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Abstract The aim of this study is to investigate tide–
surge interaction in narrow channels with complex and
relatively shallow topography. A high-resolution depth-
integrated tidal and storm surge model has been imple-
mented for the Tjeldsund channel which is an important
sailing lane in northern Norway. A horizontal grid resolution
down to 50 m is applied in order to represent the complex
bottom topography and the formation of jets and small-scale
eddies. Two typically storm surge events in December 2004
have been examined in detail. The tide–surge interaction is
found to influence the generation of higher harmonics and
the formation of eddies in the current field. In some cases,
the magnitude of storm surge currents may reach the same
magnitude as the tidal currents enhancing the formation of
jets and eddies.
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1 Introduction

The non-linear interaction between tides and storm surges
has been studied extensively by e.g. Prandle and Wolf
(1978), Johns et al. (1985), Tang et al. (1996), Bobanovic
et al. (2006), Horsburgh and Wilson (2007), Jones and
Davies (2007, 2008), and references therein. The focus has
mostly been on how the interaction affects the elevation of
the surge and the timing of high water relative to the phase
of the tide. The non-linear quadratic bottom friction, used
in most shallow water models, is found to play a crucial
role for the tide–surge interaction, but the coupling between
the surge and the tide through the non-linear momentum
terms is also important. The latter mechanism is particularly
important for the non-linear modification of the current field
by generation of higher harmonics and short periodic cur-
rent oscillations by shear flow instabilities. In shallow water
regions, the tide–surge interaction may both influence the
surge and modify the tide at the time of the surge (Jones and
Davies 2008).

In the present study, we study the tide–surge interac-
tion in the narrow and relatively shallow Tjeldsund channel
which connects two large and deeper fjord systems; the
Vestfjord and the Vågsfjord in the Lofoten area in northern
Norway (Figs. 1 and 2). The channel is an important sail-
ing lane for coastal traffic, also including large vessels. The
tidal range is about 4 m at Narvik at the head of the Vestfjord
and 3 m at Harstad in the Vågsfjord. The tides in this area
have previously been modelled with a regional model with
500 m horizontal grid resolution (Gjevik et al. 1997; Moe
et al. 2002). More recently, Hjelmervik et al. (2005, 2009)
used a high-resolution model with horizontal grid resolution
down to 25 m to simulate the tidal flow in the Tjeldsund
channel. In the latter paper, some aspects of the tide and
surge interaction were also discussed.
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Fig. 1 Location of the two model domains (rectangles) on the north-
ern coast of Norway. Enlargement of the smaller domain is shown in
Fig. 2. Depth contours in metres

During a storm situation, with low atmospheric pressure
and strong south-westerly wind, the sea level in the inner
part of the Vestfjord often rises up to 1 m due to the atmos-
pheric forcing. The large-scale external surge in the fjords
can in such situations lead to sea level differences up to 1 m
between the ends of the Tjeldsund channel. This can intro-
duce a current through the channel of the order 1 m s−1,
which is of comparable strength to the tidal current. The
current associated with strong storm surge events is mainly

driven by external surge in the deep fjords north and south
of the channel. The local wind stress on the water masses
within the channel contributes less to the current due to the
sheltering effect by the high and irregular mountains in the
area.

The surge current may intensify or reduce the tidal cur-
rent depending on the phase of the tide relative to the timing
of the peak surge-driven current. In narrow and shallow
parts of the channel, the current can also be strong enough
to produce non-linear interaction between the surge and the
tide with the generation of higher harmonics, flow separa-
tion with eddies at bends in the channel, and short periodic
current oscillation due to shear flow instability. In contrast
to the situation in most estuaries, the maximum tidal cur-
rent in the Tjeldsund channel occurs nearly at the time of
high and low water, respectively. To our knowledge, this
particular tide–surge interaction problem in a narrow chan-
nel has not been reported previously. The focus will be on
well-mixed conditions which usually occur during autumn
and winter. Hence, we will use the depth-integrated shallow
water equations which have been applied extensively for
modelling tides and storm surges in shelf and coastal areas
(Davies et al. 1997a, b, and references therein).

The challenges with numerical modelling of the tidal and
storm surge current in the Lofoten area are many. First of all,
the complex bottom topography and coastline require a very
fine spatial grid resolution. Secondly, in order to capture the
formation of narrow jets and small-scale eddies, it is essen-
tial that the numerical scheme maintains the correct balance
between advection and dissipation terms in the equations of
motion.

Fig. 2 The area of interest is
the Tjeldsund channel with the
Ramsund branch to the right.
Bottom topography is shown by
colour shading with depth in
metres on the scale. Depths are
related to mean sea level.
Location of the stations with
current measurements are
marked St1–St3 and SK
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In narrow channels and sailing lanes with busy traffic as
in Tjeldsund, the current represents a considerable safety
hazard. Currents of 1 m s−1 may introduce forces on large
ships of the same order of magnitude as gale force winds.
This may make it difficult to manoeuvre large ships in the
channel, with the risk of being carried off the recommended
sailing lane. Wave–current interaction may also introduce
additional complications for safe sailing (Hjelmervik and
Trulsen 2009). If the current field can be predicted with a
reasonable accuracy, this may improve the safety of sail-
ing and reduce the risk for ship collisions and groundings.
Accurate predictions of currents may also prove valuable
during cleanup operations after oil spill disasters and search,
rescue, and surveillance operations during ship accidents.

Recently, it has been demonstrated how predicted high-
resolution tidal current fields can be displayed in real
time on modern electronic navigational charts, and thereby
become a useful tool for navigators (Gjevik et al. 2006).

