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1 INTRODUCTION

1.1 General

This report details the results of the coastal analysis study undertaken for the
installation of two breakwaters at the coast of Pyrgos, Limassol. The analysis
assessed the sediment transportation, bed level change rate, wave currents and

the wave agitation of the site for the following two scenarios:

. Current condition - no new breakwaters;

° Proposed works — Installation of two new breakwaters.

In addition, for the purpose of this report, a desk-based study was undertaken to
further investigate the relevant environmental conditions of the site based on

available information.

This assessment is a supplementary addition of the coastal study report
undertaken by Spyros M. Gouloumis and issued by Nicolaides & Associates on
November 2019. The coastal study undertook an in-depth investigation regarding
the characteristics of the site and the design basis of the breakwaters. Therefore,
only a brief description of the site and breakwater characteristics will be provided

within this report.

1.2 Sources of Information

Reports and Source Database

Several sources of information have been reviewed to determine the

environmental characteristics at Pyrgos, Limassol and are as follows:

o Coastal Zone Management for Cyprus: Nearshore Wave Climate Analysis by
Xenia Loizidou and John Dekker, March 1994.

o Beach Evolution Caused by Littoral Drift Barrier by Deva K. Borah & Armando
Ballofet. January 1986.
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o AkTopnxavikr) MeAéTn ‘Epywyv MNpooTtaciag AKTAG Mupyou Agpeoou, Z1TUpog
M. MNouAoupig & NikoAaidng kai Zuvepydteg, Noéuppiog 2019. This includes
sources mentioned within the report that are relevant to the current study.

o MEET yia Tnv Kataokeur £pywv TTpooTaciag Kal BeEATiwong NG TTapaliag
mapda 10 {evodoyeio LE MERIDIEN 1ng etaipeiag L° UNION NATIONALE
TOURISM AND SEA RESORTS LTD, otnv mepiox Mupyou Aegupeoou,
Mapdptnua 3.

1.3 Location of Site

The site is located on the South coast of Cyprus, on the east side of Saint Rafael

Marina, Limassol (see Figure 1.1).

Site location

Figure 1.1. Site location. Source: Google Earth.
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1.4 Project Background
The plot shown in Figure 1.2, is situated to the east of Saint Rafael Marina and is

planned to be converted into a residential development.
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Coastline of plot

Figure 1.2: Project area

The coastline is approximately 150m long and reefs located adjacent to the shore
provide a lesser protection to the coastline. Three breakwaters were recently
constructed near the shore to the West of the plot and provide protection to the

coastline in front of an existing Hotel.

Two new breakwaters are proposed to be constructed immediately adjacent to the
east of the three breakwaters in order to provide shelter to the coastline indicated
in Figure 1.2. The new breakwaters are to protect potential users of the beach

from incoming wave and to possibly reduce erosion caused to the coastline.
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1.5 Scope of Study

The scope of the study is to assess the following listed below, before and after the

installation of the breakwaters:

. mean and maximum wave conditions;
° the characteristic wave currents;
. the sediment transport;

o bed level change rate.

The results are then reviewed and compared, to assess the performance of the
breakwaters and to discuss any potential impacts caused to the coast West and
East of the plot. The study aims to address the following requests made by the
Department of Environment Cyprus for the construction of the breakwaters (see

Appendix E):

. Based on the results of the analysis, discuss and critical review the coastal
impacts caused by the breakwaters to the coast situated shoreward, west

and east of the proposed works.

. Examine the wave action and the wave currents of the surrounding coastal

area before and after the construction of the breakwaters.

o Examine the sediment transport of the area and in particular to the coastline
shoreward, east and west of the proposed works. In addition, assess any
potential impacts to the sediment transportation around the reefs and to the
posidonia oceanica and discuss any erosion or deposition of sediments

during and after the construction of the breakwaters.

The above request that are related to the scenarios before and after the
construction of the breakwaters are to be assessed through the coastal analysis
platform Mike 21/3. Preventing measures are to be proposed in order to minimise

potential impacts during the construction of the breakwaters

Nicolaides and Associates
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2 ENVIRONMETAL CONDITIONS REVIEW

2.1 General

This section presents a summary of key information used within the study to

determine the environmental conditions at study area.

