjorden, I chose three
grid points in the model geographically close to the current measurement stations. I compared
the mean, standard deviation, and extreme values of the stations with nine grid points around
each station. From that, I selected the three grid points in Table 4.2. Since processes in the
model can be shifted compared to observations, I additionally calculated the correlation be-
tween each station and a subarea from around the stations to look at how the model varies
horizontally. Throughout the validation of the current field resolved by the model, I examine
the period of the current observations which is from February to May 2022.

Table 4.2: The current measurement stations (Figure 3.1c) and the corresponding model grid
points used in the validation.

Station Grid point (etarho,xirho) Lat [°N] Lon [°E]

N (177,179) 61.486 5.355
M (176,177) 61.483 5.355
S (176,174) 61.479 5.351

The correlation between two variables gives a correlation coefficient r as a measure of how
well the variables covary in time or space (Thomson & Emery, 2014). The Pearson corre-
lation coefficient ranges from -1 to 1, where 1 implies perfect correlation, -1 implies perfect
correlation but out of phase, and values close to zero equals low correlation. The model output
contains values per hour, while the observed data is sampled every 20 minutes. I extracted
every third data point from the observational data and calculated the correlation coefficient
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between the datasets using the coinciding values per hour.

Figure 4.3 presents the Pearson correlation coefficient between each grid point represented by
the dots and the stations. The gray squares enclose the selected grid points (Table 4.2). The
axes represent the model coordinates for the u-component of the current velocity. The upper
panels display the correlation at 282 m depth, and the lower panels display the correlation
at 153 m depth. The figure displays the correlation between station N and the subarea (a,b),
station M and the subarea (c,d), and station S and the subarea (e,f).
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Figure 4.3: Correlation between the observed along fjord current speed and the simulated
along fjord current speed in a subarea of the model domain. The upper panels display the
correlation at 282 m depth (a,c,e) and the lower panels show the correlation at 153 m depth
(b,d,f). The color of the dots represents the level of correlation. The axes are the model co-
ordinates for the u-component of the velocity. The correlation is calculated using coinciding
values per hour between the observations and the modeled in the period of current measure-
ments from February to May 2022.

The correlation between station N and the subarea shows an interesting pattern along the mid-
dle of the fjord (Figure 4.3a,b). The pattern is most pronounced at 282 m depth, where the
correlation coefficients are close to zero. The coefficients have higher values in the lower right
of the figure (4.3a), which is on the northern side of the fjord to the east of station N (Figure
3.1c). At 153 m depth, there are also low values in the middle of the fjord (Figure 4.3b).
The correlation with stations M and S shows higher values, especially at 153 m depth (Figure
4.3d,f), with the highest values on the northern side of the fjord (to the right in the figures).
Around station S at 153 m depth, the correlation coefficients are lower than elsewhere in the
subarea. However, the maximum correlation coefficient is 0.46, which implies a generally low
correlation between the observed and modeled along fjord currents.

I chose to investigate the modeled and observed current field at 282 m depth and 153 m depth.
The reason for comparing the current fields at 282 m depth is that currents along the bottom
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of fjords are not well investigated, neither by observations nor the present model. Norkyst800
and Norfjords160 are more commonly validated at shallower depths regarding the study of
salmon lice dispersion between fish farms (Dalsøren et al., 2020). The area where the stations
are located is slightly shallower than the deeper basins on both sides (Figure 3.1c). Potential
dense bottom currents propagating into the fjord will likely be detected here unless the vertical
extent of the current is sufficiently small to flow beneath the instruments. 282 m depth is the
second deepest level in the observations, which matched well with the depth of the second
deepest layer in the model.

The are two main reasons for studying the current field at 153 depth. Firstly, I want to get an
impression of the dynamics higher up in the water column in Førdefjorden, and if there are any
significant differences in the model performance at this depth and along the bottom. Secondly,
I release particles at 150 m depth in scenario S3, which is a realistic future scenario according
to the impact assessment by Nepstad & Rye (2014). It is therefore essential to validate the
model at this depth to further examine the particle dispersion in scenario S3.

4.1.3 Current field validation

This section contains a comparison of the observed and simulated current fields at stations
and corresponding grid points at 282 m and 153 m depth. Table 4.3 contains the calculated
extreme values, means, and standard deviations of the raw data from stations and grid points
at 282 m and 153 m depth, including the root mean square error (RMSE). The RMSE is a
measure of the mean spread of the modeled data error compared to the observed data at every
corresponding data value. I calculated the RMSE between the observed and modeled datasets
using the coinciding data points every hour (Table 4.3). The observed datasets at 282 m depth
contain missing values of 0.9% at stations N and S, and 0.7% at station M. At 153 m depth,
the amount of missing values are 0.5% at station N, 0.9% at station M, and 2.7% at station
S. The missing values are linearly interpolated to avoid extracting the missing values. These
observed datasets with an hourly time resolution are also used to convolve the data presented
in Figures 4.5(a-c) and 4.6(a-c).

The current roses in Figure 4.4 present the raw data of simulated and observed current velocity
at station N (a,b), station M (c,d), and station S (e,f) from February to May 2022 at 282 m
depth. Note that the observed data contains three times more data points than the modeled
data. The bins show the direction in which the currents are propagating towards, in addition
to the occurrences of the different directions given in percent. The observed and simulated
current velocities show a similar pattern at this depth, and the prevailing current directions are
aligned with the fjord axis. At station N, water masses propagate more frequently out of the
fjord than into the fjord (Figure 4.4a,b), which is additionally confirmed by the negative mean
values (Table 4.3). However, the observed and simulated minimum and maximum current
speeds indicate stronger currents going into the fjord than currents going out of the fjord.

At stations M and S, the currents are mainly directed into the fjord (Figure 4.4c-f), and the
mean values are positive (Table 4.3). The minimum and maximum observed current speeds
at station S are higher than the simulated minimum and maximum current speeds. However,
the model overestimates the speed and frequency of currents going into the fjord at station M
(Figure 4.4c) and has a maximum value of 0.22ms−1 compared to the observed maximum
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Table 4.3: The minimum, maximum, mean, standard deviation, and the root mean square error
(RMSE) of the simulated and observed along fjord current speed at 282 m and 153 m depth
from February to May 2022.

Stations at
282 m depth

Min
[m s−1]

Max
[m s−1]

Mean
[m s−1]

Std
[m s−1]

RMSE [m s−1]

N MOD -0.11 0.16 -0.00 0.03 0.04
N OBS -0.12 0.14 -0.00 0.03
M MOD -0.11 0.22 0.03 0.05 0.06
M OBS -0.17 0.16 0.01 0.03
S MOD -0.07 0.13 0.01 0.03 0.04
S OBS -0.10 0.15 0.01 0.03

Stations at
153 m depth

N MOD -0.09 0.11 0.00 0.03 0.04
N OBS -0.19 0.14 -0.00 0.04
M MOD -0.09 0.16 -0.01 0.04 0.05
M OBS -0.16 0.15 -0.00 0.04
S MOD -0.09 0.08 -0.01 0.03 0.04
S OBS -0.17 0.16 -0.01 0.04

value of 0.16ms−1 (Table 4.3). The model additionally underestimates the outgoing currents
at station M compared to the observations (Figure 4.4c,d). The minimum simulated current
speed is −0.11ms−1 and the minimum observed current speed is −0.17ms−1.

