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Tidal effects on transport and
dispersion of particles, cod eggs
and larvae in the Lofoten and
Vesterålen region, Norway
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Peygham Ghaffari5 and Stig Falk-Petersen1,6

1Department of Environment, Akvaplan-niva AS, Tromsø, Norway, 2Department of Geosciences,
University of Oslo, Oslo, Norway, 3Division for Ocean and Ice, Norwegian Meteorological Institute,
Oslo, Norway, 4Department of Environment, Akvaplan-niva AS, Trondheim, Norway, 5Department of
Environment, Akvaplan-niva AS, Oslo, Norway, 6Department of Arctic and Marine Biology, Faculty of
Biosciences, Fisheries andEconomics, UiT - The Arctic University of Norway, Tromsø, Norway
Lofoten and Vesterålen region in Northern Norway contains the main spawning

areas for the Northeast Arctic (NEA) cod. A large embayment, partially sheltered

from the continental slope and open ocean by the Lofoten-Vesterålen

archipelago, called Vestfjorden contains approximately 60 % of the NEA cod

spawning in this region. The dynamical ocean processes that control transport

paths and transport times of cod eggs and larvae out of this embayment are of

major importance, not only for the fish stock, but in general for the marine

ecosystem in the region. This study investigates the net impact of nonlinear tidal

dynamics on transport and dispersion of particles, resembling cod eggs and

larvae, out of Vestfjorden. The coastal ocean circulation in and around

Vestfjorden is simulated with a variable mesh model, both with and without

tides. The two different flow fields are used to advect passive particles seeded

near Henningsværstraumen, a key spawning location within the embayment. A

comparison of the two transport calculations reveals that nonlinear tidal

dynamics clearly impact the particle drift in the region. When including tides in

the model simulation, transport through the various straits that cut through the

Lofoten-Vesterålen archipelago becomes more important, causing the total

particle drift out of Vestfjorden to increase by about 10%. One strait in

particular, Moskstraumen, contributes with a significant transport (∼ 30%) in

the model simulation with tides included, but other straits contribute as well. For

comparison, in the simulation where tides are excluded, almost 90% of the

particles are transported out of the embayment around the southern tip of the

archipelago and only 6% through Moskstraumen. A key implication of the tidal

transport through the straits is that the journey for a large fraction of the cod

eggs/larvae from Vestfjorden to the shelf is considerably shortened.
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1 Introduction

The ocean surrounding Lofoten and Vesterålen in Northern

Norway contains important spawning grounds for many fish

species, including the main spawning grounds for the Northeast

Arctic (NEA) cod (Ellertsen et al., 1989). The NEA cod is the largest

stock of Atlantic cod (Yaragina et al., 2011, Gadus morhua) and

historically the most important species for Norwegian fisheries

(Øiestad, 1994). Up to 60–70% of the NEA cod spawning occurs

in the waters surrounding Lofoten and Vesterålen (Sundby and

Nakken, 2008), with Vestfjorden as the main spawning area.

Vestfjorden is a large embayment separated from the open ocean

by the Lofoten-Vesterålen archipelago (see Figure 1). The spawning

takes place in spring, and about five months of pelagic drift awaits
Frontiers in Marine Science 02
the offspring before it reaches the nursing grounds in the Barents

Sea (Åndalsvik and Sundby, 1994; Kjeldsbu et al., 2023). Both the

survival and growth rate during these early life stages of the NEA

cod are crucial for the recruitment of the fish stock (Hjort, 1914;

Houde, 2008; Vikebø et al., 2005). Therefore, knowledge about drift

patterns and the underlying ocean dynamics is important when

identifying factors controlling the recruitment and stability of the

NEA cod stock.

The transport of NEA cod eggs and larvae from the Lofoten-

Vesterålen area to the Barents Sea has been widely studied over the

years, where the focus typically has been on the large-scale drift

northward along the Norwegian shelf (Åndalsvik and Sundby, 1994;

Vikebø et al., 2007; Opdal et al., 2008; Ottesen et al., 2014). The

general surface circulation in the region is sketched in Figure 1. On
FIGURE 1

A sketch showing the ocean circulation in Lofoten and Vesterålen. The mean circulation of the Norwegian Coastal Current (NCC) in Vestfjorden is
illustrated with gray arrows. The black arrows on the shelf illustrate the continuation of the NCC on the shelf and the red arrow west of the shelf
break illustrates the Norwegian Atlantic Current (NwAC). The transparent red patch marks the spawning ground Henningsværstraumen and the black
two-headed arrow indicates Moskstraumen, the most important tidal strait. The sketch is based on Sætre (1999) and Mitchelson-Jacob and
Sundby (2001).
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the continental shelf the eggs and larvae drift northeastward

towards the Barents Sea with the Norwegian Coastal Currents

(NCC) and also partly with the Norwegian Atlantic Current

(NwAC), which runs parallel to the NCC just offshore of the shelf

break (Åndalsvik and Sundby, 1994; Vikebø et al., 2005). The NCC

itself splits into two branches south of Vestfjorden. One of these

branches enters and encircles Vestfjorden in a counter-clockwise

fashion before reconnecting with the other branch just off the

southern tip of the Lofoten archipelago (Sundby, 1978, Figure 1).

Studies have indicated that NEA cod eggs originating from

Vestfjorden primarily follow the inner NCC branch and leave the

embayment south of Røst, the southernmost island of the Lofoten

archipelago (Ellertsen et al., 1981). The surface circulation, and thus

the egg drift, within Vestfjorden are shown to be largely influenced

by winds (Ellertsen et al., 1981; Mitchelson-Jacob and Sundby, 2001;

Furnes and Sundby, 1981). For example, during northeasterly

winds, the current structure sketched in Figure 1 is strengthened

and the transport out of the embayment via the NCC is enhanced.

In contrast, during southwesterly winds the surface circulation

partly reverses and eggs are assumed to remain longer inside

Vestfjorden (Furnes and Sundby, 1981; Mitchelson-Jacob and

Sundby, 2001).