2 Numerical model

2.1 Model equations

The non-linear depth-integrated shallow water equations in
a Cartesian coordinate system (x, y, z) with the x- and y-
axis horizontal in the level of the undisturbed surface are
given by:
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where t is the time, (U, V ) are the components of volume
flux vector per unit length in the horizontal plane, η the
vertical displacement of the sea surface from the mean sea
level, H = H0 + η the total depth, H0 the mean depth, g

the acceleration of gravity, and f the Corioli parameter. The
bottom friction terms, F x and F y , are given by:

F x,y = −cD

(U, V )

H

√
U2 + V 2

H
, (4)

where cD is the drag coefficient of the quadratic bottom
shear stress. The horizontal eddy viscosity terms, Ax and
Ay , are parameterized by a simple large eddy simulation
model:
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where ν is the eddy viscosity coefficient of the horizontal
shear stress. Equation 6 is applied for all simulations except
the tidal simulations in Section 3 where Eq. 5 is applied.
The eddy viscosity coefficient is expressed according to
Smagorinsky (1963), by:
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where q is a constant, l is a length scale which is set equal to
the grid size, and (u, v) denote the components of the depth
mean current velocity defined to the first order by:

u = U

H
, v = V

H

With q = 0.5, a grid size of 100 m, and a current speed
of the order 1 m s−1, Eq. 7 leads to an eddy viscosity
coefficient of the order 50 m2s−1.

The model equations 1–3 are discretized on a quadratic
C-grid (Mesinger and Arakawa 1976) with a finite differ-
ence numerical scheme centred in space and forwarded in
time. The advection terms are estimated with an extrapola-
tion routine for the grid points near the coastal boundaries in
order to avoid one-sided differences. Further details on how
the numerical scheme is designed and its performance for
this particular application can be found in Hjelmervik et al.
(2005).

The CFL-stability criterion satisfied by the numerical
time step, �t , is:

�t ≤ �x√
2gHmax

, (8)

where Hmax is the maximum depth of the model domain.

2.2 Model setup and boundary conditions

The area of interest is the narrow and shallow parts of the
Tjeldsund channel and the Ramsund branch shown in Fig. 2.

By using a relatively small domain, we are able to refine
the resolution. In order to justify the use of a small domain,
the numerical model was set up for the two rectangular
domains shown in Fig. 1. Model simulations with a hori-
zontal grid resolution �x = �y ranging from 25 to 100 m
have been performed, 25 and 50 m for the smaller domain,
and 100 m for the larger domain. Comparisons between sim-
ulations for the two domains show only small deviations,
and justify the use of the smaller domain for our purpose
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(Hjelmervik et al. 2009). The results presented in this paper
are from the smaller domain using a horizontal equidis-
tant grid with resolution 50 m. The high-resolution bottom
topography is based mainly on multibeam bathymetric data
from Norwegian Hydrographic Service (NHS). Depths are
related to mean sea level.

The area of interest (Fig. 2) has two open boundaries
towards the Vestfjord on the southern end of the chan-
nel and one towards the Vågsfjord on the northern end of
the channel. The south-westerly corner of the domain has
coordinates X = 541250 and Y = 7593800 (given to
WGS84-UTM zone 33) and the domain covers 39 ×27 km
in the x, y directions, respectively. The coordinate axis
(x, y) are orientated west-east and south-north, respectively.

As driving force, surface elevation is specified at the open
boundaries. Simulations have been carried out with three
different types of boundary forcing:

1. Surface elevation from tide only,
2. Surface elevation from storm surge, and
3. The total sea level (tide+storm surge).

The open boundaries are located in broad and relatively
deep fjords where non-linear interactions are less impor-
tant. The tide–surge interaction on the open boundaries are
therefore neglected, and the storm surge boundary forcing is
obtained simply by subtracting the predicted tide from the
observed see level signal. That a linear decomposition of the
tide and the surge is possible in deep water was also antic-
ipated by Jones and Davies (2008). Local wind stress has
been neglected in our experiments. This conjecture is based
on the assumption that the external sea level south and north
of the Tjeldsund channel is the main driving force for the
flow through the channel, and that the local wind stress in
the channel is of minor importance.

Tidal predictions and constituents were obtained from
sea level data from the permanent NHS recording sta-
tions at Narvik and Harstad located in the vicinity of the
model area (Fig. 1). At the two southern open boundaries in
Tjeldsund (A) and Ramsund (B) (see Fig. 2) we have extrap-
olated sea level data westward from Narvik. Amplitude is
reduced with a factor 0.97 and 0.99, respectively, compared
to the data from Narvik. At the northern boundary (C), we
have extrapolated southward from Harstad, and the ampli-
tude is increased with a factor 1.01 compared to the data
from Harstad. The factors are based on the relation between
sea level observations in the area of interest and the perma-
nent tide gauges at Narvik and Harstad (NHS). In view of
the small differences in phases between Narvik and Harstad
and the respective open boundaries, no corrections have
been made to the phases.

At the open boundaries, the flow relaxation scheme
(Martinsen and Engedahl 1987) has been used to impose the

boundary conditions. Surface elevation is updated in every
time step according to

φ = (1 − α)φint + αφext, (9)

where φint contains the unrelaxed values computed by the
model, and φext is a specified external value. The relaxation
parameter varies smoothly from 1 at the open boundary to
0 at the innermost cell of the boundary zone. The rationale
behind this scheme is to soften the transition from an exte-
rior solution to an interior solution by use of a grid zone
where the two solutions dominate at each ends respectively.
The width of the zone is taken to be ten grid cells.

All simulations started from rest (U , V and η equal to
0) with increasing boundary forcing in time according to a
ramping function, (1 − exp(−σ t)). A value of σ = 4.6 ×
10−5s−1 has been used. This implies full driving effect of
the boundary conditions after about 12 h.