2.2 Bathymetry and Topography

The water depth nearshore is shallow, with water levels ranging between 0 to 5m.
The water depth south of the coast is also relatively shallow. An extended and a

close-up view of the modelled bathymetry is shown in Figure 2.1.
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Figure 2.1: Bathymetry of modelled area
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2.3

The proposed breakwaters are situated in close proximity to the coastline, at a
water depth approximately equal to 4m. The model covers an area equal to
1200x1100m. The total length of the analysed coastline is approximately 1200m
in length. The influence of the breakwaters to the coast is not expected to extend
further than that examined in this study (shown in Figure 2.1) due to their relatively

close position to the coastline.

Wind & Wave climate

The data of wave and wind frequency and intensity distribution of the area were
collected from the study, “Coastal Zone Management for Cyprus: Nearshore Wave
Climate Analysis - Xenia Loizidou”. Wind and waves characteristics were derived
from ship observations to the South of Cyprus by KNMI (Royal Netherlands
Meteorological Institute). The statistical analysis of wind data was performed by
Harbours, Coasts and Offshore Technology Division, Delft Hydraulics (de Vroost)
and provides the 1-year average wind direction and intensity. Relevant information
is presented in Appendix G.

The most persistent wind direction is from the southwest and west with angles
between 195°-285° and has a total frequency of 50.54%.

According to the statistical wave database mentioned above, the characteristics of
the incoming maximum wave conditions selected for this study are presented in
Table 2.1. The direction and intensity of the four cases are considered to have the

biggest impact to the coastal morphology of the area of study.

Table 2.1: Maximum wave conditions at a water depth equal to 20m.

Direction (deg) Significant Wave Height (m) Peak period (s)
150 2.75 7.14
180 3.75 8.34
210 3.75 8.34
240 2.25 6.46
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2.4

Yearly equivalent Wave climate

The yearly equivalent wave conditions were calculated based on the four cases
shown above. The representative wave period was calculated using Equation 1
and the representative significant wave height using Equation 2, according to
Borahand Bolloffet (1985).

_ S HP TS
Te = Xfi (1)
LHI T f
HZ T, = =5 (2)
Where:

H;, T;, f;, arethe wave height, wave period and frequency of occurrence of waves

that correspond to the various intensity levels of wind of each direction.

The calculated equivalent yearly wave conditions are presented in Table 2.2.

Table 2.2: Calculated equivalent yearly wave conditions used for the analysis

Direction (deg) | Equivalent Wave Height He | Equivalent wave period
(m) Te (s)
150 0.90 4.73
180 0.89 4.76
210 1.16 4.84
240 1.13 4.89
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2.5 Sediment Characteristics

The sediment characteristics were derived from previous sediment investigations
performed for the construction of the three breakwaters that are currently situated
adjacent to the location of the proposed works (refer to MEEI yia Tnv KaTaokeun
Epywv TTpooTaciag Kal BeATiwong NG TapoAiog tapd T1O Eevodoxeio LE
MERIDIEN 1ng eTaipgiag L UNION NATIONALE TOURISM AND SEA RESORTS
LTD, otnv mrepioxn Mupyou Aepeoou, Mapdptnua 3).

During the above indicated investigations samples of the sediments were collected
from the seabed at depths of 4-5.5m and 7-8.5m. The samples were analysed and
the characteristic mean grain diameter dso was established. The analysis

concluded that the mean grain diameter of the site equals to 0.2mm.

Nicolaides and Associates
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3.1

3.2

METHODOLOGY OF ANALYSIS

Introduction

The model used within the study is MIKE 21/3 CM (coupled model) powered by
DHI group. MIKE 21/3 is a software package for modelling of hydrodynamics,
waves & sediment dynamics. The software solves the equations for the
conservation of mass and momentum based on Reynolds averaged Navier-stokes
and assesses the hydrographic conditions for design and operation of structures
in stratified and non-stratified waters. The Spectral Wave Module simulates the
growth, decay and transformation of wind-generated waves in coastal areas and
can be used to study the morphological evolution of the coast. Basic information

on the MIKE 21 software is included in Appendix F.

Model Set Up

The analysis has examined the following:
. Hydrodynamic Module — Calculate the flow, current and forces generated by
the wave conditions;

. Spectal Wave module — Calculate the sea state characteristics of the mean

and maximum wave conditions;

. Sediment Transport Module — Calculate the statistical mean sediment
transport and bed level change rate of the site using input data and

information calculated from the Hydrodynamic and Spectral Wave module.

The analysis involved the following two scenarios:

. Current condition - no new breakwaters;

. Proposed works — Installed two new breakwaters.

The changes to the wave conditions due to shoaling were calculated at a water
depth equal to 6m and the results were used to the final model area shown in

Figure 3.1.

