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Rectified tidal transport in Lofoten-Vesteralen, Northern Norway
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Abstract. Vestfjorden in Northern Norway, a major spawning ground for the Northeast Arctic cod, is sheltered from the
continental shelf and open ocean by the Lofoten-Vesteralen archipelago. The archipelago, however, is well known for hosting
strong and vigorous tidal currents in its many straits, currents that can produce significant time-mean tracer transport from
Vestfjorden to the shelf outside. We use a purely tidally-driven unstructured-grid ocean model to look into nonlinear tidal
dynamics and the associated tracer transport through the archipelago. Of particular interest are two processes: tidal pumping
through the straits and tidal rectification around islands. The most prominent tracer transport is caused by tidal pumping
through the short and strongly nonlinear straits Nordlandsflaget and Moskstraumen near the southern tip of the archipelago.
Here, tracers from Vestfjorden are transported tens of kilometers westward out on the outer shelf. Further north, weaker yet
notable tidal pumping also takes place through the longer straits Nappstraumen and Gimsgystraumen. The other main transport
route out of Vestfjorden is south of the island of Rgst. Here, the transport is primarily due to tracer advection by rectified
anticyclonic currents around the island. There is also an anticyclonic circulation cell around the islands of Mosken-Vergy, and
both cells have have flow speeds up to 0.2 m/s, magnitudes similar to the observed background currents in the region. These
high-resolution simulations thus emphasize the importance of nonlinear tidal dynamics for transport of floating particles, like

cod eggs and larvae, in the region.

1 Introduction

Increased industrial activity along the Norwegian coast risesraises concern about potential impacts on the marine ecosystem.
To properly assess risks involved, we need to understand oceanic dynamics in near-shore regions and its associated trans-
port of nutrients and pollutants. Together with wind and freshwater run-off, tides-often-strong tidal currents may dominate
the flow dynamics in coastal regions on short time scales. While strong tidal currents are known to cause efficient vertical
mixing of the ocean, important for bringing up nutrients
(e.g. Blauw et al., 2012; Richardson et al., 2000), their contribution to net horizontal transport is often underestimated due to

their oscillating nature. However, when strong tidal currents interact with complex topography in shallow waters, nonlinear

flow dynamics can produce significant time-mean lateral transport (Huthnance, 1973; Parker, 1991).
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In this study, we will investigate nonlinear tidal dynamics around Lofoten-Vesteralen in Northern Norway (FigureFig. 1), a
major spawning ground for the Northeast Arctic cod (Hjermann et al., 2007). Spawning of this species takes place all along the
middle and northern Norwegian coast, but as much as 40 percent of the cod spawns in Vestfjorden southeast of the Lofoten-

o (Ellertsen et al., 1981; Sundby and Bratland, 1987). Thecod-eggs-andlarvae-spend-the-firstfive-months

Vesteralen archipelag

Therefore a good understanding of ocean dynamics controlling the drift and spreading patterns of the-biogeochemical material
and cod eggs and larvae in particular, is important for identifying particularly vulnerable regions and factors controlling the

recruitment of the Northeast Arctic cod.

The majority of studies on transport ef Nertheast-Aretic-cod-eggs-andlarvae-in the Lofoten and Vesteralen region have fo-
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- 5 the laree-scale ocean dynamics (e.e. Adlandsvik and Sundby, 1994: Vikebg et al., 2007: Opdal et al., 2008).
For example, the transport of cod eggs and larvae out of Vestfjorden itself has been reported to mainly take place around

the southern tip of the Lofoten-Vesteralen archipelago (Vikebg et al., 2007; Opdal et al., 2008), following the larger-scale
background currents, notably the NEENorwegian coastal current, and currents that respond to sporadic wind events. But-by
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tidally-driven transport have gained little attention in Lofoten and Vesterdlen.