Among the challenges for simulations with non-linear
advection terms for this complicated coastline configuration
and bathymetry is to obtain stable solutions by adjusting
the horizontal eddy viscosity. In order to check the sensi-
tivity of the solutions to different values of eddy diffusivity
parameters, a series of separate simulations have been done
for the semi-diurnal M2 component. Based on the results
of Hjelmervik et al. (2005), we have chosen q = 0.5 for
grid size �x = 50 m. The large value of cD = 0.0075 is
also in accordance with other high-resolution models as for
example, Sutherland et al. (2005).

A 24 h spin up time is found to be sufficient to obtain an
acceptable steady state. After 48 h, complete fields for cur-
rent and elevation data are stored every hour. Data for sur-
face elevation, current strength and direction from selected
stations (grid nodes) were stored with 180 s sampling for
later processing.

3 Tidal simulations

The area of interest (Fig. 2) is nested into larger models.
Earlier tidal simulations have been carried out for the entire
domain covered by the map in Fig. 1, with 500 m hori-
zontal grid resolution (Moe et al. 2002). Results from these
simulations have been used to obtain interpolated boundary
conditions for the domain marked with the larger rectangle
in Fig. 1 (Hjelmervik et al. 2009). And results from these
simulations have been used to obtain interpolated boundary
conditions for the area of interest marked with the smaller
rectangle in Fig. 1.

The depth-integrated model has been run for the four
major tidal constituents, i.e. the three major semi-diurnal
components M2, S2, N2, and the major diurnal compo-
nent K1, for the two rectangular domains marked in Fig. 1.
The modelled current fields displayed the characteristic
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Fig. 3 The tidal current level in
the Ballstadstraum displayed by
contour plot of the M2 major
current axis. Colour scale in
m s−1. The cross section for
volume flux calculations and the
station for current records are
marked

features of the tidal current in the Tjeldsund and Ramsund
channels. The three areas with the strongest currents are
localised at Ballstad, Sandtorg, and Steinsland, see Fig. 2.
The horizontal variation in the current field at Ballstad is
shown in Fig. 3.

For a period from November 2004 to March 2005 cur-
rent measurements were executed at two locations in the
Tjeldsund channel, at Steinsland and Ballstad (St1 and St2,
respectively, in Fig. 2). See Section 6 for more details on the
field measurements. A detailed comparison between mod-
elled and observed tidal parameters is given in Hjelmervik
et al. (2009), also including current records from 1985 sta-
tion SK (Fig. 2). Maximum current speed through various
sections of the channel where found to occur around time of
high and low water (Fig. 4), in agreement with observations.

Detailed plots of the current fields reveal a system
of eddies which are controlled to a large extent by
the bathymetry and the bottom friction. The effects of

the over-harmonic tidal components were also examined,
mainly M2, M4, and M6, with periods 8.28, 6.21, and
4.14 h, respectively. While the sea level amplitude of
the over-harmonics are small and less than 3 % of the
M2 amplitude, the over-harmonics are much more pro-
nounced in the simulated current data, i.e. 5–14 % of the
M2 amplitude in the mean current in the cross sections at
Ballstad, Sandtorg, and Steinsland. The amplitude of the
over-harmonics varies considerably over relatively short
distances, and are to a large extent associated with
eddies, either topographically trapped or slowly propagating
(Hjelmervik et al. 2009).

4 Storm surge events

In the period November 2004–April 2005, current sen-
sors deployed in the Tjeldsund and Ramsund channels
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Fig. 5 Residual sea level
(observed sea level minus
predicted tide) from Narvik
(green) and Harstad (blue) and
residual difference (Narvik
minus Harstad) (red) for the
period 12–26 December 2004
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captured several storm surge events. During the storm surge
events, the surge sea level reached up to about 100 cm
in Narvik at the southern entrance of the Tjeldsund chan-
nel, and up to 70 cm in Harstad at the northern entrance
of the channel (NHS), which is comparable to mean high
water. The highest measured surge level in the area of inter-
est was measured to 135 cm in Narvik January 2006. In
December 2004, the storm surges introduced additional sea
level differences up to 50 cm between the southern and the
northern entrances of the channel which modified the tidal
current pattern. The residual sea level (observed sea level
minus predicted tide) from Harstad in the north and Narvik
in south are shown in Fig. 5 together with the residual sea
level difference between Narvik and Harstad. Since both
Narvik and Harstad are located in relatively deep fjords,
the effect of non-linear interaction between the surge and
the tide is believed to be negligible for these stations (see
Section 2.2). We have examined in detail two cases which
represent typical strong storm surge events in the area.

Case I, 12–16 December 2004: Surface weather map
from 15 December 00:00 UT shows a 960-hPa deep
depression with centre west of Lofoten, at N 70◦, E 5◦
(Fig. 6). It caused strong south-westerly winds in the
Vestfjord. The combined effect of wind and low air pres-
sure induced a higher sea level in the Vestfjord and the
inner extension called the Ofotfjord. The storm surge event
occurred shortly after new moon 12 December, i.e. during a
spring tide with stronger tidal currents. In Narvik, the storm
surge reached its maximum (104 cm, predicted tide sub-
tracted) at 02:10 UT on 15 December, shortly after the time
of high tide at 01:30 UT. Residual sea level was high for
about 10 h before maximum occurred. In Harstad, the storm
surge reached maximum (67 cm) at 04:30 UT at ebbing
tide. The difference in residual sea level between Narvik
and Harstad was about 30–40 cm for about 10 h reaching a
maximum 48 cm at 02:10 UT 15 December, with residual
sea level higher in Narvik than in Harstad. At 06:30 UT 15
December, the residual sea level difference reversed, chang-
ing to minus 36 cm at 09:20 UT. The residual sea level
difference stayed at about minus 25 cm for about 10 h.