Nicolaides and Associates
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Figure 3.1: Model area used for the analysis.

It should be noted that the location of the posidonia oceanica were established
from a site survey carried out during the preparation of the Environmental Impact
Assessment report of the proposed breakwaters. Figure 3.2 below indicates the

results of this site survey.
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Figure 3.2: Results of the Posedonia oceanica site survey
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3.3 Inputs of the model

Model runs have been undertaken assuming random waves based on a

JONSWAP wave spectra with a spectral shape parameter of y = 3.3.

Wave parameters (Hs, Tp and direction) have been selected for different scenarios
based on the information review discussed in Section 2. Wave breaking,
diffraction, reflection, bottom friction, refraction, etc. are all taken into account by

the software calculations.

The input height of the breakwaters was set to extend 0.5m above the water level,
as originally proposed. The length of the west breakwater was set to 60m and the

length of the east to 75m.

The wave input parameters are shown in Table 2. Scenario A relates to the
scenario that includes both the existing and proposed breakwaters and Scenario

B to the scenario that includes only the existing breakwaters.

Nicolaides and Associates
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Table 3.1: Input wave parameters analysed

Scenario A — With Proposed Breakwaters

Name Direction Hs (m) Tp (s)
A —-D150.Hs0.9.T4.73s 150 0.90 4.73
A —D150.Hs2.75.T7.14s 150 275 714
A —D180.Hs0.89.T4.76s 180 0.89 4.76
A —D180.Hs3.75.T8.34s 180 3.75 8.34
A —-D210.Hs1.16.T4.84s 210 1.16 4.84
A —D210.Hs3.75.T8.34s 210 3.75 8.34
A —D240.Hs1.13.T4.89s 240 1.13 4.89
A —D240.Hs2.25.T6.46s 240 2.25 6.46

Scenario B — Without Proposed Breakwaters

Name Direction Hs (m) Tp (s)
B - D150.Hs0.9.T4.73s 150 0.90 4.73
B - D150.Hs2.75.T7.14s 150 275 714
B - D180.Hs0.89.T4.76s 180 0.89 4.76
B — D180.Hs3.75.78.34s 180 3.75 8.34
B —D210.Hs1.16.T4.84s 210 1.16 4.84
B — D210.Hs3.75.78.34s 210 3.75 8.34
B - D240.Hs1.13.T4.89s 240 1.13 4.89
B — D240.Hs2.25.76.46s 240 225 6.46

Nicolaides and Associates
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4.1

RESULTS & DISCUSSION BEFORE AND AFTER THE CONSTRUCTION OF
BREAKWATERS

General

This section details the main findings of the analysis for all scenarios indicated in
Section 3.3. This includes discussion and critical review of the results and
concentrates on the performance of the proposed breakwater and their impact
compared to the current condition of the site. The following four categories of

coastal parameters are discussed:

. Wave conditions;
o Sediment transport;
o Bed level change rate;

. Hydrodynamic behaviour.

The observations and differences between the two scenarios (with and without
proposed breakwaters) were consistent, therefore, the analysis of some results
were omitted within this section. However, all detailed results are presented in the
Appendices A through D. Two figures are provided in the Appendices for each
case (refer to Table 3.1). One figure shows an extended view of the total modelled
area and a second figure a close up view that focuses on the area behind the

proposed breakwaters.

For the purpose of this report the term “area behind” the breakwaters or “behind
the reefs” will be used to refer to the area situated to the shoreward side. The term
“site area” describes the area and coastline shoreward of the proposed

breakwaters.

The analysis of the model did not consider the influence of the marina situated to
the west of the modelled area. This is a conservative approach and incoming
waves from the southwest would normally have smaller impact to the sediment

transportation of modelled area.

Nicolaides and Associates
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4.2

Wave Conditions

The wave conditions were analysed for all cases with mean wave directions of
150°, 180°, 210° and 240°. Figures presented in Appendix A show the mean

significant wave height.

The output trend among the analysed cases was similar, therefore, only one case
for both scenarios is presented in this section for illustrative purposes. The
following figures indicate the wave conditions for the case with wave direction

180°, wave height 0.89m and wave period 4.76s.
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Figure 4.1: Significant wave height for the case with wave direction 180°,
He=0.89m and Te=4.76s. (Proposed breakwaters (red — ), Existing
breakwaters (grey — ), reefs (black — ), location of posidonia oceanica (O

)

218500 218600 218700 218800 218900 219100 219200 218300

As expected, a reduction of the wave energy is observed to the area protected by
the existing breakwater and as a result the magnitude of the wave action is lower

compared to other areas.
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In addition, areas that are situated behind the natural reefs are also protected by
the wave action creating safe areas for swimmers. However, those areas are
considered to be relatively small in capacity and have shallow water depths.