However, currents and current variability in the Lofoten-

Vesterålen region are also largely dictated by the tides. Tidal

currents are prominent, with maximum speeds exceeding 2 m/s

in many of the straits connecting Vestfjorden to the shelf (Moe

et al., 20002). The northward-propagating tidal waves, emerging

from the North Atlantic, are distorted by the Lofoten archipelago

(Gjevik, 1997; Moe et al., 20002). The inner parts of the waves get

trapped inside Vestfjorden while the outer parts continue

unobstructed along the shelf. The result of this distortion is both

a phase shift between the inner and outer part of the waves, as well

as an elevated tidal amplitude inside Vestfjorden. Large gradients in

sea surface height are thus established across the archipelago

causing the strong currents that are observed in the straits. In

fact, one strait on the shallow ridge south of Lofotodden hosts the

famous Lofoten Maelstrom or, more precisely, Moskstraumen

(indicated by a two-headed arrow in Figure 1). Moskstraumen is

well-known for its vigorous and deadly currents and has been the

inspiration for many tales and stories that can be traced back to

Medieval times (Gjevik, 1997). Here, interactions between the

oscillating tidal currents and the background currents appear to

produce particularly prominent time-mean transport out of

Vestfjorden (Ommundsen, 2002; Lynge et al., 2010). The present

study aims to investigate the role that Moskstraumen and tidal

currents in the other straits along the archipelago may play in the

net transport and dispersion of NEA cod eggs and larvae.

In a high-resolution 2D numerical model study, Børve et al.

(2021) examined two specific dynamical processes that may

generate time-mean tidal transport in Lofoten. The first process,

tidal pumping, results from flow separation and the formation of

self-propagating dipoles during outflow from strait openings (Wells

and van Heijst, 2003; Nøst and Børve, 2021). The dipoles, which can

trap and bring with them water properties, are highly effective

transport mechanisms if they escape the return flow during the

subsequent phase of the tide. The tidal pumping was found to be
Frontiers in Marine Science 03
most effective in Moskstraumen, but pumping through other straits

also contributed to transport out of Vestfjorden. The second process

is the rectification of tidal currents around islands and banks. When

oscillating tidal currents move up and down topographic slopes,

vortex stretching and compression in the presence of bottom

friction may cause residual along-slope currents (Huthnance,

1973; Zimmerman, 1978). The 2D study of Børve et al. (2021)

showed that this process can generate time-mean anti-cyclonic

circulation cells around the islands Mosken, Værøy and Røst

south of Lofotodden. Through interactions with smaller-scale

flow features, these rectified tidal currents thus also contributed to

significant tracer transport out of Vestfjorden.

This study builds on the findings of Børve et al. (2021). While

the 2D tidal simulation of Vestfjorden was conducted to investigate

the strength and presence of nonlinear tidal transport dynamics in a

realistic Lofoten and Vesterålen, the present study investigates the

importance of such dynamics relative to other transport

mechanisms in this region. While previous studies have

investigated the tides in the Lofoten and Vesterålen region

(Gjevik, 1997; Moe et al., 20002), and their impact on transport

and dispersion through specific straits, like Moskstraumen (Lynge

et al., 2010; Ommundsen, 2002). This study is the first to quantify

the integrated effect nonlinear tidal dynamics have on transport of

particles, like cod eggs and larvae, out of Vestfjorden.

To investigate the net effect of tidal transport on particle-drift,

relative to other transport mechanisms, realistic 3D ocean

simulations are conducted both with and without tides. Since

nonlinear tidal dynamics occur on small spatial scales high-

resolution model mesh (50–100 m) is required to resolve the key

processes properly (Lynge et al., 2010; Nøst and Børve, 2021; Børve

et al., 2021). To achieve such high resolution in the many of the

straits cutting through the archipelago while also covering the whole

ocean region variable mesh model technology is used. Furthermore,

since most previous model studies of long-term transport in

Lofoten-Vesterålen are based on ocean models with spatial

resolution between a few hundred meters and a few kilometers,

the present study should provide important new insights into the

ocean dynamics in the region and, specifically, the impacts of

nonlinear tidal transport on the early life cycle of the NAE cod.
2 Materials and methods

We restrict ourselves to investigate particle drift from

Henningsværstraumen (indicated by the red ellipse in Figure 1).

This location is the main spawning ground for the NEA cod in the

Lofoten-Vesterålen region and accounts for almost 60% of the total

spawning inside Vestfjorden (Sundby, 1978). The NEA cod

spawning season typically starts in the beginning of March and

lasts until end of April, with a peak spawning at the beginning of

April. We therefore simulate the hydrography and flow field of the

region for a random year (here: 2018) and release synthetic particles

continuously through March and April. We track all particle

trajectories over four weeks to investigate their drift patterns and

locations at various ages and times.
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2.1 Hydrodynamical modelling

We use the Finite Volume Coastal OceanModel (Chen et al., 2003,

FVCOM) to simulate hydrography and currents. FVCOM is a three-

dimensional primitive equation coastal ocean model operating on an

unstructured horizontal grid (Chen et al., 2003). It discretizes the

integral form of the governing equations and calculates momentum

advection using a second-order accuracy flux scheme (Chen et al.,

2003; Kobayashi et al., 1999). Horizontal diffusion is calculated using

the Smagorinsky turbulent closure scheme (Smagorinsky, 1963). The

bottom stress is formulated as a quadratic bottom friction with a depth-

dependent drag coefficient. The governing equations are integrated in

time using themodified explicit forth-order Runga-Kutta time stepping

scheme (Chen et al., 2003).

The whole model domain, shown in 2a, covers the coastline of

Nordland county and the southern part of Troms county in

Northern Norway, including the whole shelf region and part of

the Lofoten Basin further off-shore. The coastline of Northern

Norway is complex, consisting of a myriad of islands and narrow

straits. The unstructured triangular grid cells in FVCOM give us the

flexibility to have the high resolution needed for resolving

important nonlinear flow features near land while at the same

time covering a large enough domain that captures the northward-

propagating tidal waves as well as the background currents (the

NCC and NwAC).