Figures 4.5 and 4.6 show the simulated and observed along fjord current speed at the three sta-
tions at 282 m and 153 m depth, respectively. The green colors represent the modeled current
speed, while the purple colors show the observed current speed. The data presented as the bold
lines in the time series in Figures 4.5(a-c) and 4.6(a-c) are convolved with a 48 hour low-pass
filter. The thin lines represent the raw data. I normalized the data displayed in the histograms
(Figures 4.5d-f, 4.6d-f), such that the occurrences are comparable despite the difference in
time resolution.

The observed and modeled along fjord currents at station N (a,d) and S (c,f) at 282 m depth
correspond well (Figure 4.5). The model has more occurrences of current speeds close to zero
at both stations (Figure 4.5d,f). There is an event of stronger currents in mid-April visible in
both the observations and the simulated current speeds. At station N, the model simulated an
inflow of water during this event, while the observations show an outflow (Figure 4.5a). The
model overestimates the inflow in April at station M (Figure 4.5b), while it underestimates the
inflow of water at station S compared to the observations (Figure 4.5c). There is a general
overestimation of water going into the fjord at Station M, as also evident in the current rose
(Figure 4.4c). The histogram also shows that the distribution of modeled currents is shifted
towards higher positive values compared to the observations (Figure 4.5e).

There are strong currents going into the fjord in February at 282 m depth at station M reaching
0.2ms−1 (Figure 4.5b), which is also evident at stations N and S, but weaker. There are in
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Figure 4.4: Modeled and observed current velocity at 282 m depth for station N (a,b), station
M (c,d), and station S (e,f) from February to May 2022. The colorbar represents the current
speed and the axes show the percentage of the occurrence of each speed bin in the given
direction.

addition relatively strong currents observed at 153 m depth in February at all stations (Fig-
ure 4.6a-c). At the beginning of March, the model simulates strong currents directed into the
fjord, while the observations vary between currents directed into and out of the fjord (Figure
4.6b). During the end of May at station N, the model simulates a constant inflow of water,
while the observations show an outflow of water during the same period (Figure 4.6a). The
event of strong currents along the bottom in April (Figure 4.5a-c) is not as evident at 153 m
depth. There is a minor outflow of water in the observations at 153 m depth at station S before
mid-April (Figure 4.6c), and a minor inflow in the observations at station N (Figure 4.6a). The
model simulates currents in the opposite directions at this time for both stations.

The histograms in Figure 4.6(d-f) display the frequency of the different current speeds in the
model and the observations at 153 m depth. The histograms show a relatively good agreement
between the observed and modeled current speeds at each station. The range of simulated
current speeds lies within the range of the observed current speeds at stations N and S (Fig-
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ure 4.6c,f), but the model simulates more currents close to zero compared to the observations
at these stations. The distribution of simulated current speed at station M is shifted towards
higher positive values compared to the observations (Figure 4.6e), which was also evident at
282 m depth (Figure 4.5e). There are also more frequently weak outgoing currents in the
model than in the observations at station M.
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Figure 4.5: Modeled and observed along fjord current speed at 282 m depth at the northern
station N (a,d), the mid station M (b,e), and the southern station S (c,f) from February to May
2022. The data presented as the bold lines in the timeseries is convolved with a 48 hour low
pass filter. The data shown in the histograms is normalized, since the observed data includes
three times more data points than the modeled data.
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Figure 4.6: Modeled and observed along fjord current speed at 153 m depth at the northern
station N (a,d), the mid-fjord station M (b,e), and the southern station S (c,f) from February
to May 2022. The data presented as the bold lines in the time series are convolved with a
48-hour low pass filter. The data shown in the histograms is normalized since the observed
data includes three times more data points than the modeled data.

I include the simulated current speed from the total simulation period together with observa-
tions to get an impression of the model performance during the whole year, and whether the
simulated current speeds seem realistic or not. Figure 4.7 shows the along fjord current speed
for the total simulation period at station S at 282 m depth together with the observed current
speed. A figure displaying all stations can be found in the Appendix (Figure C.1). The data
is filtered with a weekly running mean filter shown as the bold line, with the raw data as the
thinner line. The currents are mainly directed into the fjord at station S (Figure 4.7), which
is also evident in the current roses (Figure 4.4e,f). There are about seven events with current
speeds greater than 0.1ms−1, which are relatively strong current speeds along the bottom of
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the fjord. However, the magnitude of the peaks during the year of simulations is similar to the
magnitude of the peak in the observations during April (Figure 4.4). The strongest inflows are
during late autumn and winter.
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Figure 4.7: Simulated along fjord current speed from the whole simulation period and the
observed along fjord current speed from February to May 2022 at station S at 282 m depth.
The bold lines represent filtered data with a weekly running mean filter, and the thin lines
present the raw data. Positive current speed is directed into the fjord and negative current
speed is directed out of the fjord.

To investigate the model performance further, I compare the modeled and observed along fjord
current speeds at 282 m and 153 m depth in terms of quantile-quantile (qq) plots (Figure 4.8).
The qq-plots visualize the model performance compared to the observations. The modeled
current velocity is on the y-axis and the observed current velocity is on the x-axis. Note that
the speed range on the axes differs between the plots. If the dots are aligned with the red
line, the observed and modeled data are alike. At positive values with dots above the line im-
ply that the model overestimates the speed, while dots beneath the line imply that the model
underestimates the speed. Negative values with dots above the line indicate that the model
underestimates, while dots beneath the line indicate that the model overestimates the current
speeds.

The upper panels display the comparison between simulated and observed along fjord current
speed at 282 m depth (Figure 4.8a-c). The observed and modeled current speed corresponds
well at station N, with an underestimation at higher positive values (Figure 4.8a). The compar-
ison at station M shows a general overestimation of the current speed (Figure 4.8b), while the
model underestimates the current speed at station S (Figure 4.8c). At 153 m depth, the model
underestimates the current speed at all three stations and most evidently at the minimum val-
ues (Figure 4.8d-f). There is also a clear underestimation at higher positive values at station S
(Figure 4.8f).

There is a general pattern of the model not resolving the higher absolute values of the current
speed compared to the observations, by either over- or underestimating the current speed. The
pattern is evident throughout the comparison conducted in this section.
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Figure 4.8: Quantile-quantile plots of observed and simulated along fjord current speed at
station N (a,d), station M (b,e), and station S (c,f). Upper panels are at 282 m depth (a-c),
and lower panels are at 153 m depth (d-f). Modeled data along the y-axis, and observed data
along the x-axis.
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4.2 Horizontal current field around the STD site
This section presents a comparison of the current fields around the STD site with the present
and modified bathymetry. I want to examine how the modified bathymetry influences the cur-
rent field in the model. I therefore compare the yearly means of the current field with present
and modified bathymetry at 100 m depth (Figure 4.9a,b) and 150 m depth (Figure 4.9c,d).
Since the model output is in sigma coordinates, I interpolated the current velocity data to the
given z-depths using the Zslice function from the Roppy package (Ådlandsvik, 2023). Roppy
is made for visualizing ROMS output data. The upper panels in Figure 4.9 have the present
model bathymetry, while the lower panels include the modified bathymetry presented in Figure
3.1d. The arrows represent the current velocity and the colormap shows the current speed.