Therefore, these areas are mostly suitable for the young swimmers.

Referring to the results of Scenario B (without proposed breakwaters), the cases
with wave directions between 180° to 240°, show to cause the most severe wave

conditions.

Cases with input of the equivalent yearly average (He), show values of significant
wave heights up-to 0.8m, within a 25m radius from the coastline of the site. These
wave conditions can generate large wave heights in excess of 1m and are not
recommended for public beaches with amateur swimmers. Cases with extreme
wave conditions, significant wave heights can reach up-to 1.25m within 25m radius

from the coast, however, the frequency of these is low.

With the installation of the proposed breakwaters (refer to figures in Appendix A),
the significant wave heights behind the breakwaters are considerably reduced.
The significant wave height for cases simulating He conditions, is mostly constraint
at values up-to 0.40m within 25m radius from the coast of the site. Only a small
area to the east of the site reaches values up-to 0.66m. The same behaviour is
observed for the cases with extreme wave conditions, where significant wave
heights are reduced and reach up-to 0.5m, apart from a small area to the east of
the coast reaching up-to 0.75m. The intensity of waves that pass through the gaps
of the proposed breakwaters is also reduced. As observed in Figure 4.1 and in
figures presented in Appendix A, some part of the wave energy is diffracted by the
breakwater gaps to the protected area. However, a large percentage of the energy
is efficiently dissipated by the breakwaters and still reduce the wave field amplitude
to the areas immediately behind the breakwaters and between their gaps.
Significant wave heights reach up-to 0.72m at a number of small areas situated

between the gaps and immediately behind the breakwaters

Nicolaides and Associates
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4.3

These levels of significant wave height are considered satisfactory for the public
use of the beach as they only occur locally to small areas and are situated in close
proximity to the breakwaters. The same behaviour and levels are observed to the

areas immediately behind the existing breakwaters.

With the installation of the breakwaters, no significant changes are observed to
the wave action at the coasts to the east coast of the area of study. The values
remain almost unchanged with significant wave heights to reach up-to 0.75m. The
impact of the proposed breakwaters to the area west of the site is also insignificant
and incident waves remain low due to the protection of the existing structures. In
some cases, the proposed breakwaters enhance the protection west coast
adjacent to the site and the incoming wave action is reduced to a lesser degree.
This increases the safety of the existing beach and creates a more suitable

environment for the public use of the beach.

Sediment Transport & Bed Level Change Rate

The statistical mean sediment transport and bed level change rate was analysed
for all cases that had as initial input the wave equivalent yearly average He and Te.
The main inputs of the analysis were the mean grain diameter and the output
results of the hydrodynamic and wave analysis. Figures presented in Appendix B
show the volumetric sediment transport per year per metre for all examined cases.
Figures presented in Appendix C show the bed level change in meters per day.
The trend of the output between cases of the two scenarios was similar, therefore,
only one case for both scenarios is presented in this section for illustrative

purposes.

The following figures indicate the sediment transport and bed level change rate for

the case with wave direction 180°, wave height 0.89m and wave period 4.76s.
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Figure 4.2: Sediment transport for the case with wave direction 180°, He=0.89m and T.=4.76s. (Proposed breakwaters

(red —), Existing breakwaters (grey

), reefs (black —), location of posidonia oceanica (O)
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As expected, the sediment transport was greatly influenced by the direction of the
wave action. Cases with waves propagating from the southwest, have sediments
transportation from east to west, parallel to the coastline. The same trend was
observed for the cases with waves propagating from the south east, with
sediments being transported from west to east. Similar behaviour was observed

for both scenarios (with and without the proposed breakwaters).

Referring to the results of Scenario B (without proposed breakwaters), it is
observed that the sediment transport is reduced to the protected shore behind the
currently installed breakwaters. The coastline that is situated behind the reefs is
also protected and therefore, a reduced transport exists to those. However, the
analytical results indicate that the magnitude of the morphological changes
experienced by the overall modelled area is minor. The bed level change rate to
the majority of the total area ranges between 0.015 to -0.015m/day. Erosion to the
bed and to the shoreline is mainly observed to areas behind the reefs. Erosion is
more profound to the shoreward area behind the western reef which agrees with
the current formation of the coastline where small bays have currently formed
behind them. A small area of deposition is observed shoreward of the existing
breakwaters for the case with wave direction 150°. The bed level change rate
ranges between 0.015m/day to 0.03m/day.