The straits cutting through the Lofoten-Vesterålen archipelago

and the shallow ridge southwest of Lofotodden requires particularly
Frontiers in Marine Science 04
fine resolution if one is to capture small-scale nonlinear tidal

dynamics there (Lynge et al., 2010; Børve et al., 2021). The grid

resolution is therefore set to be 30–50 m along the coast and in these

narrow passages. To allow for the generation of flow-separation

eddies, all straits are resolved with at least 5 grid cells across the

narrowest cross-sections. Most strait openings, where eddy

formation normally occurs, are resolved with at least 10 grid cells.

The grid resolution decreases away from land and steep topography,

down to 2.4 km at the outer open boundary. In the vertical we use a

terrain-following sigma coordinate system, with a total of 34 layers.

To include the effect of wind forcing on the upper water column we

have the highest resolution here, and the vertical resolution then

decreases with depth.

Our FVCOM setup is nested into the NorShelf model, run

operationally by the Norwegian Meteorological Institute (Röhrs

et al., 2018). NorShelf is a data-assimilation product (using 4Dvar)

based on the Regional Ocean Modeling System (Shchepetkin and

McWilliams, 2005, ROMS) that covers the whole shelf sea of Norway.

It has a 2.4 km grid resolution in the horizontal and stretched

topography-following coordinates with 42 layers in the vertical.

Temperature, salinity, 3D currents and sea surface height (SSH)

from this model are applied along the open boundary of the FVCOM

domain (dashed line in Figure 2A) through a 10 km wide nesting

zone. The atmospheric forcing is taken from hourly data fields of the

Arome MetCoOp model (Müller et al., 2017). MetCoOp is an

operational convective-scale weather prediction model (horizontal

resolution of 2.5 km), provided by the Norwegian Meteorological
FIGURE 2

(a) The full model domain including coastline and bathymetry is displayed in the left panel. The thick solid black line, along with the outer boundary
of the domain (dashed black line) marks the boundaries between the different sub-regions used for particle tracking. The red rectangle shows the
main interest region, Lofoten and Vesterålen, zoomed in on in the middle panel. (b) In the middle panel we show the different transport routes out
of Vestfjorden which we investigated. (c) In the right panel, we plot the spawning ground Henningsværstraumen (near Gimsøystraumen) and the 21
release points for particle tracking marked by yellow dots. In this panel the model grid is also shown (triangles). In all panels, the bottom depth is
indicated with the background color.
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Institute in collaboration with the Swedish Meteorological and

Hydrological Institute (available on https://thredds.met.no/thredds/

metno.html). Finally, river runoff from the coast is also included. This

is based on observed and modeled river discharges from more than

7000 rivers provided by the Norwegian Water Resources and Energy

Directorate (NVE; https://atlas.nve.no).

We make two runs with our model. One run is forced with

hourly data from NorShelf, to capture the tides, while the other run

is forced by daily-mean fields where the tides are effectively filtered

out. The NorShelf simulation itself applies in total eight of the major

tidal constituents from the TPXO global inverse barotropic model

(Egbert and Erofeeva, 2002), which are imposed on the velocity and

SSH fields at that model’s lateral boundaries (Röhrs et al., 2018). For

simplicity we will throughout this paper refer to the simulation

forced with hourly flow fields, including the full tidal signal, as the

‘WiTi’ run, and the simulation forced with daily-mean flow fields,

excluding tides, as the ‘NoTi’ run.
2.2 Model validation

A good model representation of the northward-propagating

tidal waves is crucial for obtaining realistic tidal current amplitudes

in the straits in Lofoten-Vesterålen. We therefore compare the tides

in theWiTi run against observations compiled by Moe et al. (20002)

and Dataset Norwegian Mapping Authority, Hydrographic Service,

(2021), using the Matlab-based harmonic analysis package U-tide

(Codiga, 2011). Figure 3 shows the comparison between the

simulated and observed tidal components. The signal in sea

surface height (SSH) is evaluated at five different locations. The

amplitude and phase of the comparison are shown in Figures 3A, B

for the most prominent semi-diurnal and diurnal constituents. The
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model is in general in very good agreement with the observed SSH

amplitude. The phase-shift is also well represented in the model,

however, somewhat off for the N2-constituent.

The current amplitudes are evaluated at 11 stations for the M2

constituent and at one location for the K1 constituent; these are

shown in Figure 3C. In general, the model reproduces similar

current speeds as the observations. Currents at station 10, which

is located inside the tidal strait Nappstraumen, are too weak in the

model. This station is located to the side of, yet close to, the core of

the current where we expect a large velocity shear. So we can

anticipate that small differences in location of the station can give

large variations in the current speed. Station 11 is located close to

station 10, but slightly further south and apparently inside the core

of the strait current, and this shows better agreement with the

observation. So the high current speeds at station 11, both in

observations and in the model, indicate that the model does

reproduce the prominent tidal currents inside the strait.

The overall impression is that the model reproduces the tides in

Lofoten adequately for the purpose of investigating their general

influence on the transport dynamics in the region. In addition, we

compare time series of the full flow field from the WiTi run with an

ADCP which was measuring in Vestfjorden (yellow star in

Figure 3D) within the simulation period. The ADCP data is

collected with a bottom-mounted Nortek Aquadopp profiler,

measuring at at 400 kHz, during the period 23.05.18–28.11.18. In

general, the model represents the observed currents very well, as

shown in Figure 4. The model tends to overestimate the strongest

velocities near the surface and underestimate the strongest velocities

near the sea bottom. However, the discrepancies mainly concern the

5% highest current speeds. The exception is the deepest

measurement (43 m depth), where the model in general

underestimates the current speed.
FIGURE 3

Comparison between modelled and observed tides in Lofoten-Vesterålen. Comparison of the amplitude (A) and phase shift (G) of sea surface height
(SSH) are displayed in (a, b), respectively. Displayed are data from five stations: Andenes (A), Harstad (H), Kabelvåg (K), Narvik (N) and Bodø (B);
locations are shown as orange markers in the map in (d). The different tidal constituents considered are M2 (black diamonds), K1 (green circles), N2
(purple squares) and S2 (gray triangles). (c) shows the comparison of tidal current amplitude. In total we compare 11 stations in the Lofoten-
Vesterålen region, shown as black markers in the map. We display the M2 tidal current amplitude from all stations, and in addition the K1 tidal
current amplitude from station 8 (diamond). The pink star in the map shows the location of the current meter used for the analysis presented
in Figure 4.
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2.3 Lagrangian particle drift modelling