The current fields at 100 m depth with different bathymetries look similar except for a higher
current speed in the STD area (Figure 4.9a,b). There is a cyclonic and anticyclonic motion in
the STD area in both cases, where the speed is higher in the cyclonic motion in (b). Further,
the mean current at 100 m depth is propagating out of the fjord from the STD area along
Hegreneset (Figure 4.9a,b), which is the headland in the middle of the subplots. Both current
fields along Hegreneset are diverging from the cyclonic motion at the STD site towards the
southern side of the fjord, and flowing towards the northern side again at the tip of Hegreneset.
The mean current speeds are increasing there in both cases, and the currents split into either
going further out of the fjord or into the anticyclonic motion.
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Figure 4.9: Simulated current field at and around the STD area at 100 m depth (a,b) and 150
m depth (c,d). The upper panels include the present bathymetry (a,c), while the lower panels
have the modified bathymetry (b,d). The arrows show current velocity and the colormap shows
the current speed. The STD site is marked by the gray dashed lines.

Figure 4.9(c,d) show the current fields from 150 m depth, which also look very similar. The
mean currents outside Hegreneset have a less confined motion pattern in both cases, compared
to at 100 m depth (a,b). The mean current along Hegreneset is in addition directed towards the
STD site in the cases from 150 m depth (Figure 4.9c,d). There is a cyclonic current pattern
in the STD area for case (d) with modified bathymetry, which is not visible in case (c) with
present bathymetry. The mean current speeds are weaker at the STD site for the cases at 150
m depth. However, the maximum mean current speeds at 150 m depth are 0.099ms−1 for both
cases, which is slightly higher than for cases (a) and (b) of 0.093ms−1 and 0.094ms−1.
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4.3 The coastal and local wind field
In this section, I present the coastal wind outside of Førdefjorden and the local wind in the
fjord to further examine the possible effects of wind on the fjord circulation. The coastal wind
is from Ytreøyane, and the along fjord wind is from Vevring (Figure 3.1b,c). The wind roses
in Figure 4.10 show the wind velocity at the given locations. Note that the direction of the
bins corresponds to the direction in which the wind is going towards, i.e. the opposite of a
wind rose used in meteorology. The wind roses show that the prevailing wind direction at the
coast is north-south, i.e. along the coast axis, and east-west along the fjord axis. There is more
spread in the wind direction at Vevring including some cross-fjord winds (Figure 4.10b), but
they are not as evident as the along fjord winds. The wind at the coast is substantially stronger
than the wind along the fjord (Figure 4.10).
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(a) Coastal wind (b) Along fjord wind

Figure 4.10: Simulated wind velocity from AROME at Ytreøyane (a) and Vevring (b) from July
2021 to June 2022. The direction of the bins corresponds to the direction of where the wind is
going towards.

Figure 4.11 shows the wind speed along the coast at Ytreøyane (a) and along the fjord at
Vevring (b). The solid lines in both panels present the low pass filtered data with an averaging
window of a week, while the thin lines present the low pass filtered data with an averaging
window of a day (Figure 4.11). The data is from July 2021 to June 2022. There are often
wind episodes with absolute wind speed exceeding 10.0ms−1 at Ytreøyane, and there are
also frequently wind speeds reaching 20.0ms−1 (Figure 4.11a). The maximum wind speed at
Ytreøyane is 23.0ms−1. The duration of the strong wind events is modest and lasts typically
for less than a day. The mean wind speed is 1.7ms−1, indicating that there are more southerlies
than northerlies during that year. This is also visible in the wind rose (Figure 4.10a). The wind
is quite strong from the end of February to the end of March (Figure 4.11a). During April, the
wind shifts between northerlies in the beginning of the month, to southerlies in mid-April, and
northerlies again towards the end of the month.
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Figure 4.11: Simulated wind from AROME at Ytreøyane (a) and at Vevring (b) from the total
period. The upper panel includes the v-component of the wind speed only, while the lower
panel includes the u-component of the wind speed. The data presented as the bold lines in
both panels are filtered with a low pass filter with an averaging window of a week, while the
thin lines are filtered with a low pass filter with an averaging window of a day.

At Vevring, the wind conditions are calmer with a maximum speed of 10.0ms−1 (Figure
4.11b). The mean wind speed throughout the year is 0.7ms−1, which indicates more frequent
westerly winds than easterly, i.e. winds propagating into Førdefjorden. This can also be seen
in the wind rose plot (Figure 4.10b).
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4.4 Particle dispersion

This section includes the results from the particle dispersion runs in terms of calculated sedi-
mentation and concentration. I calculated the sedimentation of settled particles for all scenarios
(Table 3.1), while I focused on the future scenarios S3 and S4 for the concentration calcula-
tions. I calculated the concentration of pelagic particles, which refers to particles in the water
masses. I also look at particle dispersion during an event of stronger currents propagating into
the fjord.

4.4.1 Sedimentation of particles

I calculated the annual sedimentation of the settled particles from all four scenarios. Fig-
ure 4.12 shows the calculated sedimentation with 1% fine fraction, which corresponds to the
amount of released particles. Figure 4.13 displays the sedimentation of the particles with a
mass corresponding to a fine fraction of 5% of the total mine tailing. The blue color shows
sedimentation ≥ 3 mm, corresponding to sedimentation exceeding the regulation limits (Table
1.1).

The sedimentation of 1% fine fraction shows a pattern in all scenarios of particles settling along
the basin that the STD area extends into (Figure 4.12). The basin is visible in Figure 4.16.
Scenario S1 has a release depth at 280 m and represents the start of the mine tailing disposal.
There is sedimentation of particles ≥ 3.0mmyr−1 close to the border of the STD area (Figure
4.12a). The sedimentation outside the STD area exceeds the limit of >3.0mmyr−1 already
in S2, which has a release depth of 250 m (Figure 4.12b). The sedimentation of particles is
less confined in scenarios S3 and S4 (Figure 4.12c,d), with release depths at 150 m and 100
m depth, respectively. There is a higher rate of sedimentation outside the STD area for these
two scenarios, both west and south of the STD site. In S4, there is a pronounced increase in
sedimentation at Ålasundet towards the inner part of the fjord.
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Figure 4.12: Calculated annual sedimentation of particles for scenarios S1 (a), S2 (b), S3 (c),
and S4 (d). The scenarios in the upper panels (a,b) have present bathymetry, while the scenar-
ios in the lower panels (c,d) have modified bathymetry. Blue color indicates sedimentation ≥
3 mm. The black dashed line illustrates the STD area and the arrow shows the release point of
particles.
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The results from setting the fine fraction to 5% show sedimentation ≥ 3 mm outside the STD
area in all scenarios (Figure 4.13). There is a pronounced amount of particles settling in the
basin to the west of the STD site in all scenarios, not only along the sides of the basin as for
the sedimentation of 1% fine fraction. The rate of sedimentation of particles inside the STD
area decreases for each scenario, with a corresponding increase of sedimentation further into
the fjord and towards the outer part of the fjord (Figure 4.13b-d). In scenario S3 and S4, there
is an accumulation of settled particles south of the STD site, at the tip of Hegreneset, and at the
northern side of the fjord from the tip of Hegreneset (Figure 4.13c,d). In scenario S4, there is a
distinct increase in particle sedimentation southwest of the tip of Hegreneset, and at Ålasundet
(Figure 4.13d).
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Figure 4.13: Calculated annual sedimentation of particles for scenarios S1 (a), S2 (b), S3 (c),
and S4 (d), where the fine fraction is set to 5% of the total mine tailing. The scenarios in
the upper panels (a,b) have present bathymetry, while the scenarios in the lower panels (c,d)
have modified bathymetry. Blue color indicates sedimentation ≥ 3 mm. The black dashed line
illustrates the STD area and the arrow shows the release point of particles.