An increased sediment transportation is observed to the western and eastern
areas in front of the reefs. This is believed to be caused by the relatively strong
incoming currents that propagate from the western and eastern directions and

possibly from the waves reflected by the reefs.

With the construction of the proposed breakwaters, the sediment transport is
slightly reduced to the coast situated to the shoreward area. The breakwaters
reduce the incident wave energy and therefore reduce the erosion of the coastline
to a lesser degree. Breakwaters can trap wave currents that are being reflected by
the coast and carry suspended sediments. This restricts the escape of sediment
transport from the protected shoreline. Evident of the trap currents is shown to the
hydrodynamic results and are discussed in more detail in the subsection further

below.

Nicolaides and Associates
CivillEnvironmental Engineers

21



4.4

Calm hydrodynamic conditions and suspended sediment concentrations can
cause sediment deposition to the area. In other areas situated shoreward of the
breakwaters a minor reduction of sediment deposition is observed. This is believed
to be caused by the alternation of the wave current path developed to the area and
the prevention of suspended sediment carried by these currents entering the
protected area. However, due to the small magnitude of the morphological
evolution of the area, the sediment deposition caused by the breakwaters is minor
and insignificant. This is evident by the small changes of the bed level rates which
remain within the range of 0.015 to -0.015m/day as with the scenario without the

proposed breakwaters.

The coastal areas situated to the shore west and east of the proposed breakwaters
show minor or no differences to the morphological evolution of the area between
the two scenarios. The bed level change rates show minor or no changes and the
magnitude of bed erosion/deposition remains the same as with the scenario
without the proposed breakwaters. This shows that the influence of the proposed

breakwaters to the morphology of the area is insignificant.

The same conclusions are drawn to the areas where posidonia oceanica are
located. The sediment transport and bed level change rates remain unchanged
and range between 0.015m/day to -0.015m/day. Therefore, this concludes that the
proposed breakwaters do not influence the morphological evolution of posidonia

oceanica ecosystem.

Hydrodynamic behaviour

The hydrodynamic behaviour of the area was analysed for all cases that had as
initial input the wave equivalent yearly average He and Te. The wave conditions of
this analysis used the analytical output derived from the wave module. Figures
presented in Appendix D, show the wave current velocity with the directional
vectors for all the examined cases. The trend of the output between cases of the
two scenarios was similar, therefore, only one case for both scenarios is presented

in this section for illustrative purposes.
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The following figures show the current output for the case with wave direction 180°,

wave height 0.89m and wave period 4.76s.
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Figure 4.4: Wave currents for the case with wave direction 180°, He=0.89m
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East and west of the model, the currents propagate parallel to the coast with a
direction inwards to the model. Moving towards the centre of the model, the
direction of the currents shift and continue to propagate to the offshore. This
indicates that suspended sediment is transported to the offshore. Higher speeds
are mostly observed to the western and eastern area of the model. These areas

are not protected by breakwaters or reefs.

Referring to the analysis of Scenario B (without proposed breakwaters), it is
observed that areas situated shoreward of the current breakwaters, show a
reduction of the current speeds. This creates a safer and more suitable

environment for the public use of the beach.
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With the absence of the proposed works, the current breakwaters show to provide
a degree of protection to the site area, however, still in some cases the current
speeds reach values up-to 0.45 m/s in close proximity to the coastal bay. These
levels of current speed are considered strong and may cause safety issues to the

public using the beach.

A circulation pattern of flow is observed inside the protected area, shoreward of
the breakwaters. This prevents to a lesser degree, suspended sediments to be

transported away or in from the protected coast, as discussed in Sub-section 0.

Referring to the analysis of Scenario A (with proposed breakwaters), a reduction
of the current speeds is observed within the area of study. The current speed to
the maijority part of the site area values reach up-to 0.15m/s. The speed of the
currents to the eastern and western coast of the model remain almost unchanged
and show a similar behaviour with the analysis of Scenario B. The speeds are
reduced to a lesser degree to the east of the area of study, however, as similarly
indicated in the sediment transport analysis, the magnitude of change is

insignificant.