Case II, 20–24 December 2004: The weather situation
was similar to Case I and the surface weather maps from

23 December, 00:00 UT shows an unusual deep depres-
sion (935 hPa) with centre west of Lofoten at N 73◦, E 5◦.
The south-westerly wind and low air pressure lead to high
sea level in the Vestfjord. The storm surge event occurred
shortly after half-moon 18 December and hence during neap
tide. The storm surge reached maximum (91 cm) in Narvik
14:10 UT 22 December just before ebb at 15:00 UT and
remained quite high for about 8 h. In Harstad, the storm
surge reached its maximum (50 cm) at 17:10 UT about 4 h
before high tide at 21:15 UT 22 December. Residual sea
level stayed at the same level about one tidal period (12.5 h)
during high and low tide. The difference in residual sea level
between Narvik and Harstad attained its maximum (49 cm)
at 14:10 UT 22 December (highest in Narvik) and the max-
imum reverse difference (44 cm) occurred at 02:30 UT 23
December.

5 Tide–surge interaction mechanism

In order to investigate the interaction between the tidal cur-
rent and the additional current induced by the storm surge,

Fig. 6 Surface weather map from 15 Dec 2004 00:00 UT (From UK
Met Office archive)
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Fig. 7 Bathymetry of the Ballstadstraumen area with cross section
for mean current flux calculations and the locations B1–B6 used for
harmonic analyses. Colour bar for depth in metres

the model has been run for the area of interest (Fig. 1) for
eight M2 tidal periods (after a 24 h spin up) on a 50 m grid.
Simulations have been carried out with three different types

of boundary forcing (see Section 2.2) for the two storm
surge events in December 2004 described in Section 4.

For the simulations presented here, the tidal forcing is
represented only by the major semi-diurnal tidal constituent
M2. This was done in order to be able to study the inter-
action mechanism more closely by harmonic analyses of
the relatively short simulated current time series with length
comparable to the duration of the surge. A similar approach,
studying only the effect of M2, was advocated by Jones and
Davies (2008).

We concentrate the investigation of the interaction mech-
anism for an area in the shallow Ballstadstraum, see Fig. 2,
where the tidal simulations show strong current, flow sepa-
ration and topographically trapped eddies. The mean current
through the cross section, shown in Figs. 3 and 7, has
been used as an integrated measure of the current condi-
tions in the channel. In the following discussion, we use
the term tidal current for the current obtained by only
M2 boundary forcing, total current for the combined effect
of storm surge and M2-tide, and storm surge current for
the current obtained by only storm surge forcing at the
boundaries.

Fig. 8 Case I: 13–15 December
2004. Upper panel: Sea level
difference between Narvik and
Harstad, predicted M2 tide
(blue), storm surge (red), and
tide+surge (green). Middle
panel: Modelled mean current
through the cross section at the
Ballstadstraum. Tidal M2
current only (blue), tide+storm
surge current (green). Lower
panel: Modelled mean storm
surge current through the cross
section at the Ballstadstraum
(red), and the difference between
the modelled tide+storm surge
current and modelled tidal M2
current (black), which is the
difference between the green
and the blue line in middle
panel. Positive values indicate
eastward direction
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5.1 Effects of the storm surge events

The storm surge events introduce a difference between
the sea level at the northern and southern entrance of the
channel of up to 0.7 m. This intensifies or reduces the tidal
current according to the time of the surge relative to the
phase of the tide. The total volume fluxes through cross
sections of the channel are found to be nearly proportional
to the sea level difference between the northern and south-
ern entrances. This is clearly seen by comparing the storm
surge difference between the northern and southern entrance
and the modelled storm surge current in the cross section
at Ballstad (upper and lower panels of Figs. 8 and 9). We
note that the storm surge current in both cases is persis-
tent in the same direction for up to 24 h, i.e. longer than
the semi-diurnal tidal oscillation. The total current is at
its strongest when maximum tidal current and maximum
storm surge current are in phase and contributes in the same
direction. That is when maximum difference in tidal eleva-
tion between the northern and southern entrances coincide
with the corresponding maximum difference in the storm
surge. This situation occurred during Case I early on 15

December (Fig. 8) when the eastward storm surge current
and the eastward tidal current reached maximum at about
the same time. Figure 10 shows the tidal current in the
Ballstadstraum at 02:00 UT 15 December while Fig. 11,
from the same site, shows how the storm surge and the tidal
current add up to an intensified current. This also affects the
topographically trapped eddies respectively on the north-
ern and southern sides of the channel. A similar situation
occurred during Case II early on 23 December when the
westward storm surge current and the westward tidal current
reach maximum at about the same time (Fig. 9).

The total current is reduced or reversed when the tidal
current and storm surge current contribute in opposite direc-
tions. An example is seen in Case I, at the second ebb tide
14 December, when the eastward storm surge current dom-
inates the westward tidal current and prevents the reversal
of the current (Fig. 8). The same situation occurred in Case
II on the 22 December at the second ebb tide where the
eastward storm surge current dominates the westward tidal
current. Therefore, the total current continues in eastward
direction during the ebb tide (Fig. 9). Figures 12 and 13
show respectively the tidal current and the total current

Fig. 9 Case II: 22–24
December 2004. Legend as in
Fig. 8
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Fig. 10 Case I: The M2 tidal
current in Ballstad 15 December
2004 02:00 UT
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at 13:00 UT 22 December in the Ballstadstraum, where
the storm surge opposes the tidal current and reversing the
direction of the total current and leading to a reduction of
the speed.