4.4.2 Concentration of pelagic particles for scenarios S3 and S4
I consider scenarios S3 and S4 for the concentration calculations, with respective release
depths at 150 m and 100 m depth. I will first present the annual maximum concentration
of pelagic particles at depths ≥ 40 m above the release depths (Figures 4.14 and 4.15). Sec-
ondly, I will present particle concentration with time at four selected grid points (Figures 4.17
and 4.18).

Figures 4.14 and 4.15 show the annual maximum concentration of particles calculated for each
grid cell with a vertical bin size of 10 m. The figures include six vertical bins each, and I only
look at depths ≥ 40 m above the release depth. The particle concentration should not ex-
ceed 2.0mgl−1 at depths ≥ 40 m above the release depth of particles everywhere in the fjord.
Outside the STD site, particle concentrations should not exceed 3.0mgl−1 below the release
depth. I calculated the daily concentrations from July 2021 to June 2022 in each grid cell in
the given depth intervals and then calculated the maximum value from the whole period. The
maximum concentration of each grid cell is displayed in Figures 4.14 and 4.15.
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For scenario S3, the depth bins I consider range from 50 m to 110 m depth (Figure 4.14).
There are maximum particle concentrations ≥ 2.0mgl−1 at all depth intervals shown in Figure
4.14. The particles appear to drift along the northern side of the fjord at all depths, directed
out of the fjord from the STD area. There is an increase in occurrences of annual maximum
concentration ≥ 2.0mgl−1 with increasing depth (Figures 4.14a-e).
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Figure 4.14: Annual maximum concentration for scenario S3 calculated for each grid cell
divided into vertical bins from 50 m to 110 m depth (a-e). The release depth in scenario
S3 is at 150 m. Blue color indicates concentration ≥ 2.0 mg l−1, while red color indicates
concentration ≥ 3.0 mg l−1. The black dashed line illustrates the STD area, and the arrow
shows the release point.

Figure 4.15 shows the annual maximum concentrations for scenario S4. The depth intervals
range from 0 m to 60 m depth. There are more occurrences of maximum concentration ≥
3.0mgl−1 at all depths shown in scenario S4 (Figure 4.15), compared to scenario S3 (Figure
4.14). The particles seem to be advected out of the fjord along the northern side in scenario
S4, as also visible in scenario S3. As in scenario S3, there is also an increase in the annual
maximum concentration ≥ 2.0mgl−1 with increasing depth in scenario S4 (Figure 4.15).

(a) 0-10 m depth

61.47°N

61.49°N

(b) 10-20 m depth (c) 20-30 m depth

(d) 30-40 m depth
5.3°E 5.4°E

61.47°N

61.49°N

(e) 40-50 m depth
5.3°E 5.4°E

(f) 50-60 m depth
5.3°E 5.4°E 0.0

1.0

2.0

3.0
Pa

rti
cle

 c
on

ce
nt

ra
tio

n
[m

g 
l

1  d
1 ]

Figure 4.15: Annual maximum concentration for scenario S4 calculated for each grid cell
divided into vertical bins from 0 m to 60 m depth (a-e). The release depth in scenario S4 is at
100 m. Blue color indicates concentration ≥ 2.0 mg l−1, while red indicates concentration ≥
3.0 mg l−1. The black dashed line illustrates the STD area, and the arrow shows the release
point.

In addition to the annual maximum concentration of pelagic particles, I also investigate the
temporal distribution of the particles at four grid points for scenarios S3 and S4 from July
2021 to June 2022. I chose the four grid points based on the maximum concentration plots
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(Figures 4.14 and 4.15). Figure 4.16 displays the grid points, where grid points P1 and P2 are
inside the STD area, and P3 and P4 are outside the STD area. The bottom depth at grid point
P1 is 246 m, while grid points P2 and P3 are in the deeper basin at 334 m depth. Grid point
P4 is close to the current measurement stations, and the bottom depth is 295 m (Figure 4.16).
The gray dashed line in Figures 4.17 and 4.18 shows the depth 40 m above the release depth
of the particles.
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Figure 4.16: Map of the STD site and surrounding area
in the model domain of Førdefjorden with grid points I
chose to examine.

Figure 4.17 shows the particle con-
centrations with time from grid
points P1 (a,b) and P2 (c,d) in-
side the STD area. Concentra-
tions should not exceed 2.0mgl−1

above the gray dashed line, in ac-
cordance with the regulations (Ta-
ble 1.1). The upper panels present
scenario S3, and the lower panels
present scenario S4. Concentra-
tions of 2.0mgl−1 and 3.0mgl−1

are very close to the line through-
out the year for both grid points and
both scenarios, but more frequently
at grid point P2 (Figure 4.17c,d). There are in addition events of particle concentration
≥ 3.0mgl−1 exceeding the gray dashed line at both grid points and both scenarios. The con-
centrations are lower at grid point P1, especially for scenario S4 (Figure 4.17b).

0

200

(a) P1, S3 (c) P2, S3

Aug Sep Nov Jan Mar May

0

200

(b) P1, S4
Aug Sep Nov Jan Mar May

(d) P2, S4 0.0

1.0

2.0

3.0

Pa
rti

cle
 c

on
ce

nt
ra

tio
n

[m
g 

l
1  d

1 ]

De
pt

h 
[m

]

Figure 4.17: Calculated concentration of pelagic particles per day at grid points P1 (a,b) and
P2 (c,d) from July 2021 to June 2022. The upper panels show the concentration from scenario
S3 (a,c), and the lower panels display the concentration calculated from S4 (b,d). The blue
color represents concentration ≥ 2.0 mg l−1, while the red color represents concentration ≥
3.0 mg l−1. The grey dashed line marks the depth 40 m above the release depth of particles.