The open-source Python-based framework for Lagrangian drift

modeling, OpenDrift, developed at the Norwegian Meteorological

Institute (Dagestad et al., 2018) is used for particle advection. We
Frontiers in Marine Science 06
apply the basic module for passive advection of particles by the 3D

ocean currents. A random walk component to the drift was set to

zero. This choice allows us to investigate the exact difference in

particle drift pattern when full tidal forcing is applied contra when it

is not. A common challenge in Lagrangian modelling is the
FIGURE 4

Comparison between model currents (WiTi run) and currents collected by an ADCP in Vestfjorden (location given by yellow star in Figure 3D). The
comparison is from the time period 23.05.18–28.11.18, which is within the model run used in this study. The left and middle panels show the current
velocity as rose plots. Colors indicate current speed, and the radius of sectors indicates the number of data points (percent is indicated by the
circles) as a function of direction and speed. The left panels show observations at four different depths while the middle panels show the model data
at similar depths. The right panels are quantile plots of current speed between the model and observations. The black crosses represent the data
points, the gray dashed lines indicate one-to-one relationships, while the red dashed line show the linear regression for the data points. The blue
horizontal and vertical dashed lines show the 75, 95 and 99 percentiles for the model data and the measurements, respectively.
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handling of particles that are advected to shore. Here, to avoid a

large number of stranded particles in the simulations, we move any

particle that hits land back to its last position before hitting land.

We release particles in Henningsværstraumen every hour from

1 March to 1 May at 21 positions, all located over bottom depths

between 50 m and 150 m (Figure 2C. The NEA cod spawns within

the thermocline, at temperatures of 4–6 degrees Celsius, which

generally can be found at 50–150 m depth (Solemdal and Sundby,

1981). While the spawning can occur at the bottom, the NEA cod

eggs have low density and quickly rise towards the surface Sundby

(1983), Sundby, 1990). During calm weather, the concentration of

eggs is typically increasing exponentially towards the surface from

30–20 m depth, while during windy conditions turbulence tends to

mix eggs further down in the water column. However, we still

expect the highest concentrations near the surface, and generally

always above 20 meters depth (Sundby, 1990). So, for each of the 21

positions, we release the particles in the upper 10 meters of the

water column, where we expect the bulk of the eggs to be located. In

total 22 particles are released every hour in each position, 2 particles

each at 0, 1, 2,…, 10 m depths. Since we are mainly interested in

examining pure dynamical impacts on transport, we neglect the egg

buoyancy effect. The particles in the model thus only move

vertically by passive advection. We conduct the same experiment,

releasing particles at the same time and same locations, in the two

simulations (WiTi and NoTi) to obtain comparable results.
2.4 Particle statistics

Particles are tracked for a total of four weeks after release to

capture information about the particle position at the average

hatching time (3 weeks) and at the time of full food intake (4

weeks) for NEA cod eggs and larvae (Geffen et al., 2006; Solberg and

Tilseth, 1990). To form statistics, we map particle positions on a 5

km by 5 km regular grid. In each cell of this grid we count the

number of unique particles that entered during the first 3 weeks and

during the first 4 weeks after their release.

To investigate the abundance of particles in different

geographical domains as a function of time, as well as the rate of

retention of particles inside Vestfjorden, we also divide the model

domain into larger sub-regions. The different regions (shown in

Figure 2A) are Vestfjorden (I), The Shelf regions (II-IV), which

consists of Shelf south (II), Shelf middle (III) and Shelf north (IV),

as well as the Lofoten Basin (V, defined as regions having bottom

depths deeper than 500 m). The number of particles in each of the

sub-regions. thus provides information about the progress

northward, the potential for loss towards the Lofoten Basin, and

position on the shelf at various times, and how this compares when

tides are either present or absent.

Finally, we also quantify the relative importance of the different

transport routes out of Vestfjorden by counting the number of

particles that exited Vestfjorden via the different straits and

openings displayed in Figure 2B. A challenge in determining

through which strait the particle exited is that a particle may re-

enter the embayment and then exit again at a later stage. Although

many approaches exist, in this study we chose to assign a particle to
Frontiers in Marine Science 07
the strait through which it exited the last time during the 4

weeks simulation.
3 Results

3.1 Time-mean surface circulation

Figure 5A shows the modeled time-mean surface circulation in

the more realistic model simulation with tides (WiTi), averaged

from 1March to 1 June 2018. The current field is in good agreement

with results from previous studies, as sketched in Figure 1.

Primarily, we see that the inner branch of the NCC enters

Vestfjorden at the eastern side, recirculates south of

Henningsværstraumen and exits south of the island of Røst. Here

this inner branch also reunites with the outer branch. At the shelf

west of Røst the NCC again bifurcates; one branch follows the

coastline northeastward while another branch continues

northwestward across the shelf to eventually join up with the

northward flowing NwAC along the shelf break.

The net effect of including tides is indicated by the difference in

the time-mean current strength between the model simulations,

shown in Figure 5B. We expect that the observed differences will

mostly be due to tidal rectification, but in these 3D simulations

hydrographic changes, e.g. from different vertical mixing levels, may

also contribute. The most obvious signal to be observed is perhaps

that tidal effects seem to slow down the strength of the NCC core,

particularly in the inner part of Vestfjorden, while accelerating the

flanks of the current. This may suggest that the oscillating tides

generally stir momentum down-gradient. While we will not pursue

the details of the underlying dynamics here, it is worth noting that

such modification of the NCC may also impact particle transport

along this main advection path.

On a smaller scale, the most prominent strengthening of the

time-mean surface circulation due to tides is seen around the island

groups Mosken and Værøy, and Røst, as well as inside some of the

narrow straits cutting through the archipelago further north.