In order to investigate how the current conditions changes
when the storm surge occurs at other phases of the tidal
cycle, we have modified Case II. The observed storm surge
at Narvik and Harstad were artificially phase-shifted 5 h so
that the maximum surge in Narvik coincides with the first
high tide in Narvik 22 December 2004. The phase shifting
enhances the interaction between the surge and the tide, and
the total current through the cross section at the Ballstad-
straum reaches about 10 cm s−1 higher than in Case II. This
shows that maximum current speed can become larger than

in the two cases in December 2004 depending on in which
phase of the tidal cycle the storm surge occurs.

5.2 Non-linear interaction

The non-linear interaction between the tidal current and
the storm surge current can be studied by comparing the
difference between the total current (simulated by M2+
storm surge forcing at the open boundaries) and the tidal
current, with the simulated storm surge current (lower
panels, Figs. 8 and 9). When the tidal and the storm surge
currents contribute in the same direction, the difference
between the total current and the tidal current (black curve)
is smaller than the storm surge current (red curve). Contrary,

Fig. 11 Case I: The total current
(M2-tide+surge) in Ballstad 15
December 2004 02:00 UT
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Fig. 12 Case II: The M2 tidal
current in Ballstad 22 December
2004 13:00 UT
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the difference is larger when they contribute in opposite
directions. This means that the storm surge current and the
tidal current do not simply add, particularly when the tides
and the storm surge contribute in the same direction and the
total current is at its strongest. In this case, the effect of the
interaction can reduce the effect of storm surge current with
up to 50 % (i.e. Total current − tidal current ≈ 50 % of storm
surge current), see case I, 15 December (Fig. 8) and case II,
22 and 23 December (Fig. 9).

Studies of the dynamical interaction between tide and
storm surge have earlier been carried out mainly for sea level
elevation (Prandle and Wolf 1978; Tang et al. 1996). They
demonstrated that the non-linear interaction mechanism is
predominantly due to the quadratic bottom friction. To study

the dynamics of the mean current through a cross section in
the Ballstadstraum (marked in Fig. 7), simulations with and
without the non-linear advective terms in Eqs. 2 and 3 have
been performed. The results from simulations without the
non-linear advective terms show only small deviations from
the simulations with non-linear advective terms. Similar
results are found for other cross sections in the Tjeld-
sund channel. The major source of non-linear interaction as
manifested in the mean total current through a cross section
of the channel is hence mainly due to the non-linear bottom
friction (4).

When the storm surge contributes to an intensified cur-
rent, the bottom shear stress also increases and results in an
increased bottom friction which acts on the current to slow

Fig. 13 Case II: The total
current (M2-tide+surge) in
Ballstad 22 December 2004
13:00 UT
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Fig. 14 Case I: The M2 tidal
current in Ballstad 15 December
2004 02:00 UT. Simulations
without non-linear advective
terms
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it down. This can explain that the difference between the
total current and the tidal current (black curve) is smaller
than the sole storm surge current (red curve) in the mean
current through the cross section at the Ballstandstraum
(lower panel, Figs. 8 and 9). When the storm surge and the
tidal current contribute in opposite directions, the current is
reduced or reversed resulting in a less energetic current, and
hence also the effect of the bottom friction is reduced. In
this case, the difference between the simulated total current
and the simulated tidal current is larger than the simulated
storm surge current due to the reduced effect of the bottom
friction.

Although the non-linear advective terms have minor
influence on the mean current through cross sections as

discussed above, these terms are essential for modelling of
flow separation and shear flow instability. The two eddies
seen in the Ballstadstraum in Figs. 10 and 11, one on the
northern and the other (weaker) on the southern side, do
not appear in simulations without the non-linear advective
terms, see Figs. 14 and 15. It is interesting to discuss how
the non-linear tide–surge interaction influence the strength
of the eddies and formation of higher harmonics.

The formation of the two eddies which appear in the Ball-
stadstraum during eastward current in the simulations with
non-linear advective terms (Figs. 10 and 11) is affected by
the storm surge events. The eddy on the northern side is sig-
nificantly enhanced in simulations when the tidal and storm
surge currents both are in eastward direction (Fig. 11).

Fig. 15 Case I: The total
current (M2-tide+surge) in
Ballstad 15 December 2004
02:00 UT. Simulations without
non-linear advective terms
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The centre of the eddy on the southern side of the channel
moves eastward with the eastward current. The extension of
the eddy depends on the strength of the current and duration
of the eastward current. Since the period of eastward cur-
rent is prolonged by the storm surge (see Fig. 8), the eddy
on the southern side is extended and the centre of the eddy
moved eastward during the eastward storm surge current on
December 15 (Fig. 11).

5.3 The modification of the tide due to non-linear
interaction

In order to get more insight in how the tide–surge interac-
tion modifies the tide at the time of the surge (see Jones
and Davies 2008), we have used harmonic analysis to
study the modification of the M2 component and its main
over-harmonics M4 and M6. Time series of the modelled
current at the six locations B1–B6 (marked in Fig. 7) have

been analysed by T-Tide (Pawlowicz et al. 2002) for time
intervals of three and eight M2 cycles. The time intervals
have been chosen to cover the storm surge events. The ana-
lyses have been performed for simulations with boundary
forcing from M2-tide only and the combined effect of M2-
tide and storm surge, and for simulations both with and
without the non-linear advective terms.