Figure 4.18 presents particle concentrations with time from grid points outside the disposal
area. The upper panels show scenario S3 at both grid points (Figure 4.18a,c), and there seems
to be more higher concentration of particles in this scenario than in scenario S4 displayed in
the lower panels (Figure 4.18b,d). In accordance with the regulations (Table 1.1), concen-
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trations should not exceed 2.0mgl−1 above the gray dashed line, and 3.0mgl−1 in the water
column below the release depth outside the STD site. Thus, there should be no concentrations
of 3.0mgl−1 (red colors) at grid points P3 and P4, and no concentration ≥ 2.0mgl−1 above the
gray dashed line (Figure 4.18). However, too high concentrations appear frequently at these
grid points outside the STD site.
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Figure 4.18: Calculated concentration of pelagic particles per day at grid points P3 (a,b) and
P4 (c,d) from July 2021 to June 2022. The upper panels show concentrations from scenario S3
(a,c), and the lower panels present the concentration calculated from scenario S4 (b,d). The
blue color shows concentration ≥ 2.0 mg l−1, while the red color shows concentration ≥ 3.0
mg l−1. The grey dashed line marks the depth 40 m above the release depth of particles.

4.4.3 Convergence of pelagic particles outside the disposal area
Throughout the simulation period from July 2021 to June 2022, there are occasions of con-
vergence of particle concentration outside the disposal area at grid points P3 and P4. I will
investigate an event of higher particle concentration from the 22nd of February 2022 to the
20th of March 2022 in scenario S3 at grid point P4 (Figure 4.18c) displayed in Figure 4.19.
The figure shows the particle concentration per day (a) and the along fjord current speed per
hour (b), both at grid point P4. The current speed displayed in the figure ranges from -0.15
to 0.15 ms−1. Current speeds outside this range are colored white. Positive current speeds
(red color) represent currents directed into the fjord, while negative current speeds (blue color)
represent currents directed out of the fjord.

There are particles distributed in the whole water column from the 22nd of February to the
4th of March (Figure 4.19a). During the next 10 days the particle concentration is higher, and
the distribution of particles is more confined at depths below 150 m. The current field fluctu-
ates between inflowing and outflowing currents during the whole period (Figure 4.19b). The
currents are stronger between the 22nd of February and the 4th of March in the whole water
column and weaker beneath the surface layer after this period.

From 4th to 8th of March there are concentrations exceeding 2.0mgl−1 at 250 m depth. To
investigate this further, I extracted the particle concentration and the along fjord current speed
at this depth presented in Figure 4.20(a). The orange lines are particle concentration, and the
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Figure 4.19: Simulated particle concentration per day from scenario S3 (a) and the along
fjord current speed per hour (b) at grid point P4 from the 22nd of February to the 20th of
March 2022. The blue color in (a) represents concentration ≥ 2.0 mg l−1, while the red color
represents concentration ≥ 3.0 mg l−1. The grey dashed line marks the depth 40 m above the
release depth of particles. The current speed range is set to -0.15 to 0.15 m s−1, and current
speeds outside the range are colored white. Positive current speed is currents directed into the
fjord, while negative current speed is currents directed out of the fjord.

green line is the current speed. The period is equal to the period in Figure 4.19. The along
shore coastal wind speed from the same period is displayed in Figure 4.20(b). The temporal
resolution of the wind data is three hours.

The fluctuation in the current field shown in Figure 4.19(b) is also evident in the current field
at 260 m depth (Figure 4.20a). Between the 22th of February and the 4th of March, the current
speed exceeds 0.1ms−1 three times, and −0.1ms−1 once. The current speeds are weaker after
the 4th of March (Figure 4.19b). The particle concentration, however, increases after the 4th
of March to 18.0mgl−1 on the 5th of March. Furthermore, the particle concentration exceeds
3.0mgl−1 twice after the 5th of March before it decreases to zero again. The wind speeds
are also highest between the 22nd of February and the 4th of March, and the maximum wind
speed is 16.0ms−1. Positive wind speed implies southerly wind, which can potentially lead to
downwelling at the coast outside the fjord.
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Figure 4.20: Simulated along fjord current speed and particle concentration (scenario S3) at
250 m depth (a) and simulated along shore coastal wind at Ytreøyane (b) from the 22th of
February to the 20th of March 2022. The green line is the current speed (positive into the
fjord) per hour, the orange lines are particle concentration per day, and the blue line is the
coastal wind speed (positive towards the north) every third hour. Particle concentration equal
to zero is not included, which is the reason for the discontinuous orange line.



Chapter 5

Discussion

This study is mainly based on model results. ROMS is a widely used ocean model. The
coastal model Norkyst800 and the fjord model Norfjords160 are largely used to study the dy-
namics along the Norwegian coast and inside fjords, and additionally the dynamics between
the coast and the fjords (Albretsen et al., 2022). The models correspond well with observa-
tions, but when investigating dispersion of for instance mine particles, it is essential to evaluate
the model performance (Dalsøren et al., 2020). In this chapter, I will first discuss the model
performance of Førdefjord160. I will examine possible reasons for the deviations between the
model output and the observations, including limitations regarding both the model and the ob-
servations. Secondly, I will compare the particle dispersion scenarios. I will discuss potential
causes for the variations between and within the scenarios.

5.1 Validation of the Førdefjord160 model
The general results from the current field validation of Førdefjord160 imply that the model
simulates a realistic current field in Førdefjorden. The results from the comparison at 282 m
depth show that the model overestimates the speed of the inflowing currents in the middle of
the fjord, i.e. at station M (Figures 4.4 and 4.5, Table 4.3). The model underestimates the
speed of the inflowing current along the northern and southern sides of the fjord, that is sta-
tions N and S. At 153 m depth, the model underestimates current speeds out of the fjord at
all stations (Figures 4.6 and 4.8). There is also an underestimation of current speeds into the
fjord at stations N and S. Thus, the model does not capture the higher absolute values of the
current speed properly in comparison with the observations. However, the modeled current
speed range and the direction of the currents generally coincide with the observed currents.

I investigated the salinity and temperature fields in the model for the whole simulation period
and compared the fields with CTD stations available from the same period and location. The
temperature and salinity fields in the model showed seasonal patterns, including high temper-
atures in the surface layer during the summer and autumn months, and lower temperatures in
the surface layer during the winter months (Figure 4.1). The surface layer is relatively fresh
throughout the simulation period, except in August, September, and April. The comparison
between the CTD profiles and the corresponding modeled data showed a tendency for the
model to be fresher and colder than the observations (Figure 4.2).