The straits are well known for hosting strong and vigorous tidal currents. This includes a set of narrow and relatively long
straits along the northern half of the archipelago, but even more so 2-3 wider but short straits over the shallow ridge southwest
of Lofotodden (Moe et al., 2002). Here, near the southern tip of Lofoten, Moskstraumen is situated, also called the Lofoten
maelstrom and famous for its vigorous and deadly currents. For the interested reader, tales, stories and observations of the
Lofoten maelstrom can be traced all the way back to the medieval ages (see Gjevik et al., 1997). It seems clear that the vigorous
tidal transport and dispersion around Moskstraumen in particular, but also in other straits of Lofoten, can impact the net
exchanges between Vestfjorden and the shelf outside. Existing studies have focused on quantifying tidal dispersion rates (Lynge
etal., 2010) and on establishing a link between tidal dispersion and transport by time-mean currents (Ommundsen, 2002). There
has, however, been less attention put on identifying and quantifying the underlying non-linear dynamics responsible for tidal
dispersion and transport. Two such nonlinear processes that are likely to be important in our region, and will therefore be the
focus of the present study, are tidal pumping and tidal rectification.

Tidal pumping in a strait is a Reynolds flux of properties caused by a temporal asymmetry in circulation patterns between
the flood and ebb phases of the tide (Geyer et al., 2001). The process can be explained using the simple model by Stommel
and Farmer (1952), who were the first to investigate this phenomenon. When tidal currents enter a strait, say from the open

ocean side, we expect them to behave roughly as potential flow and be steered by the coastline into the opening. So waters
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Figure 1. The general ocean surface circulation in the Lofoten-Vesteralen region. Black arrows show the Norwegian Coastal Current (NCC)
and the red arrow shows the Norwegian Atlantic Current (NWAC). The blue two-headed arrow show the location of Moskstraumen, situated

between Lofotodden to its north and the small island Mosken to its south.

water from a wide region around the opening, the ’sink region’, is pulled into the strait. In contrast, when the flow exits the
strait during the subsequent phase of the tide, the joint effect of friction and an adverse nonlinear pressure gradient as the strait
opens up might cause the flow to separate from the coastline (Kundu et al., 2016). If there is such flow separation, the exiting
water will continue straight ahead as a tidal jet. The areas covered by the sink region and the tidal jet are equally large, but
they clearly take on different shapes. Some regions are overlapping while others are not. The existence of non-overlapping
regions will cause some difference in what-which waters flow into and out of the strait —(a simple sketch is provided in Fig. 9 of
Section 3.1). More recent studies have found that the presence of a tidal jet on outflow from a strait is intimately related to the
formation of self-propagating dipoles at the strait exit (Wells and van Heijst, 2003; Afanasyev, 2006; Ngst and Bgrve, 2021).
The dipoles emerge from vortices that form at the points where the flow separates from the coastline, one at each side of the

strait exit. The vortices become a self-propagating dipole when the strait is narrow enough for the two to interact, so that the
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velocity eld of one vortex begins to advect the vorticity of the other. This self-propagating dipole is then trailed by the tidal
jet. As it turns out, most of the water that exits the strait is injected into the dipole and its trailing jet (N@st and Bgrve, 2021).
Therefore, if the dipole avoids being drawn back into the strait during the subsequent potential ow phase of the tide, the result
will be a net property exchange through the strait (Kashiwai, 1984; Wells and van Heijst, 2003; Ngst and Bgrve, 2021).

The second process, recti cation of oscillating currents around isolated islands and banks, has been observed in severa
regions where cross-slope tidal currents are prominent. The phenomenon can be explained as a response to a nonlinear m
mentum transport convergence by the oscillating currents (Huthnance, 1973; Loder, 1980) or, alternatively, a net cross-slope
vorticity ux by the same oscillations (Zimmerman, 1978; Robinson, 1981). The generation of a net vorticity ux can be under-
stood by imagining following a water column that moves periodically up and down the topographic slope of a bank, driven by
a large-scale tidal potential (Zimmerman, 1978, 1981). In the northern hemisphere, the column attains negative vorticity on its
way up the slope and positive vorticity on its way down due to vortex squeezing and stretching, respectively. Bottom friction
then removes some negative vorticity from the column over shallow regions and some positive vorticity over deep regions.
A sustained oscillation, driven by the large-scale tidal potential, will hence be associated with a positive vorticity ux from
columns may be balanced by bottom friction acting on a time-mean anti-cyclonic circulation around the bank. Additionally,

a net vorticity ux across a sloping bottom can be generated by differential bottom friction acting on water columns that are
made to oscillat@longthe sloping bottom (Zimmerman, 1978; Loder, 1980; Pingree and Maddock, 1985; Maas et al., 1987).
In this case the direction of the vorticity ux will depend on the orientation of the tidal ellipses relative to topography, but the

end result will also be time-mean currents arotstdndislands and banks.