Tables 1 and 2 give the major and minor axis of the cur-
rent ellipse and the orientation, 	, of the major axis for M2

and the corresponding over-harmonic M4 and M6 recog-
nised in the tidal current and the total current (tide+surge).
To cover the period of eastward storm surge current (see
Fig. 8), a time interval of three M2 cycles starting 13
December 2004 at 18:00 UT (Case I) is chosen for the ana-
lyses presented in Tables 1 and 2. The tables clearly show
that the interaction between the tidal current and the storm
surge current affects and changes M2 and the corresponding
over-harmonics. We see that especially the over-harmonic

Table 1 Major and minor axis for the M2 current ellipse and the main higher harmonics for 6 locations in the Ballstadstraum (B1–B6) from the
storm surge event December 2004

Location Constituent Tide only Total (Tide+Surge)
Depth

Major Minor 	 Major Minor 	

[cm s−1] [cm s−1] [deg] [cm s−1] [cm s−1] [deg]

B1 M2 92.4 −0.7 31.5 86.2 −1.8 34.9

6 m M4 5.0 −1.5 93.7 13.7 2.8 30.6

M6 10.1 0.6 27.7 2.6 −0.9 20.9

% of signal 99.8 83.3

B2 M2 78.3 −1.4 24.0 76.7 −2.1 25.3

22 m M4 8.2 −1.9 28.2 12.8 1.0 25.7

M6 9.8 1.1 20.9 2.7 −0.5 15.4

% of signal 99.6 83.9

B3 M2 15.8 0.5 33.7 22.7 1.9 31.6

8 m M4 10.9 2.0 28.9 8.9 1.4 28.1

M6 4.9 1.3 22.3 4.0 0.9 33.7

% of signal 97.1 61.5

B4 M2 15.5 −0.3 168.4 18.3 −1.3 165.6

12 m M4 3.3 −0.5 156.7 4.8 −1.2 170.7

M6 1.2 0.6 175.5 1.7 −0.2 169.7

% of signal 99.5 82.9

B5 M2 17.9 −0.4 166.2 16.4 −3.7 166.0

35 m M4 2.7 1.9 108.8 6.0 −1.0 178.3

M6 2.6 0.7 6.3 1.2 −0.5 39.1

% of signal 99.6 85.9

B6 M2 17.9 1.0 175.8 23.4 −2.9 165.4

47 m M4 1.6 −1.4 86.2 3.1 −0.4 111.6

M6 2.8 −1.1 97.6 1.7 0.2 128.7

% of signal 99.1 72.6

The harmonic analyses are for a time interval of three M2 cycles starting the 13 December at 18:00 UT. The orientation of the major axis (	) is
relative east
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Table 2 Major and minor axis for the M2 current ellipse and the main higher harmonics for three locations in the Ballstadstraum (B1–B3) for
simulations without the non-linear advective terms

Location Constituent Tide only Total (Tide+Surge)
Depth

Major Minor 	 Major Minor 	

[cm s−1] [cm s−1] [deg] [cm s−1] [cm s−1] [deg]

B1 M2 68.3 0.1 32.9 57.7 0.0 33.6

6 m M4 – – – 10.9 0.3 30.7

M6 5.1 0.2 24.8 1.6 0.0 37.3

% of signal 100.0 80.2

B2 M2 72.8 −0.2 24.6 61.7 −0.2 25.3

22 m M4 – – – 12.2 0.3 23.0

M6 6.8 0.3 21.1 1.8 0.1 27.5

% of signal 100.0 78.4

B3 M2 19.1 −0.6 21.8 16.9 −0.5 21.6

8 m M4 – – – 2.9 0.0 22.6

M6 1.4 0.0 23.6 0.3 0.0 14.8

% of signal 100.0 87.1

The harmonic analyses are for a time interval of three M2 cycles starting the 13 December at 18:00 UT. The orientation of the major axis (	) is
relative east

components vary considerably from the tide only solution
to the storm surge interacted solution. In addition, there is
a spatial variation in how much the tidal constituents are
modified due to the storm surge.

The error estimates from T-tide are quite small for the
time series from simulations with tide only forcing, and
larger for the time series from the total current, see Table 3.

For the locations in Table 1, only about 60–80 % of
the total current from the combined tide and storm surge
forcing is recognised as tidal signal. In interaction with the
storm surge current, the major axis of the M2 component
was reduced in the total current at location B1 and B2, while
an increase in the M2 component was found at location
B3 and B6 (see Table 1 for details). The results from the

Table 3 Error estimates from T-tide from the harmonic analyses of
the tidal current and the total current (tide+surge)

Component Tide only Total (Tide+Surge)

Amplitude of

major axis M2, M4, M6 0.1–0.3 cm s−1 0.6–1.8 cm s−1

Orientation of M2 0.1–0.6◦ 0.9–3.6◦

major axis M4 0.6–4.5◦a 5.3–8.9◦ a

(17.5◦ at B6) (13.2◦ at B6)

M6 0.9–3.6◦ 11.9–33.7◦ a

(69.1◦ at B5)

afor most locations

harmonic analyses given in Table 1 show a spatial variation
in interaction depending on the strength of the current and
the depth at the location. There is a large difference in the
modification of M2 from B1 and B2 located in the narrowest
and shallowest part of the channel to B3, within the eddy on
the northern side of the Ballstadstraum, and B6 located in
the deeper part of the channel. The quadratic bottom friction
(4) depends on the magnitude of the current and the depth,
and the results discussed above suggest that the variation of
bottom friction across the channel is an important factor for
the interaction mechanism and the modification of the M2

component in the total current.
The simulations without the non-linear advective terms

show a decrease in M2 in the total current for the three
locations B1, B2, and B3 presented in Table 2. In these sim-
ulations, the two large eddies located respectively north and
south of the main current jet do not appear (see Figs. 14
and 15), and hence the current has an eastward direction for
locations B1–B3.