The comparison of modeled and observed hydrography in December shows that the model has
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a warm and fresh bias below 100 m depth (Figure 4.2b). The model also has a warm bias below
100 m depth in October and February (Figure 4.2a,c). The deviations in the mean tempera-
tures and salinities between the model and observations are within 1.1◦C and 2.0PSU. How
the model resolves the hydrography has also been investigated in other fjord systems such as
Altafjorden (Skarðhamar et al., 2018), the Folda fjord system (Myksvoll et al., 2011; Johnsen
et al., 2016), and Hardangerfjorden (Asplin et al., 2020). The stratification affects the circula-
tion in fjords, and too weak simulated stratification at the coast can lead to weakened internal
wave propagation into the fjord (Dalsøren et al., 2020). Skarðhamar et al. (2018) find that the
model simulates a weaker stratification in the upper 15 m in Altafjorden in comparison with
observations. In Folda, the model tends to simulate too strong stratification in the upper five
meters and too weak stratification beneath (Myksvoll et al., 2011). The results from Johnsen
et al. (2016) show that the model had slightly lower temperatures and higher salinity values
than the observations. Asplin et al. (2020) examine the model performance of Norkyst800
in Hardangerfjorden and at various locations along the Norwegian coast. They find that the
model has a fresh bias in the upper 100 m and a general warm bias, but the deviations are
minor. In my results, the model has a warm bias below 100 m. However, there does not seem
to be persistent bias in the model according to these studies, and the possible reasons for the
deviations vary. Johnsen et al. (2016) found that tides caused large variations in simulated
salinity and temperature per day. Asplin et al. (2020) discuss that possible reasons for the
discrepancies between the simulated and observed current field in Hardangerfjorden are due
to deviations in the coastal density field or discrepancies in the wind forcing. Dalsøren et al.
(2020) present a new validation method for hydrodynamic fjord models and also find that poor
model performance can be connected to deviations in the coastal stratification.

The dynamics simulated by the model can be shifted temporally and spatially compared to the
actual dynamics in the fjord and can lead to poor results of RMSE and correlation coefficients
(Albretsen & Asplin, 2021; Sandvik et al., 2016). The RMSE values are larger or equal to the
standard deviations of the current speeds (Table 4.3). I find it hard to interpret the magnitude
of the RMSE. However, similar values of the RMSE between simulated and observed currents
are found in Skarðhamar et al. (2018), which implies that the high values are not specific to
this work. I calculated the correlation and RMSE using every coinciding value per hour. A
consistent temporal and/or spatial lag in the model can therefore be the reason for the poor
correspondence shown by these estimates. There is a good agreement between the observed
and modeled direction of the flow, in addition to the occurrence of the different magnitudes
of the current speeds (Figures 4.4, 4.5, and 4.6). Furthermore, the correlation at stations N
and S is not significantly higher than at station M with the pronounced overestimation of the
current speed (Figure 4.3). Thus, this can imply that a major reason for the poor correlation
and RMSE between the model and the observations is a general temporal lag in the model
compared to the observations. However, the estimates of extreme values, means, and standard
deviations show a good correspondence between the simulated and observed current fields.

The RMSE quantifies the error of the model compared to the observations, although the ob-
servations have limitations as well. The combination of observations and model results gives
a prediction of the actual conditions in a fjord (Skogen et al., 2021). The observations are
typically a compromise between temporal and spatial resolution. Current measurements often
have good temporal resolution but during a limited period and at fixed locations. A CTD cast
can give a good spatial representation of a fjord but in a limited period of time. The current
measurements used in this project only present the current at three positions across the fjord.



5.2 Dispersion of particles 41

The error in the representativeness of the observations is unknown and can be crucial. Varia-
tions in topography can cause the moorings to be placed at shallower depths than the deepest
point in the area. Thus, there might be stronger currents in the area than the observations sug-
gest. It can also be the case that the moorings are placed in a depression where the measured
currents are stronger than in the surrounding area. Skarðhamar et al. (2018) discuss the error
in the scarce observations in time and space compared to the Norkyst800 model. The modeled
and measured variability cannot be expected to correspond perfectly in time and space, espe-
cially at spatial scales smaller than the horizontal resolution of the model.

The comparison of simulated and observed current speed at station M at 282 m depth showed
an evident overestimation of currents directed into the fjord (Figures 4.4c, 4.5b,e, and 4.8b).
A possible reason can be a discrepancy in the boundary forcing in the model. Dalsøren et al.
(2020) found that the model performance of Norfjords160 was poor compared to observations
when internal waves generated by pressure perturbations at the coast did not propagate far
enough into the fjord. They assume that the cause can be deviations in the coastal stratification
in the model connected to fluctuations in the boundary conditions. If the coastal stratification
is overestimated at depth by Førdefjord160, bottom currents can appear too frequent in the
fjord.

The deviations between the model and observations regarding stronger in and outflows can
also be due to the model resolution. The model resolves a current field within the model
domain, which does not perfectly match the actual topography in Førdefjorden. The Førde-
fjord160 model has 35 vertical levels and terrain-following sigma coordinates in the vertical.
The highest vertical resolution is in the surface layer. The bottom depth at the grid points close
to the stations is 295 m. The minimum depth between the vertical levels here is 0.6 m and the
maximum depth between the vertical levels is 19.3 m. The latter is the difference between 207
m and 226 m depth. The vertical resolution increases in the four lowest levels to 13.6 m depth
between the two deepest layers. The terrain-following coordinate system can have errors in
the horizontal pressure gradients and the error depends on the steepness of the topography, the
strength of the stratification, and the vertical and horizontal resolution (Haidvogel & Beck-
mann, 1999). Førdefjord160 includes steep topography and it is likely that this error can be
present in the model.

Skarðhamar et al. (2018) discuss previous work where Norkyst800 and Norfjords160 have
been used to investigate particle drift. The studies conclude that the model resolves general
patterns, spatial variability, and mean state compared to observations. The studies concerning
salmon lice dispersion reveal that the model system can reproduce the lice infestation levels as
observed by the fish farms. Since the STD in Førdefjorden has not started yet, it is not possible
to validate the dispersion of particles with observations. However, the model resolves realistic
current fields and particle dispersion in various fjord systems in Norway. It is therefore rea-
sonable to assume that the model can be used to investigate the dispersion of mine particles in
Førdefjorden.

5.2 Dispersion of particles
In my experiments, I released particles at 280 m depth (scenario S1), 250 m depth (S2), 150
m depth (S3), and 100 m depth (S4). Scenarios S1 and S2 had a bathymetry representing the
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present bathymetry, while scenarios S3 and S4 included a modified bathymetry representing a
bottom after 50 years of tailing disposal. The yearly mean current field comparisons at 100 m
and 150 m with the two different bathymetries showed a modest strengthening of the currents
in the STD area with shallower bathymetry (Figure 4.9). The calculated annual sedimentation
of settled particles implies that the rate of sedimentation inside the disposal area decreases
with increasing release depths (Figures 4.12 and 4.13). The calculated annual maximum con-
centration of pelagic particles shows that there are high concentrations of particles appearing
at shallower depths than allowed (Figures 4.14 and 4.15). The daily concentration of pelagic
particles shows that the concentration limits set by the regulations (Table 1.1) are frequently
met or exceeded in scenarios S3 and S4 (Figures 4.17 and 4.18). Stronger currents in the fjord
seem to spread out particles in the whole water column. When the currents weaken, the parti-
cles are more confined at certain depths (Figure 4.19).

