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Thyborgn Harbour, one dbe n mar k 6 s

busi est

fishing

ports,

has

challenges by high waves and by sedimentation in the approaehdtcatthe harbar. The causes for these
phenomena were far from obvious, and an extensive study wadenhitia identify the causes and find possible
solutions. The methodology and the results are described in this paper.
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INTRODUCTION AND BACKGROUND

Thyborgn Harbour is situadl in the Thyborgn Channel, which is the inlet from the North Sea to the

large Limfjord systemwhich extends all across Jutland to another inlet at the east coast, sed k. 1
current in the channel is tidal, but the most important are meteorogicaign flow events in or out of

the inland fiord system. The harbour is placed on the western side of the inlet channel at the inshore
side of the southern barrier and has been consideedidorotected from the severe westerly waves

attacking the West G@st of Jutland from the North sea. This protected location has been important for

t he

devel

opment of

t he

har bour t o

b e cat timesanten e

time acommercial harbour with the third largest turnover in tonnage o#mésh North Sea coast.
Increase in the activity and the size of the vessels using the harbour has put emphasis on the
navigational depth and the conditions in the harbour with respect to wave disturbance.
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Figure 1. The location of Thyborgn Harbour.

The natural conditions in the area are very dynamic. The present opening of the Limfjord to the

during

of

North Sea was created in 1862 when the barrier was breached during a severe gale. After the breach
large amounts of sand was transported in through Heanel to be deposited on shoals in the fjord
inside the channel. The channel acted as a major sink of coastal sediment and severe coastal erosion of
about20 m/yr occurred on the barriers north and south of the channel. The maximum retreat of the
coastlire was about 1500 m. To stabilize the coast and protect the town of Thyborgn an extensive
construction programme for groynes and flood protection dikes was initiated in thee$8i0d the
construction of the harbour began in 1914. The groynes fractially maintained the position of the
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coastline, but a steepening of the coastal profiles outside the tips gfoynes was observed and te

a fear that an uncontrollable coastal erosion could be ddnysa series of severe storms, Sgrensen et

al. (19%), Jacobsen et al (1998 the 1946es it was therefore decided to close the channel and

construct sluices and navigation lock. Subsequently an extensive technical investigation was carried

out at the initiative of Professor Lundgren after the pabtici on of Per Bruunds (1954)
The technical investigation led to the conclusion that the conditions were sustainable without closing

the channel, and following this monitoring and mamaget of the protection works habeen carried

out by he Danish Coastal Authority. The steepening of the profile has continued at a reduced pace and

the position of the coastline is maintained egular nourishment of about 7800 ni/yr.

Figure 2. The coastlines before the breach and the present protection works.

EXISTING CONDITIONS

During the recent years the hadbdhas experienced increasing problems with respect to wave
disturbance and maintenance of the navigation depth of 8 m. The increased wave aggalied in
more difficult navigation conditions outside the hambenouth andovertopping of the protective
breakwater south of the haisomouth see FigureS. Inside the harbar, the increased wave heights
caused critical wave disturbance leading to many occaefdm®ken moorings. These conditions were
not limited to extreme offshore wave conditions but occurred also for moderate offshore waves
approaching from northwest.

Sedimentation occurred in the approach corridor just outside theunarguich resultedr the
navigation depth being less than the stipulated 8 m and instances of vessels touching the bottom,
especially durindgow water andough weather conditions.

As a remedy the protective breakwater south of the lvarnouth, which had a vertical shegete
front, was reinforced by a rubble mound slope at the breakwater frontrérhessedthe immediate
threat to the structuseof the harboyrbut it did notsolve the difficult navigational and mooring
conditions at and in the hanmo
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Figure 3. Severe overtopping of the breakwater just south of the harbour entrance (upper figure) and wave
disturbance inside the harbour basin.

A study was initiated by the harbour to investigate the reasons for thesadwesditions and to
investigate possible solutions: why has the wave conditions changed, and can a remedy be found? What
are the reasons for the sedimentation in front of the harbour?

The main elements of the studgre 1) Analysis of available data tnvestigate th morphological
evolution and historic variations in the forcing conditions especially the offshore wave climate. 2)
Establishmenbf calibrated wave models to investigate the wave conditions in the Thyborgn Channel
and possible interventiorte improve the conditions. Jstablishmenof a calibrated current model
and a sediment transport model capable of representing the main transport patterns and the sedimen
tation process in front of the hanyeentrance.