Figure 6 zooms in to show flow conditions around the bank

regions southwest of Lofotodden, again showing both the time-

mean flow in the WiTi run and the difference in flow strength

between the two runs. In Figure 6A a time-mean anticyclonic flow

patterns around the island groups Mosken-Værøy and around Røst

is evident. The difference in current speed between the two runs,

which exceeds 0.2 m/s in places, thus reflect the strength of the

tidally-induced rectified circulation around the two island groups.

In fact, the placement of the re-circulation cells and current

strengths are remarkably similar to what was observed in the 2D

tide-only simulation of (Børve et al., 2021). This confirms that tidal

rectification around these islands is indeed present also in a realistic,

stratified, ocean. In the vicinity of Moskstraumen we also see

smaller re-circulation cells. These, however, are not encircling

coastal features but are instead the time-mean imprint of highly

non-linear flow-separation vortices, located on both sides of the

strait. Such time-mean footprints of flow-separation vortices can

also be seen in Nappstraumen, further north (Figure 6B). North of

the narrowest cross-section is the imprint of a dipole vortex and its
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trailing jet, formed at the abrupt opening of the strait there. Dipole

vortex formation here is also in close agreement with the results

from the 2D simulations of Børve et al. (2021). And, as shown by

that study, such flow-separation vortices, as well as rectified

Eulerian re-circulation cells around islands, may contribute to the

transport of tracers through the Lofoten-Vesterålen archipelago.

We investigate this possibility next.
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3.2 General pattern of particle drift
from Henningsværstraumen

The main pathways for particle drift in the two different model

simulations are illustrated in Figure 7. The colors indicate the

occurrence ratio of unique particles that have traveled through 5

km by 5 km grid cells during 3 and 4 weeks of passive drift from
FIGURE 5

The modeled time-mean surface circulation. The left panel (a) shows streamlines and current strength (color) from the WiTi run. The right panel (b)
shows the difference in current speed between the two runs (color) and bottom bathymetry (contours).
FIGURE 6

Difference in time-mean surface currents between WiTi run and the NoTi run in (a) Southern Lofoten (Mosken-Værøy and Røst) and in (b)
Nappstraumen. The streamlines show the mean circulation in the WiTi run, while positive/negative values of the shading imply that the current
velocity is higher/lower in the WiTi run.
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their release location in Henningsværstraumen. The left and right

panels show the results from the WiTi and the NoTi run,

respectively. In both model simulations, and in agreement with

earlier studies, the dominant particle drift out of Vestfjorden follows

the NCC around the south side of Røst. And, as could be anticipated

from the difference in current strength seen in Figure 5, the particles
Frontiers in Marine Science 09
that follow the NCC move faster out of Vestfjorden and reach

further out on the shelf in the NoTi run compared to the WiTi run.

More relevant to our focus here are the additional transport

routes out of Vestfjorden through the straits in the archipelago in

the presence of tides, and most notably through Moskstraumen.

The particles that exit here effectively take a shortcut out of the
FIGURE 7

Particle distribution integrated over the first 21 days (A, B) and for the first 28 days (C, D) after release from Henningsværstraumen. The colors give
the fraction of unique particles that has entered each of the 5 km by 5 km grid cells. The left panels (A, C) show the particle distribution for the
simulations with tides included (WiTi), and the right panels (B, D) show the particle distribution for the simulations where we exclude tides (NoTi).
The black dashed contours show the limit of 0.05 particle fraction within a grid-cell. The thin gray contours outline the bathymetry in the region.
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embayment. Once outside, they are then transported rapidly

northward along the inner parts of the shelf. Thus, even if the

main advection path along the NCC is slightly faster in the NoTi

run, particles in the WiTi run have reached further north along the

shelf, particularly near the coast. Also along the shelf break and

around banks on the shelf, we see a larger fraction of particles

northward on the shelf in the WiTi run compared to the NoTi run.

The efficiency of particle transport out of Vestfjorden in the two

model runs is quantified in Figure 8. What is shown is the fraction

of particles in the various bulk regions (shown in Figure 2A) after 3

and 4 weeks of drift. A systematic difference between the two runs is

already notable after 3 weeks. And after 4 weeks of drift, only 25% of

the particles in the WiTi run are still inside Vestfjorden, while 55%

and 20% are located on the shelf and in the Lofoten Basin,

respectively. In the NoTi run, on the other hand, 34% of the

particles are inside Vestfjorden after 4 weeks, while 48% are on

the shelf and 16% are in the Lofoten Basin. In other words, by

including full tidal forcing in the model, the particle transport out of

the embayment increases by about 10%. Of the particles that have

escaped Vestfjorden, the relative loss to the Lofoten Basin within 4

weeks of drift is approximately the same in the two model runs

(26% in the WiTi run versus 25% in the NoTi run). This indicates

that the bulk of the increase in total loss of particles to the Lofoten

Basin when tides are included (seen in Figure 8) is more linked to an

increase in particle transport out of Vestfjorden related to tidal

dynamics, rather than due to enhanced off-shelf transport to the

Lofoten basin by tides.

As suggested by Figure 7, the more fundamental impact of tides

on particle transport is on the selection of transport routes out of

Vestfjorden. Figure 9 attempts to quantify this by showing the

fractional contribution of various routes, 2, 3 and 4 weeks after

particles have been seeded in each of the simulations. Since very few

to no particles exit Vestfjorden through the straits further northeast

(straits 6 and 7 in Figure 2B) we have excluded these in the analysis.

These two straits are, based on the model results, not considered

important for the transport of eggs and larvae that are spawned in

Henningsværstraumen. The upper panel quantifies the main

transport routes out of the embayment independently of where
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the particles end up. In both simulations, the route following the

main advection path of the NCC around Røst dominates. But all of

the other four routes (Røsthavet, Moskstraumen, Nappstraumen

and Gimsøystraumen) allow particles to exit within 2 weeks, both in

the WiTi and the NoTi run. And, importantly, the fraction of

particles that has followed the main path of the NCC within 4 weeks

is only 59% in the WiTi run, compared to 87% in the NoTi run.