The over-harmonic component M4 increased in the total
current for most of the locations. The increase was largest at
shallow locations with strong current, e.g. location B1 (6 m
depth) and B2 (22 m depth). At location B1, M4 increased
from 5.0 to 13.7 cm s−1, see Table 1. There is also a consid-
erable change in direction (	) of the major axis of M4 of 57◦
at location B1. While there was an increase in M4 for five
of the six locations in Table 1, there was a small decrease
in M4 at the location B3 (8 m) located in the eddy on the
northern side of the channel. At location B5 within the eddy
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at the southern side of the channel, there was an increase
in M4 and also a change in the orientation of the M4 major
axis of 69.5◦ (error estimate of 8.9◦) which can be associ-
ated with the eastward motion and expansion of the eddy
during the storm surge as discussed above. As found for the
tidal M2 constituent, a spatial variation of the effect of the
tide–surge interaction was also found for the M4 constituent.
Spatial variations in the over-harmonics due to tide–surge
interaction are also reported by Jones and Davies (2008).

The over-harmonic M4 is not present in the simulations
with tide only forcing without non-linear advective terms,
but increases to about 10 cm s−1 in the most energetic part
of the current (i.e. locations B1 and B2) in simulations with
tide+surge forcing (Table 2). The absence of the M4 compo-
nent in the simulation with tide only forcing and without the
non-linear advective terms confirms that the M4 component
is generated from the M2 tide by non-linear interaction and

that the non-linear advective terms are essential, as pointed
out by Jones and Davies (2008). Since M4 is generated in
simulations without the non-linear advective terms, but with
tide + surge forcing, there is some energy in the M4 fre-
quency band in the storm surge signal. Harmonic analysis
of the estimated surge used as boundary input shows that
indeed the surge signal contains some energy in the near M4

band. Therefore, the calculated M4 amplitude is not only an
effect of non-linear interaction.

A transient storm surge forcing which contains energy
on periods corresponding to the tidal over-harmonics will
lead to corresponding periods in the current field. In order to
quantify this effect, we have examined an idealized steady
state storm surge forcing in a similar way as done by
Jones and Davies (2008). A constant sea level elevation of
50 cm was applied at the southern boundary of the Tjeld-
sund channel in addition to the M2 tide for the same period

Table 4 Major and minor axis for the M2 current ellipse and the main higher harmonics for 6 locations in the Ballstadstraum (B1–B6) from the
steady state storm surge

Location Constituent Tide only Total (Tide+Surge)
Depth

Major Minor 	 Major Minor 	

[cm s−1] [cm s−1] [deg] [cm s−1] [cm s−1] [deg]

B1 M2 92.4 −0.7 31.5 57.5 −0.9 38.3

6 m M4 5.0 −1.5 93.7 2.1 −0.1 26.0

M6 10.1 0.6 27.7 0.1 0.0 60.5

% of signal 99.8 100.0

B2 M2 78.3 −1.4 24.0 51.1 −1.1 27.1

22 m M4 8.2 −1.9 28.2 1.5 −0.1 37.2

M6 9.8 1.1 20.9 0.3 −0.0 33.9

% of signal 99.6 100.0

B3 M2 15.8 0.5 33.7 22.9 1.6 29.4

8 m M4 10.9 2.0 28.9 1.4 0.2 32.9

M6 4.9 1.3 22.3 0.4 0.1 31.4

% of signal 97.1 100.0

B4 M2 15.5 −0.3 168.4 14.8 −2.7 169.5

12 m M4 3.3 −0.5 156.7 4.8 −1.3 177.1

M6 1.2 0.6 175.5 2.3 −0.6 178.5

% of signal 99.7 99.6

B5 M2 17.9 −0.4 166.2 10.1 −3.8 163.1

35 m M4 2.7 1.9 108.8 2.5 −1.6 5.4

M6 2.6 0.7 6.3 0.9 −0.5 57.1

% of signal 99.6 99.9

B6 M2 17.9 1.0 175.8 23.3 −1.5 163.0

47 m M4 1.6 −1.4 86.2 3.3 1.1 131.5

M6 2.8 −1.1 97.6 1.1 0.8 67.5

% of signal 99.1 100.0

The harmonic analyses are for a time interval of three M2 cycles starting the 13 December at 18:00 UT. The orientation of the major axis (	) is
relative east
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as the storm surge event in December 2004. Non-linear
simulations with this steady state surge shows that the over-
harmonic component M4 decreases at five of the locations
(B1–B6, Table 4) as compared with the results for the tran-
sient eastward storm surge (Table 1). This confirms that the
transient eastward storm surge current contain energy in the
near M4 band and that harmonic constituent M4 is affected
by this in the tide–surge interaction.

The M6 component decreases at all locations except B4
by the tide–surge interaction in the transient storm surge,
at the latter, there is a small increase (Table 1). At B1, M6

is reduced with 7.5 cm s−1 from the tidal only to the total
current, and a reduction of 7.1 cm s−1 was found at B2. A
diurnal K1 component was also recognised in both the storm
surge current and the total current, an effect of the diurnal
variation of the storm surge.

The harmonic analyses were also performed for a period
of eight M2 cycles with start time 13 December 2004 at
00:00 (UT), i.e. 18 h earlier than the analyses performed for
a period of three M2 cycles. The analyses of time series with
a period of eight M2 cycles gives some different results in
modification of the tidal current components by the tide–
surge interaction than the analyses performed for a period of
three M2 cycles. For example, the M2 component at location
B3 is clearly less increased when the analyses are performed
for a period of eight M2 cycles. The results in this section are
presented to cover the eastward storm surge current with a
period of about three M2 cycles introduced in the beginning
of the storm surge event, i.e. the results from harmonic anal-
yses of the relative short time series with a period of three
M2 cycles. Since the period of the eastward storm surge

current is shorter than eight M2 cycles, the impact of the
tide–surge interaction would be smaller in analyses of time
series with a period of eight M2 cycles.