Existing studies (e.g. Broket al., 1996, and Kystdirektoratet, 1999) have shown that the littoral
transport from the surrounding coasts to the inlet still occurs at rates in theofdr&2400,000m*yr
coming from south and-000,000 ryr coming from northsee Fig.4The goyres have reduced the
natural transport and the coastal erosion to approximately 2 m/yr. The erosion is balanced by beach
nourishment and the position of the coastline is maintained. The sand transport to the inlet from the
coast is transported through Thybo Channel and deposited on the shoals in the outer part of the
fiord, which are accumulating approximately 500,000ymof sand and are increasing in bed level and
progressingnto the fiord.
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Figure 4. Left: A wave rose describing the offshore wave climate. Right: The overall sediment budget. The
approach area in front of the harbour mouth is indicated by the red ellipse.

MORPHOLOGICAL DEVELOPMENT OF CHANNEL

Morphological Long-term Development

Detailed surveys of the channel and the ardshare of the inlet are carried out by the Danish
Coastal Authority every five years. The historical bathymetries together with the flow and sediment
transport simulations have formed the basis for the analysis of the morphological evolution of the
channéover the last 22 decades.

The outer part of the channel forming the mouth to the North Sea is relatively shallow with water
depths of 710 m, see Fig5. There is a shoal in the middle of the channel entrance with two possible
navigational approachesne north and one south of the shoal. The preference of one of the approach
channels to the other for navigation to and from the harbour depends on the wave and current
conditions.The two approaches merge into the main channel. The trend for the maewith the
approach channels has been a gradual increase of the depth, while the position of the approaches varies
with time.

The area immediately north of the haubois a depositional zone with water depth of
approximately 57 m, where part of theediment entering from the southern NoSlea coast is
accumulating(Fig. 6). The extent and water dipat the deposition zone vary in tintepwever, the
overall trend for the sediment balance for the channel is that more sediment leaves it towaragdshe sho
in the fiord than comes in from the séading to an overall trend for erosion in the channel.

The main trend fothe main channel is a continued pressure for the channel to shift towards east,
away from the harhg, see Fig6. This has reversed aarlier trend for deepening outside the harbo
entrance, to a critical reduction of the depth from 11 m tolf&tweernyear 2000and2007. After 2007
the trend has continued and dredging has been carried out to maintain the guaranteed navigational depth
of 8 m. Analysis of the wave conditions has shown that the amount of sediment to be dredged in front of
the harbar is positively correlated to the severity of the wave climate.
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Figure 5. Bathymetries from 1990 and 2005. Note the general lowering of the bed in the outer part of the inlet.
The accumulation area north of the harbour is indicated by green ellipse. The deepening of the channel is
indicated by the ellipse east of the accumulation area and the area, where water depths reduce, by the
ellipse south of the accumulation area.

Figure 6. The long-term morphological evolution of the Thyborgn Channel. The two possible access routes
from the North Sea are indicated. The main channel tends to be shifted east, as indicated by the blue arrows.

Flow and Sediment Transport

An understanding of the flow and sediment transport conditions in the channel was obtained
through analysis of results from numerical simulatighfiow model wassetup with MIKE21-FM HD
(hydrodynamics)and calibrated based on AD@Reasurementsarried out as part of the stubly the
DanishCoastal Authdty. The modelincludes meteorological forcings, tides, wave radiation stresses
and bottom friction and the modséttings were in general based onieagxperienceRraker et al,
1996. The new measurements carried out in the harbpproach area, approximately 100 m from the
southern breakwatetowever, called for a recalibration of the bottom roughnéssbe able to
reproduce the presence and ggtrof a circulatioeddycell in front of the harbar entrance during
inflow situations, see Figl. Fig. 8 shows a comparison of the measured and redieurrent speeds
and directiongor a period in Nov. 2008.

Due to thecirculation cell, the annual heediment transport directiommediatelyin front of the
harbaur entrance is northwards, opposite the main transport direction towards thertifsee Fig9).
The transport direction in this area is also confirmed by the orientation of beddodmust be taken
into account when planning the dredging operations in the ditea sediment transport fielas
simulated in MIKE21FM ST (sedimenttransport), which applies a deterministic sediment transport
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Figure 7. Examples of simulated instantaneous flow fields for an inflow situation (left) and an outflow
situation (right), respectively.
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Figure 8. Measured and calculated current speed and direction in front of the southern breakwater, Nov.
2008. Measurements by the Danish Coastal Authority.
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description solved on an intk@ave period timescale. Annual sediment transport fields were calculated
using a compressed tirseries approach, bed on statistical analysis of measurements of water levels,
currents and waves.