Moskstraumen, which is the second most important transport route

in both model simulations, accounts for 32% in the WiTi run but

only 6% in the NoTi run. Røsthavet contributes with 4% and 1% in

the WiTi and NoTi run, respectively. Finally, the longer straits

further to the northeast, Nappstraumen and Gimsøystraumen,

contribute with 3% and 2% in the WiTi run, and 1% and 2% in

the NoTi run, respectively.

The middle and lower panels in Figure 9 show the same

calculation, but now done for particles that end up on the middle

and northern shelf, respectively (regions III and IV in Figure 2B).

For the middle shelf region, the contributions from the various

routes are generally similar to the overall transport out of

Vestfjorden (upper panel), particularly for the NoTi run. But in

the WiTi run, a slightly higher fraction of particles ends up on the

middle part of the shelf after exiting through Moskstraumen with a

lower fraction having exited via the NCC. This indicates that a

larger fraction of particles exiting via the NCC are either still located

in the southern shelf (region II) or lost to the Lofoten Basin (region

V) than what is the case for particles transported through the straits.

The impact of tides on transport routes and transport times

becomes most apparent when doing the counts for particles that

reach the northern shelf (region IV). In our model simulations, no

particles have reached this region within 2 weeks when tides are

excluded, while both Moskstraumen and Nappstraumen provide

transport routes within such a short time period when tides are

included. In theWiTi simulation these two routes also dominate the

contribution to the northern shelf after 3 and 4 weeks. In contrast,

modelling drift without tides in the NoTi run gives the impression

that almost 80% of particles that reach this far north after three

weeks have been advected south of Røst via the NCC. A more

correct estimate, as indicated by the WiTi run, is less than 20%.
FIGURE 8

Fraction of particles that is located inside Vestfjorden (region I in Figure 2A), on the outer shelf (regions II, III and IV) and in the Lofoten Basin (region
V) after 3 weeks (light colors) and after four weeks (dark colors). The black colors represent the WiTi run while the red colors represent the NoTi run.
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3.3 Temporal variations in particle drift

Particle drift can be expected to vary in time due to both

changes in external forcing and internal ocean variability. Given the

importance of tidal advection seen above, we now ask whether the

spring-neap cycle in tidal forcing can also modulate export from

Vestfjorden and whether it may be comparable to transport

variability due to changing wind forcing.
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Spring-neap variability is assessed by calculating the fraction of

particles that leaves Vestfjorden via the different transport routes

during different stages of the spring-neap cycle. We define spring

tide as periods when the amplitude in sea surface height variability

is more than 2 standard deviations above the mean amplitude at any

given location. Likewise, neap tide is defined as periods when the

amplitude is less than 2 standard deviations below the mean.

Finally, we also define an ‘intermediate tide’ when amplitudes are
FIGURE 9

Fraction of particles transported along the five main transport routes out of Vestfjorden, namely the NCC (south of Røst), Røsthavet, Moskstraumen,
Nappstraumen and Gimsøystraumen. The upper panel considers particles that end up anywhere outside Vestfjorden (ending either on the shelf or in
the Lofoten Basin). The middle and lower panels consider particles that end up on the Shelf-middle and Shelf-north, respectively (regions III and IV
in Figure 2A). The blue, yellow and green colors indicate particles at age younger than 2 weeks, 3 weeks, and 4 weeks.
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within 2 standard deviations of the mean. Since the time-series for

neap, spring and the intermediate tide are not necessarily of equal

length, the fraction estimates are normalized by the corresponding

lengths for comparison.

The result of this exercise is shown in Figure 10. It suggests that

the total particle transport out of the embayment, summed over all

transport routes, is in general lowest during neap-tide. But whether

the largest transport rates occur during spring or intermediate tide

depends on the transport route. Both Moskstraumen and

Nappstraumen, where tidal pumping is the main transport

mechanism, have largest transport rates during spring tide, almost

twice the rates as during intermediate tide. In contrast, the transport

via the NCC and Røsthavet is highest during intermediate tide. The

higher transport rates here during intermediate tides can be due to

weaker tidal contribution to the net transport and thus less particles

that have already been transported out of Vestfjorden upstream

through Moskstraumen and Nappstraumen, compared to spring

tide. The transport through Gimsøystraumen, the northernmost of

the straits considered and also one in which tidal pumping is not very

important, is also highest during intermediate tides. However, the

detailed interplay between variations in particle transport through the

different straits upstream and downstream along the NCC, have not

been investigated.

Earlier studies have pointed to winds as the primary source for

variability in the surface circulation in the Lofoten-Vesterålen

region (Sundby, 1978; Mitchelson-Jacob and Sundby, 2001;

Strand et al., 2017). Particle drift in Vestfjorden has also been

closely linked to wind forcing (Ellertsen et al., 1981; Furnes and

Sundby, 1981). More specifically, winds from the prevailing

directions northeast and southwest impact the surface circulation

and transport both inside Vestfjorden and on the shelf. Since both

the shelf and Vestfjorden are north-easterly directed (Strand et al.,

2017, about 42 degrees from east), winds from these two directions
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will typically act with or against the predominant flow directions. It

would thus be useful to know how the spring-neap cycle in particle

transport measures up to such wind-driven variability.

To evaluate wind-driven transport variations out of

Vestfjorden, we investigate surface currents and particle drift

during time periods when the mean winds along the coast come

from the northeast (NE) and from the southwest (SW). We extract

these time periods following the approach by Strand et al. (2017)

and define the two wind sectors NE and SW as spanning +/- 45

degrees relative to the direction of the shelf (42 degrees north of

east). The composite mean surface circulation during NE and SW

winds is shown in Figure 11. The patterns, which can largely be seen

as adjustments to offshore and onshore surface Ekman transport,

are very similar to the schematic differences illustrated in Figure 10

of Mitchelson-Jacob and Sundby (2001). On the outer shelf, NE

winds force the NCC to take on a more westward path and inhibit

the formation of the coastal branch of the NCC which was seen in

Figure 5A. At the shelf break, the NCC has a strong cross-slope

component towards the Lofoten Basin. In contrast, during SW

winds the north-eastward along-shelf component of the surface

flow is strengthened. Inside Vestfjorden NE winds enhance current

speeds in the NCC branch that flows through Vestfjorden, while

SW winds cause the SW-directed NCC along the west side of

Vestfjorden to weaken. Additionally, during SW winds an

anticyclonic flow encircling all the islands south of Lofotodden

appears with a prominent eastward component through

Moskstraumen, presumably weakening the transport of particles

through this passage.