There are some consistent patterns in the dispersion of particles. The highest concentrations
of particles appear on the northern side of the fjord to the west of the STD area (Figures 4.14
and 4.15). Although the figures only show the annual maximum concentration at given depth
intervals, they can give an indication of how the particles disperse. The occasions when higher
concentrations of particles are present outside the STD site might be connected to events of
stronger currents transporting the particles. Due to Earth’s rotation, currents flowing out of the
fjord will be pushed towards the right in the Northern Hemisphere, which can explain this pat-
tern. Currents are additionally topographically steered. The currents flowing out of the STD
area along the bottom on the northern side of the fjord can be affected by the basin west of the
STD area, such that they will flow along the basin in a cyclonic motion. Thus, the effects of
rotation and topography might explain the settlement of particles in this basin adjacent to the
STD site, which is visible in all scenarios (Figures 4.12 and 4.13). To further investigate this,
it would be valuable to include the horizontal current field along the bottom of the fjord and at
deeper depths than 100 m and 150 m, which were the depths I considered (Figure 4.9).

The results from calculating the annual sedimentation show that the dispersion rate of settled
particles increases with decreasing release depth of particles (Figures 4.12 and 4.13). The blue
color in the figures displays sedimentation ≥ 3.0mm. The amount of fine fraction of particles
is uncertain due to the uncertainty of the flocculation process, which is why I also calculated
the sedimentation of 5% fine fraction (Figure 4.13). There is a significant increase in the sed-
imentation of 5% fine fraction compared to the sedimentation of 1% fine fraction (Figures
4.12 and 4.13). There are fewer particles settling in the STD area when the release depth is
shallower for both 1% and 5% fine fractions. This is evident when comparing the scenarios
with equal bathymetry. Particles disperse more in scenario S2 than S1, and in scenario S4
compared to S3. The validation of the current field showed that the model underestimates the
outflowing current speeds at 150 m depth at all stations across the fjord (Figure 4.8), indicating
that particles in reality can potentially disperse further than my results show.

The modified bathymetry used in the future scenarios is based on the assumption of 50 years
of mine tailing discharge. It is not certain if this is what the mining company will do, but it is
an assumption I have used based on the initial assessment study. The shallowest point of the
modified bathymetry is 200 m deep. Nepstad & Rye (2014) releases particles at 155 m depth
as their future scenario representing 50 years of STD in Førdefjorden. Thus, scenario S3 with
a release depth of 150 m depth is probably a realistic scenario, while scenario S4 with a release
depth of particles at 100 m is an extreme scenario. Even though S4 is an extreme scenario,
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it is interesting to examine how the currents vary in the different depths where particles are
released. However, it is hard to distinguish between the effect of changing the bathymetry and
changing the release depths in my scenarios. The sedimentation of particles in scenarios S1
and S2 show similar patterns and include the same bathymetry. The release depths are at 280
m and 250 m, which is relatively close and the current fields at these depths might be compa-
rable. The sedimentation in scenarios S3 and S4 are also alike and have equal bathymetry. The
difference in release depths is 50 m, and comparing the particle concentration from scenar-
ios S3 and S4 at the same locations reveals differences in the current fields (Figures 4.17 and
4.18). The high concentrations seem to be more confined at shallower depths at all grid points
in scenario S4 compared to S3. Moreover, the annual maximum concentrations in scenarios
S3 and S4 between 50 m and 60 m depth show substantially more particles in scenario S4 than
in scenario S3 (Figures 4.14a and 4.15e). Additionally, at the deepest depths displayed in these
figures, which are 40 m above the release depths, the particles seem to drift further away from
the STD site in scenario S4. The annual mean current fields at 150 m and 100 m depth also
show stronger currents at 100 m depth (Figure 4.9b,d).

There is a distinct larger spread in the settled particles in scenarios S3 and S4 than in scenarios
S1 and S2. Since the currents are stronger at 100 m depth than at 150 m depth, there is presum-
ably a considerable difference between the current fields at the two deepest release depths and
the two shallowest release depths. It is not evident in the estimated mean values from 282 m
and 153 m depth during the current measurement period that there are stronger current veloci-
ties higher up in the water column (Table 4.3). However, the estimated mean values are from
around the stations, which is west of the STD area. The mean values of the current velocity in
the STD area increase slightly with the shallower bathymetry (Figure 4.9c,d). Additionally, the
released particles have a constant sinking velocity and there might be higher current velocities
at depths between 150 m and 250 m which transports the particles further. Moreover, I did not
investigate the effect of a shallower bathymetry on the current field during events of stronger
currents. The currents in scenarios S3 and S4 might occasionally be significantly stronger than
the currents in scenarios S1 and S2, especially in the STD area. Staalstrøm & Daae (2009)
simulated the current field in Førdefjorden using ROMS, and examined changes in the current
field due to a shallower bathymetry in the STD area during the mean conditions. They find
that the current speed can become three times stronger along the bottom at the STD site with
shallower bathymetry. Thus, it is possible that it is a combination of a shallower bathymetry
and stronger currents higher up in the water column that leads to a larger spread in the settled
particles in scenarios S3 and S4 than in scenarios S1 and S2. However, the difference in the
mean currents between 100 m depth and 150 m depth is substantially larger than the difference
in the mean currents at equal depths but with dissimilar bathymetries (Figure 4.9). Stronger
currents at shallower depths might therefore have a larger impact on the particle dispersion
than the modified bathymetry.

The concentration of pelagic particles at the selected grid points shows high variability with
time (Figures 4.17 and 4.18), which can be caused by various processes. The local wind and
freshwater runoff mainly influence the upper 10-20 m of fjords. The tides are a constant forc-
ing that affects all depths and can generate mixing. However, the main driving force of water
exchange between the coast and fjords with relatively deep sills is density fluctuations in the
coastal water, which can for instance be induced by coastal winds. Asplin et al. (1999) study
the importance of coastal wind on the fjord circulation in Masfjorden, which is located south
of Førdefjorden on the western coast of Norway. They used a coastal ocean model to examine



44 Discussion

the effect of coastal upwelling and downwelling on the fjord circulation, which was found
to have a direct influence on the water exchange in the fjord. Masfjorden has a sill at 70 m
depth, while the sill northeast of Svanøy that connects Førdefjorden to the coastal water is at
210 m depth. It is therefore possible that the coastal wind outside Førdefjorden can generate
currents propagating into and out of the fjord at different depths. How frequent these inflows
and outflows are, how large the corresponding volume transport is, and how they affect the
particle drift in the fjord is uncertain. However, the wind field at the coast and the current field
at grid point P4 show higher values in the time before the convergence of particles (Figures
4.19b and 4.20b). The strong wind at the coast might have caused stronger currents in the
fjord, which perhaps diluted the concentration of particles in the water masses (Figure 4.19).
The concentration of particles is higher and more confined at certain depths after this.

Reartes & Mininni (2023) examine the dispersion and convergence of light inertial particles in
stably stratified turbulent flows. The vertical transport of particles is largely confined in layers,
which they find to strongly influence the clustering of particles. Additionally, they find that
increased stratification enhances the clustering of particles. This can be an explanation of the
confinement of particles visible in Figures 4.19(a) and 4.20(a). After the strong winds at the
coast and the strong oscillating currents in the fjord that potentially weakened the stratification
in the fjord, the currents become weaker and an enhanced stratification is possible. However,
I only investigated one event of clustering of particles, and the pattern found is inconclusive.
It would be valuable to examine several events of convergence of particles in the water masses
and whether there is a common pattern.