6 Comparison with field measurements

From November 2004 to March 2005, current mea-
surements were executed with acoustic current meters
(Aquadopp, from Nortek AS) by The Norwegian Defence
Research Establishment at two locations, the Steins-
landsstraum and the Ballstadstraum. The two stations are
marked by St1 and St2 in Fig. 2, respectively. Measure-
ments were made at two levels, 23 and 40 m below surface
at the Steinslandstraum and 22 and 30 m below surface
at the Ballstadstraum. In periods with strong currents, the
pressure records, especially from the Ballstadstraum, indi-
cate that the upper part of the rig has been bent down. The
current data show a considerable amount of high-frequency
current oscillations both in strength and direction (station
St2 is shown in Figs. 16 and 17). The periods of these oscil-
lations are about 1 h and shorter, and cannot be related
to any over-harmonic tidal oscillations. These short peri-
odic oscillations represent a considerable amount of energy
and partly contaminate the tidal oscillations. Whether these
oscillations are physical or artificial due to the deflection of
the rig has not been possible to determine. Earlier current
measurements at station SK do not show the same amount
of high-frequency oscillations and the observed tidal current
from station SK agrees much better with model predictions
(see Section 3).

Fig. 16 Case I: Comparison
between modelled (green) and
observed (red) current at station
St2, in Ballstadstraumen. Upper
panel: Current speed. Lower
panel: Current direction relative
north (degree True)
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Fig. 17 Case II : Comparison
between modelled (green) and
observed (red) current at station
St2, in Ballstadstraumen 21–23
December 2004. Upper panel:
Current speed. Lower panel:
Current direction relative north
(degree True)
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Model simulations with observed sea level imposed at the
open boundaries, extrapolated as described in Section 2.2,
have been performed for the period of the storm surge
events (case I and case II) in order to compare model sim-
ulations with the current measurements. Figures 16 and
17 show the simulated current and the observed current at
station St2 in the Ballstadstraum. Generally, the model is
able to reproduce the main features of the current variation,
but the model over-predicts the current strength. For Case
I (Fig. 16), the model predicts well the eastward current
where the storm surge current dominates the tidal current on
14 December and prevent the reversal of the current. Sim-
ilarly in case II on 22 December (Fig. 17). For Case II on
23 December, the model also shows that the period with
westward current is prolonged compared to the tidal period
in agreement with observations. The model does not show
the high-frequency oscillations which are dominant in the
observations, but these oscillations may be due to mooring
oscillations as discussed above.

7 Concluding remarks

This study demonstrates clearly the complex flow fea-
tures of the tidal- and the storm surge-driven currents in a
narrow channel connecting two separate fjord systems. Two
storm surge events from December 2004 have been studied
in details.

During the storm surge events, the large-scale external
surge introduced an additional sea level difference between
the northern and southern entrance of the Tjeldsund chan-
nel. This lead to a storm surge current that was found to

intensify or reduce the tidal current and also reverse the
direction of the current. The non-linear interaction between
the tide and the surge is evident in the mean tidal cur-
rent and the mean storm surge current through a cross
section of the channel. For the mean current through the
channel, the non-linear bottom friction is found to be the
main source of the tide–surge interaction. This is in accor-
dance with the results by Prandle and Wolf (1978) and
Tang et al. (1996).

Although the non-linear advective terms have minor
influence on the interaction displayed by the mean cur-
rent, they influence the eddy formation and flow separation,
and therefore locally have a strong effect on the over-
harmonic current components, as also demonstrated by
Jones and Davies (2008). They discuss the modification of
M2, M4, and M6 by the tide–surge interaction with dif-
ferent wind forcings in a very shallow area in the eastern
Irish Sea. They found that there are significant non-linear
effects which influence both the computed tidal elevation
and tidal current distribution. In our experiments, the non-
linear advective terms are found to be important for the
formation of eddies. The eddies that appear in simulations
with the non-linear advective terms do not appear in simu-
lations without these terms. The non-linear advective terms
are also found to be important for the generation of the
over-harmonic M4 constituent. This was demonstrated by
comparing the tide only forced current with and without the
non-linear advective terms where the M4 constituent is not
present in tidal simulations without the non-linear advective
terms.

Time series of the tide only forced current and the total
current, forced by tide+surge at the open boundaries, from
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six locations in the Ballstadstraum have been harmonic
analysed and compared. The analyses show that the tidal
constituent M2 and the corresponding over-harmonics are
clearly modified during the storm surge by the interaction
between the tidal current and the storm surge current. Espe-
cially the results from the harmonic analyses suggest that
the non-linear bottom friction is an important factor for the
modification of the tidal M2 component.

The study clearly shows that in a narrow and shallow
channel like the Tjeldsund channel, tide–surge interaction
will occur during storm surge events. The modification
of the constituent M2 and its over-harmonics shows that
tide–surge interaction leads to modification of the tide. Con-
sequently, a “classical” de-tiding procedure will result in
tidal energy being left in the surge signal as pointed out by
Jones and Davies (2008). Hence when modelling the current
during a storm surge event, it will be necessary to model the
total current during the storm surge.

In this study, we have forced the storm surge current
in the channel system by the observed sea level difference
between the ends of the channel and neglected the local
wind stress and atmospheric pressure differences. Com-
parison with observations indicates that this approach is
justified and may be useful for future modelling in similar
cases.
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