The effect of these two dominant wind regimes on particle

transport out of Vestfjorden is quantified in Figure 12. For

completeness, we also include transport when the winds come

neither from NE or SW—labeled as ‘other wind directions’, and

again the counts have been normalized by the length of each
FIGURE 10

Weighed fraction of particles that exits Vestfjorden during spring, neap and intermediate tide via the main transport routes out of Vestfjorden. The
gray patches in the background show the total fraction of particles that exited through the different straits.
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category. The results for the WiTi run are shown in the top panel.

The calculation indicates that transport out of the embayment via

the NCC, Røsthavet and Moskstraumen is higher during NE winds

than during SW winds, and vice versa for the two northernmost

straits Nappstraumen and Gimsøystraumen. This behavior is in

agreement with the predominant circulation patterns of the two

forcing regimes and is also in agreement with the earlier findings of

Furnes and Sundby (1981). At the most basic level the difference can

be understood as a ‘pile-up’ effect in the inner parts of the

embayment during SW winds. But somewhat surprisingly, the

difference in transport between the two regimes is smallest along

the main advection path of the NCC. In general, the export through

all openings for ‘other wind directions’ is generally comparable in

size to that of the dominating wind regime. And this regime even

dominates transport via the NCC.

Again, we will not study these differences in detail. However, it

is worth noting that the temporal variation in particle transport

through the straits due to variable wind forcing is considerably

larger in the model simulation where tides are excluded (NoTi run)

compared to the more realistic WiTi run. And, more importantly, a

comparison with Figure 10 reveals that the relative changes due to

these wind variations when tides are present are comparable to or

even smaller than the transport variations over the spring-neap

tidal cycle.
4 Discussion and concluding remarks

The area around the Lofoten-Vesterålen archipelago has since

the Stone age been known as the major spawning ground for
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Northeast Atlantic cod, and the cod fisheries here have historical

been very important for both the local communities and the

Norwegian state (Øiestad,1994). Sustainable use of this fish stock

in the future must depend on identifying and examining all factors

that impact the life cycle of the species, and this includes

understanding the underlying ocean dynamics. Our model study

shines light on one such dynamical aspect, namely the net impact of

the ever-present tidal oscillations. The model results give clear

indication that ocean tides are of considerable importance for

the transport of cod eggs and larva from the spawning area in

the Vestfjorden embayment and onto the outer shelf. Specifically,

tides increase the net export of particles (eggs) out of the

embayment by 10% and, perhaps more importantly, they impact

the transport path and travel times, primarily by forcing more of the

particles through the many straits that cut through the Lofoten-

Vesterålen archipelago.

While Moskstraumen is an already-established transport route

out of the embayment (Sundby, 1978; Ellertsen et al., 1981;

Ommundsen, 2002), the other straits further north, like

Nappstraumen, have previously only been hypothesized as

potential routes out of Vestfjorden (Ommundsen, 2002). Here, we

find that all the four straits evaluated in this study have increased

particle transport when tides are included, with Moskstraumen

(32%) and Røsthavet (6%) contributing the most. Tidal pumping by

dipole formation (Børve et al., 2021) appears to be the dominant

process at play in the narrow straits. Moskstraumen is special

among the straits in relation to particle transport, due to its

geometry. When a large volume of water needs to pass through

the small constraint that Moskstraumen is the speed of the current

becomes large (up to 3 m/s). The tidal jet that forms, also creates
FIGURE 11

Composite means of the surface circulation in Lofoten during (a) NE-wind events and (b) SW-wind events in the WiTi run. The NoTi run show very
similar time mean surface circulation for these wind regimes.
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starting-jet vortices at each side of the strait. Because the strait is

narrow enough these two vortices interact and form a self-

propagating dipole. These dipole vortices can capture particles

from inside Vestfjorden and transport them far enough westward

towards the shelf to avoid being drawn back into Vestfjorden during

the subsequent phase of the tide (Børve et al., 2021). Transport

through the wider Røsthavet, however, is primarily due to a

different mechanism, involving the generation of rectified time-

mean anti-cyclonic circulation cells around the islands Værøy and

Mosken (Børve et al., 2021). The time-evolving Lagrangian

interaction between these relatively large-scale cells and smaller-

scale flow features thus ensures a net transport of particles across

this wide opening in the archipelago.

Another interesting result of the study is that the fortnightly

spring-neap modulation of the tidal strength appears to also

modulate transport out of Vestfjorden. Specifically, in

Moskstraumen and Nappstraumen export during spring tide is

more than twice that during neap tide. The differences between the

two phases of the tide are smaller for the other export routes and are
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also dominated by periods in-between springs and neaps for

reasons we have not been able to pin down. But, importantly, the

spring-neap variation in transport, at least through Moskstraumen

and Nappstraumen, is comparable to or even larger than transport

differences between the two predominant wind regimes over the

region. And, indeed, the presence of tides seem to reduce the

sensitivity of particle export to wind variations considerably. This

last result may have been anticipated since a non-negligible fraction

of the total transport is due to ocean dynamics that is not sensitive

to the winds at all.