Indication of large dipole vortices associated with tidal currents have been observed in satellite images from Moskstraumen
(see e.gFigureFig. 2), indicating that at least tidal pumping may be of importance in the Lofoten-Vesterélen region. The recti-
cation of tidal currents has not, to our knowledge, been observed or studied before in this region. But strong tidal oscillations
around the islands of Mosken, Veergy and Rgst off the southern tip of the archipelago suggest that this is a process worth
investigating. In the presence of interactions with smaller-scale non-conservative ow dynamics, such time-mean circulation
cells may very well act as 'gears' that transport cod eggs and larvae, as well as nutrients and pollutants, between Vestfjorden
and the outer shelf.

In this paper we will isolate these two potential transport mechanisms by conducting and analysing a purely tidally-forced
numerical simulation of the region. Modeling non-linear tidal dynamics in such a complex region is challenging. Lynge et al.
(2010) found that modelled tidally-driven transport through Moskstraumen is highly dependent on the model grid resolution
and that a horizontal resolution down to 50-100 m is required to resolve key non-linear dynamics and thus obtain realistic
transport estimates. This resolution in much higher than what is typically used in e.g. operational transport models of the
region. Our approach to this practical problem is to use an unstructured grid model which allows very high resolution in straits
where nonlinear tidal dynamics is thought to be important. At the same time the exible mesh allows us to reduce resolution
away from complex geometry, thus enabling us to run simulations over a large enough domain to provide a good representation

of the northward propagating tidal waves. The model setup and a validation against available observations are summarized in
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with atrailing jetis.evident.The Sentinel-1l missions satellites carry a multi-speciratramentanstrument with 13 spectral channels in the

short wave infrared and visible/near infrared spectral range, whereas this image is collected from band B4 (664.6 nm). The satellite imagery
was assessed and processes using data from the Norwegian National Ground Segment for Sentinel data (Halsne et al., 2019, pers. comr

Trygve Halsne).

seetionSect.2. The two dynamical processes are then discussed separatadgtisnSect.3. Finally, a brief summary of
results inseetionSect. 4 wraps up the study.

2 Model description

We use the Finite Volume Community Ocean Model (FVYCOM Chen et al., 26f@8)modelling tidal ows in the Lofoten-
Vesteralen region. FVCOM is a prognostic, free-surface, three-dimensional primitive equation ocean model which solves the
integral form of the equations on an unstructured triangular horizontal grid and a terrain-following vertical grid. For this study
of lateral transport dynamics we used a two-dimensional version of FVCOM, leaving out buoyancy effects. The model calcu-
lates momentum advection using a second-order accuracy ux scheme (Chen et al., 2013; Kobayashi et al., 1999), horizontal
diffusion of momentum by the Smagorinsky closure scheme (Smagorinsky, 1963) and quadratic bottom friction using a depth-
dependent drag coef cient. The governing equations are integrated in time using a modi ed explicit forth-order Runga-Kutta
time stepping scheme (Chen et al., 2013).

The model domain, with coastline and bottom depths, is showrgareFig. 3. The unstructured triangular grid enables
us both to resolve small-scale nonlinear ow dynamics near land as well as the large-scale behavior of the tidal waves. Along
the coast the grid resolution is as high as 30-50 meters, which provides us with a minimum of ve grid cells across the
narrowest cross-sections inside straits and inlets. Most straits are, however, resolved with more that ve grid cells, as illustrated
by Nappstraumen in the right paneléifureFig. 3. Such high resolution near land allows us to model ow separation and the
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Figure 3. The model domain for the unstructured-grid modeling. The left panel a) shows the bathymetry inside the model domain. The dotted
thick black line shows the outer open boundary of the model. The thin black line bordering Vestfjorden outlines the boundary of the region
where we release a tracer. The right panel b) shows an example of the varying triangular grid resolution near Nappstraumen, highlighted by

the red rectangle in the left panel.

development of eddies, which are important processes for generating nonlinear tidal transports. The grid resolution decrease:
monotonically away from land and steep topography, down to around 5 km along the open boundary away from the coastline.