I simulated the dispersion of particles with the total weight of 4× 107 kgyr−1, which is uni-
formly distributed per day during the simulation year. This is probably not how the actual
disposal of particles will happen. However, the fine-grained particles will use a few days be-
fore they settle on the seafloor in the fjord. Thus, it is important to look at the daily disposal of
particles when investigating the particle concentration. If one averages over a larger time span,
potentially high concentrations of particles can get filtered out. My results of daily particle
concentration show that there are frequently too high concentrations at the grid points outside
the STD site (Figures 4.18). If the planned STD discharges more than this annually-averaged
amount of particles during a couple of days, it is likely that the concentration of particles can
easily exceed the allowed limits.
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Conclusions

Through this thesis, I aimed to investigate the dispersion of fine-grained particles in Førdefjor-
den in terms of three research questions. To achieve this, I used results from the hydrodynamic
model Førdefjord160 and the model LADIM to simulate the particle drift in the fjord in four
different scenarios. Firstly, I evaluated the model performance of Førdefjord160 compared to
observations. Secondly, I calculated the sedimentation of settled particles and the concentra-
tion of pelagic particles and analyzed my results in regard to the regulations of the permitted
STD.

My first research question was whether the hydrodynamic model can simulate a realistic cur-
rent field in Førdefjorden comparison with observations. The simulations presented in this the-
sis suggest this since the range of the modeled current speed and the direction of the modeled
currents correspond well with the observed data. Validation of Norkyst800 and Norfjords160
in other regions and fjords also shows that the models simulate realistic current fields. The val-
idation I have done demonstrates that the model represents realistic dynamics in Førdefjorden.

My second research question concerned how changes in bathymetry and release depth of par-
ticles affect the particle dispersion in Førdefjorden. I find that the modified bathymetry leads
to slightly higher current velocity in the STD site. The change in release depth shows large
differences in the dispersion and drift of particles. I find that with decreasing release depth and
a shallower bathymetry in the STD site there is an increased rate of dispersion of the particles.
This leads to fewer particles settling in the STD site.

The third research question I aimed to investigate was whether the dispersion of fine fraction of
particles is pronounced in regards to the regulations. My results from simulating particle dis-
persion for a year reveal that the fine fraction can lead to higher annual sedimentation outside
the STD site than the allowed limits. There are additionally frequently too high daily concen-
trations of fine-grained particles appearing outside the STD area during the year. Moreover, if
the daily amount of discharged tailing as presented here increases, the risk of exceeding the set
limits is higher. Thus, this work shows that a fine fraction of 1% of the annual tailing discharge
can cause annual sedimentation and daily concentration rates exceeding the given regulations
for the permitted STD in Førdefjorden.
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6.1 Outlook

The two models applied in this work can sufficiently simulate the transport of mine particles
in Førdefjorden and can be used to further understand fjord dynamics coupled to particle dis-
persion both in the present fjord and other fjord systems. The study of the effect of inflow
episodes on particle dispersion is for instance limited in this thesis. The deep sill at the mouth
of Førdefjorden makes the fjord susceptible to frequent water exchange between the adjacent
coastal water and the fjord water. When performing an STD in Førdefjorden, it is therefore
crucial to examine the extreme values of the currents in the fjord. How often do inflows of
strong currents occur, and at what temporal and spatial scales? The present model can give
estimates of this. However, the model is not perfect, and continuous validation is needed for
further improvements. More observations of both currents and hydrography in Førdefjorden
would be beneficial to perform a more comprehensive validation, which can enhance the un-
derstanding of why the model cannot entirely capture the maximum and minimum values of
the current speed at depths I investigated.

The model validation performed in this study has the potential for improvements. I calcu-
lated the RMSE and the correlation between the simulated and observed current speeds at
corresponding hourly values. As previously discussed, the model can be shifted temporally
and spatially compared to the observations. Thus, these estimates might not be the best ap-
proaches for validating a fjord model. Dalsøren et al. (2020) present a new validation method
for comparing fjord model results with observed currents, which would be valuable to im-
plement in future work. Moreover, performing an analysis of the principle components of
variance on both the observed and the modeled current speed data could be useful. I only
examined two depths, and this type of analysis would indicate at what depths the most vari-
ance occurs and whether it coincides between the simulated and observed datasets. This could
give additional information about the model performance and a further understanding of the
dynamics in Førdefjorden.

The simulation period for both models used in this work lasted for a year. It would be valuable
to extend the simulation period to several years to further understand the dynamics in Førde-
fjorden. Are there evident seasonal patterns in the circulation to consider, such that one should
discharge more or fewer particles during these periods? It would also be interesting to study
the long-term effects of STD in Førdefjorden, and whether the dispersion patterns are the same
after one year and ten years.

It would be interesting to study the effect of the shallower bathymetry and release depths on
the particle transport further. A more extensive comparison of the simulated current fields in
Førdefjorden from the two different runs would be beneficial to better understand the impli-
cations of a shallower bathymetry on the dynamics in the fjord. This can for instance be the
influence of a shallower bathymetry on inflow episodes of stronger currents. I investigated four
scenarios of particle dispersion, with the main focus on scenarios representing the end of the
STD in Førdefjorden. It would be useful to investigate two scenarios with equal release depths
but different bathymetries to better distinguish between and determine the effect of shallower
release depth and shallower bathymetry on the transport of particles. It could also be inter-
esting to release particles at several release points, for instance to the east of the shallower
bathymetry to see if the particles disperse less then.
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More research on fjord dynamics in depth and dispersion of mine particles is needed to increase
the knowledge of the topic. A better understanding of particle dispersion will enhance the
research on the implications of tailings on the marine ecosystem. With increased knowledge
of the implications of an STD, a further development of methods for monitoring active STDs
is possible, and a more educated decision can be made on whether to conduct new STDs.
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Appendix A

Moorings
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Figure A.1: Schematic of the moored instruments at the middle position in Førdefjorden.
Source: IMR.
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Figure A.2: Schematic of the moored instruments at the southern position in Førdefjorden.
Source: IMR.
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Appendix B

CTD stations

Table B.1: Location, date and depth of the ctd-profiles. The letter in the station names implies
which month the station is taken in.

St. Lat [°N] Lon [°E] Date Profile depth [m]

O1 61.484 5.328 10.03.21 303
D1 61.488 5.299 13.12.21 334
F1 61.487 5.354 16.02.22 344
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Appendix C

Annual current field at the stations
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Figure C.1: Simulated along fjord current speed from the whole simulation period and the
observed along fjord current speed from February to May 2022 at station N (a), station M (b),
and station S (c) at 282 m depth. The bold lines represent filtered data with a weekly running
mean filter, and the thin lines present the raw data. Current speed > 0.0ms−1 is directed into
the fjord and current speed < 0.0ms−1 is directed out of the fjord.
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