In general, we find from the model study that tides both

enhances the net transport of particles and influences the

transport routes and thus travel times out of Vestfjorden and

northward on the shelf. The reduced travel times to the northern

shelf regions, can both be due to a more effective route out of

Vestfjorden, and potentially also partly due to tidally-induced

transport on the outer shelf itself. Enhanced northward transport

on the shelf can specifically be linked to an observable amplification

of diurnal tidal currents there. The amplification is due to the
FIGURE 12

Weighed fraction of particles that exits Vestfjorden during NE-winds and SW-winds, as well as other wind directions”, via the main transport routes
out of Vestfjorden. The gray patches in the background show the fraction of particles that exited through the different straits in total. The upper and
lower panels show the results from the WiTi run and the NoTi run, respectively.
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generation and propagation of diurnal continental shelf waves

(CSWs) in the region (Moe et al., 20002; Weber and Børve,

2022). Damping of these CSWs by interactions with the rugged

coastline results in a northward Lagrangian drift, which induce the

highest velocities near land (Weber and Børve, 2022). Weber and

Børve (2022) estimated the magnitude of the total northward

Lagrangian drift induced by diurnal CSWs west of Vesterålen to

be around 6 cm/s, a value which is comparable to the estimated

mean speed of the NCC.

From a biological perspective transport routes and travel time

of cod eggs and larave from Vestfjorden out to, and northward

along, the outer shelf is highly interesting. At the shelf and shelf

break area north and west of Lofoten-Vesterålen archipelago

super swarms of Calanus zooplankters, covering an area of more

than 1000 km2 and with species densities of more than 4000

species/m3 in the upper 10 m, have been observed by a

combination of remote sensing technology and net sampling

(Basedow et al., 2019). The Arctic Calanus species, which are

very energy-rich with a lipid content often over 60% (Scott et al.,

2002), make the slope and shelf regions west and north of the

Lofoten-Vesterålen archipelago an area with plenty of energy-rich

food, ideal for cod larvae at different sizes. Also, from late

February to mid-April a semi-permanent transport barrier along

the shelf break has been observed (Dong et al., 2021). This barrier

restrains the cross-shelf exchange in the surface waters and

prevents Calanus species and cod larvae to be transported off

the shelf during this period. The combined effect of high

phytoplankton production, advection of Calanus species on to

the shelf and the semi-permanent transport barrier makes this

into an area of high biological significance.

The review by Kjesbu et al. (2023) discusses how the

“recruitment problem in the Northeast Atlantic cod”, is

influenced by the timing of the phytoplankton bloom, the

zooplankton dynamics, and first feeding of cod larvae on Calanus

nauplii. More specifically, a new study (Basedow et al., 2024) shows

that LofotenVesterålen has several phytoplankton blooms, starting

in the fjords in March and lasting until end of May/beginning of

June on the shelf and in the Lofoten basin. It would appear that the

relative timing of these shelf processes and the arrival of NEA cod

eggs and larvae from Vestfjorden to the outer shelf should greatly

impact the specie’s life cycle. And as seen here, tidal dynamics may

be a factor that contributes to this interplay.

However, it is worth reminding that this study focuses on the

tidal transport dynamics and their impact on the regional ocean

circulation and transport in the Lofoten and Vesterålen region. For

simplicity and to provide more generic results we use passive

particles, i.e. particles that have neutral buoyancy. NEA cod egg

and larvea is used as example to highlight the importance of

understanding the dynamics influencing the transport in complex

coastal areas. But since both fish eggs and larvae have their own

buoyancy, and the impact of such effects on integrated drift remains

unknown, this should be investigated as a next step.

Additionally, it should be noted that the tides also enhance

vertical and horizontal mixing of active tracers, i.e. of salinity and

temperature (not shown). The water columns in the straits are well-

mixed in both simulations, so tides impose little effect on the
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stratification inside the straits. The lateral mixing and strong tidal

currents, on the other hand, lead to a distinct change in the water

mass properties in the straits between the two simulations. The

WiTi case exhibits a stronger presence of water from the NCC,

which is more saline due to mixing with Atlantic Water further

south compared to the water mass closer to the coast which

typically is more influenced by fresh water run offs. Thus, the

results suggest that tidal forcing increases the influx of saline water

into the strait, with temperatures between 3-8°C. This influx leads

to a shift in the water column toward higher densities inside the

straits in the WiTi run compared to the NoTi run. The increased

mixing associated with tidal forcing results in a reduced

temperature and salinity range, but does not change the

stratification and vertical distribution of the passive particles

significantly (not shown). However, when modeling realistic cod

eggs and larvea, the changes in the water mass composition due to

tidal mixing and dispersion might influence the modeled growth

and hatch time of cod eggs and larvae.

Furthermore, we also omit wind-driven high-frequency surface

waves. These can impact the vertical distribution of particles in the

upper layer ocean by modulating turbulent vertical mixing as well as

horizontal particle transport near the surface by Stokes drift. In fact,

Röhrs et al. (2014) showed though numerical modelling that when

wind-wave Stokes drift is included particles are generally

transported closer to land and thus closer to the various strait

entrances in Lofoten. This effect may be particularly tied to the swell

which typically comes in from the open ocean and then refracts

wave pseudo-momentum and Stokes transport toward the shore.

Hence, by including wind-induced Stokes drift in simulations, the

observed tidal pumping and the associated transport through the

straits might become even more important. However, this is yet to

be shown.

It is worth stressing the importance of the use of a variable-

mesh ocean model in this study. The nonlinear processes that

generate flow separation and dipole eddies occur on small scales

and are typically tied to abrupt changes in coastline and

topography. Very high mesh resolution is thus required to resolve

the small-scale dynamics in and near the straits (Lynge et al., 2010;

Nøst and Børve, 2021; Børve et al., 2021). At the same time, we are

interested in the far-field impact in the whole Lofoten-Vesterålen

region. This double focus is hard to achieve with a regular-mesh

model, at least not with present-day computing power. Based on the

results in this study we highly recommend that ocean circulation

and transport in complex coastal regions are modelled with high

resolution both spatially and temporally, particularly in areas that

have strong currents (like tides), to resolve non-linear flow

dynamics which can be important for ocean transport.

To sum up, this study clearly highlights the need for resolving

and including small-scale tidal dynamics when modelling

transports of cod eggs and larvae in the Lofoten and Vesterålen

region (and other similar complex coastal regions). As seen, tidal

processes have systematic impact on travel times for cod eggs and

larvae from Vestfjorden, and potentially for cod juveniles along the

shelf towards the Barents Sea. The next question is then how these

results fits in with what is known about the early life cycle of

the species.
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