Along the open boundary, we force the model with prescribed sea surface height (SSH) anomalies due to northward-
propagating tidal waves. We obtain the SSH forcing elds from the TPXO 7.2 assimilated tidal model (Egbert and Erofeeva,
2002) from which we include all major constituents. The surface elevation is speci ed at the boundary nodes. Velocities in FV-
COM are calculated in the center of each triangular cell, and not directly at the boundary. The velocities in the open boundary
cells are calculated based on the assumption of mass conservation (Chen et al., 2003, 2011).

We spin the dynamics of FVCOM up for six months before analyzing the model elds. In order to investigate tidal transport
dynamics, we couple FVCOM with a passive tracer module, the Framework for Aquatic Biogeochemical Models (FABM
Bruggeman and Bolding, 2014). After the six-month spin-up period, we release a passive tracer of concéntratiomside
Vestfjorden (bounded by the thin black lines shown in the left panéligfireFig. 3). The tracer concentration is set to zero
outside. After this initial tracer release, we run the coupled model for another two more months to ensure that we capture
effects of thehespring-neap cycle.
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2.1 Model validation

The large-scale behavior of the M2 and K1 tidal waves and associated currents are shégwdifrig. 4. The semi-diurnal

M2 wave (left panels) is the dominating constituent in the region. The wave is scattered and de ected around the Lofoten
archipelago. The fraction of the wave that enters Vestfjorden slows down and the SSH amplitude increases towards the heac
of the fjord due to the geometry of the fjord. In contrast, the fraction of the wave that passes west of the archipelago speeds
up along the narrowing shelf. The result is a small phase shift and a large difference in SSH amplitude between Vestfjorden
and the outer side of the archipelago. This generates strong tidal currents in the straits (lower left panel). Particularly strong
currents are found over the narrow and shallow ridge south of Lofotodden.

The K1 wave is the dominating diurnal constituent (right panels), but its amplitude in SSH is only about one tenth of the M2
amplitude. The K1 wave behaves similarly to the M2 wave inside Vestfjorden, and a gradient in SSH across the archipelago
produces strong diurnal tidal currents as well through the straits (lower right panel). Interestingly, along the narrow outer shelf
vest of the archipelago we observe that the K1 tidal current amplitude increases northward, particularly west of Vesteralen.
For comparison, the M2 tidal current amplitude decreases in the same area. This prominent ampli cation of the diurnal tidal
component, K1, has been attributed to the generation of diurnal continental shelf waves by Ommundsen and Gjevik (2000) and
Moe et al. (2002).

The large-scale behavior of both M2 and K1 waves in our model corresponds well with results reported earlier by Gjevik
et al. (1997) and Moe et al. (2002). Furthermore, the sea surface height and phase from the model t reasonably well with
observations from ve stations provided by the Norwegian Mapping Authority, Hydrographic Service (2021), as shown in
FigureFig. 5. One notable exception is the phase ofitididewhichistoosmallinthemodelcomparedo-observationérom

tidal current amplitudes also agree well with observations (also sholigierig. 5¢). Herewe also observe that the K1 tidal

current dominates in station 8, Sortlandssundet, which corresponds to the enhanced current velocities for the diurnal K1 tide

2. In general, we nd that the overall performance of our FVCOM tidal simulation is acceptable, providing a good foundation
for investigating tidal transport dynamics in the region.

3 Tidally-driven tracer transport in Lofoten

Figure 6 shows a three-day average of the tracer concentration near the end of the simulation period. We observe a pronounce
net tracer exchange between Vestfjorden and the shelf outside, particularly south of Lofotodden. Water with tracer concen-
tration exceeding:3 m 3 is transported tens of kilometers westward on the outer shelf from this southernmost region. We
also observe notable tracer transports through the longer straits Nappstraumen (4) and Gimsgystraumen (5) somewhat furthe
north. In contrast, only a very small amount of tracer appears to be transported through the long and narrow Raftsundet (6) and
Tjeldsundet (7) even further to the northeast.