Similarly, a consequence of the channel shifting towards east is that the water depth at the groynes
at the east side of the channel has increased since 1990. The incresisgrlgpressure on the groynes
opposite the harbour entrance at the northern barrier has led to a retreat of the head of two of the
groynes and erosion of the southern part of the northern barrier.

The flow and sediment transport models showed how thisction in the lengths of the groynes
and the barrier caused a weakening in the outflow and in the northwards sediment transport near the
harbour entrance, which probably has added to the sedimentation problem in front of the harbour since
it may have inazased the tendency for the channel to move eastwards.
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Figure 9. Average annual net sediment transport field for hydrodynamic conditions 1995-2008.

SOLUTION

Identifying the Causes for Increased Wave Agitation

Wave measurement@nd rumerical wave transfamation modelling were applied in order b
describe the wave conditionausing the@roblems at the harboobservations

According to the harbour users the problematic events occur during and shortly after events with
strong wind/wavesvith offshoredirections between W and NW. Several events wie@mented by
video and photog-ig. 3 is showing an example from one of the video documented eweittssevere
overtopping From the observation# wasassessed that the wave heightselocally amplifiedi a
socalled Mach Stem effect. This effect occurs when the direction of the incoming wave i ¢hees
direction of thereflectivebreakwatefront.

Over a 4month perod wave measurements wererd out at théharbour entranceAt the same
time meaurements were carried out outside Thyborgn Channel st d6water depthFigure shows
the measured wave height offshore and at the harbour for-embwth period. During the measuring
period the maximum wave igit (H.,o) at the harbour was measuted® m.
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Figure 10. Measured wave heights at the harbour (blue) and offshore (red). Hmo (m).
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Fig. 11shows the wave height at the harbas function of theffshorewave direction|t is seen
that the largest was at the harbour occur for waweith offshore directions betweg®0-32(°N. The

wave period for the fger waves at the harbour wad 3s.
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Figure 11. Wave Height, Hyo (m) at the harbour as function of the offshore wave direction.

A number ofnumerical wave modelsiere established to be able tby Document the wave
transformation towards thbarbar. 2) Model the wave transformation for historichhthymetry
conditions 3) Investigate solution alternatives

A wave modelling complex including ME21-FM SW, MIKE21 BW and MIKE21 PMS was set
up. MIKE21-FM SW, being a spectral wave transformation model, was applied to model the wave
transformation over a longer time period and included the effect of the varying water level and current
conditions onthe wave conditions. This model was primarily applied for the sediment transport
modeling. Fig. 12 presents results from the MIKEZEM SW model, showing the measured
respectively the modelled wave height at the harbour. For the modelling the measurerk offsve
conditions were applied as boundary conditions.

20
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Figure 12. Measured (black) and modelled (pink) wave height (HmO) at the harbour. Model : MIKE 21 SW.
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MIKE 21 BW is considered the most accurate of the wave transformation models. It reptbéuces
bathymetry and structure great detail The modelwas applied for selected stationary wave
conditions.Fig. 13and Fig14 showresults from a MIKE21 BW simulation favaves from 30N with
a wave period of 18.

Figure 13. Relative wave heights. Waves from 300°N, with T, = 10s.

Figure 14. Close-up at harbour, Left: Bathymetry. Centre: Hpyo, for offshore Hno= 1. Right: Snapshot of
surface elevations.

It was found that pronouncedocussing of the waves occarat severalocationsin the chanal.

This is mainly due to wave refraction caused by the complex bathymetry. For the wave conditions at
the harbour entrance the bathymatoyth of the harbour playan importantole as the bathymetry here

is very complex with a shoal with minimum deptifs5 m close to a deep natural channel with depths

of 15m. This focusesthe waves and changes the wave direction towards theunanhiwance.

Based on the observations, measurements and numericalimgpdelvas concluded that the large
waves at the drbour occur for offshore wave directions between’®9hd 326N with wave periods
between 8 and 12%he waves focus and turn towards the harbour entrance morteasterisiope of
the shallow shoatorthof the harbour.

Influence of Changed Bathymetry on the Wave Conditions

As the problematic wave conditions had developed within a few years beforgit2088 relevant
to investigate the wave transformation also for historical bathymetry conditions. Based on historical
bathymetry datatwo modes were set ug one representing the 2008 conditions and one representing
the 2004 conditions. In 2004 there were no wave problems at the harbour.