The results show that with the installation of the proposed breakwaters, the
protected area has reduced wave current speeds which creates a suitable
environment for swimmers to use the beach. No high current speeds are observed
to be generated between the gaps of the breakwaters. Current speed levels to
areas situated between the gaps or immediately behind the breakwaters are

similar to the rest of the protected areas and reach up-to a maximum of 0.08m/s.

The proposed breakwaters do not show to cause any significant changes to the
currents of the surrounding area or to the area where posidonia oceanica are

located, but only to the protected areas shoreward of the breakwaters.
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5 PREVENTION MEASURES DURING CONSTRUCTION OF BREAKWATERS

5.1 General

Suspended sediments caused by the breakwater construction may be transferred
to the water column. The volume of excavation that will take place during the
construction of the two breakwaters is very small and therefore the potential
negative impact to the aquatic organisms or to posedonia oceanica beds situated
north of the construction, near the shore can be considered as negligible. However
the following section details preventing measures that can be used during the
construction of the works in order to eliminate any small potential impact to the

surrounding area from suspended material and deposition.

5.2 Discussion on Preventing Measures

The construction of breakwaters requires excavation and levelling of the seabed.
During the construction of numerous and long breakwaters this excavation and
levelling can cause suspension of sediment to enter the water column and can
have negative impacts to the aquatic organisms or to posedonia oceanica beds

situated to the surrounding area.

As discussed in Section 4, the wave currents in most cases have low speeds
around the location of the proposed location breakwaters and their direction is
towards the offshore, which is to the opposite direction of the posidonia oceanica
beds. This considerably reduces the risk of suspended sediments transferred to
the posidonia oceanica beds since suspended sediments are more likely to be
transferred to the offshore and follow the direction of the currents. However, there
is still a very small risk that a small amount of suspended sediment can be
transferred to those areas. Therefore, a silt screen can be installed during the

levelling of the seabed, to mitigate against the suspended sediments.

Silt screens are floating geo-textile barriers used in the marine construction to

control silt and sediment in a body of water.
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The silt screens will enclose the area of construction and will provide a barrier
extending from the water surface to an appropriate depth that will prevent
suspended sediments to be transferred by the water column. The screen will
contain and capture the suspended sediments within a limited area and provide
enough residence time so that sediments settle back to the seabed within the

contained area.

Furthermore, during the construction, excavation activities should take into
account the direction of the water movement. If water currents are relatively strong
or propagate towards the shore then the excavation activities should be stopped

to avoid the disturbance of the seabed and movement of sediments.
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6.1

CONCLUSION

General

A coastal analysis has been undertaken for the two proposed breakwaters at
Pyrgos, Limassol. The breakwaters extend 0.5m above mean water level and have
a length of 60m and 75m. Refer to Aktounxavikry MeAétn ‘Epywv lNpooTtaciag
AkTAG Mupyou Aepeoou for more details about the breakwaters design, location

and other.

This study analyzed the hydrodynamic behaviour, the wave action, sediment
transport and bed level change rates of the coastal area before and after the
construction of the breakwaters. The study aimed to examine the performance of
the two breakwaters and to identify any potential environmental impacts caused to

the surrounding area and in particular to the coast west and east of the site area.

The performance of the breakwaters was examined by conservatively assuming
the area to the west of the model is an open coast and has not considered the
presence of St. Rafael marina. However, in reality the marina would considerably
reduce the incoming wave energy propagating from the southwest. This would

result in lower wave currents and sediment transportation levels of the model.

In addition, preventing measures were proposed that will be used during the
construction of the works in order to minimize any potential impact to the

surrounding area from suspended material and deposition.

A discussion and a critical review of the results was undertaken, and a summary

of the main findings is presented below.
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6.2 Summary

o Without the presence of the proposed breakwaters, the incident wave heights
to the site area are considered to be high for the public use of the beach. The
mean wave heights can reach up-to 0.8m within 25m radius from the
coastline. The proposed breakwaters considerably reduce the wave action to
the site area and provides a satisfactory protection for the public use of the

beach.

° The construction of the two proposed breakwaters show to have no or
insignificant impact to the wave conditions at the coasts situated west and

east of the protected area.

° The erosion of the coastline shoreward of the proposed breakwaters is
reduced and the magnitude of the sediment transportation of the sea bed is

lowered.

o The proposed works cause insignificant impacts to the sediment
transportation to the sea-bed and the area around the natural reefs to the
east or to the west coast. A minor reduction of suspended sediments is
observed and a reduction of sediment erosion to the coastline protected by
the breakwaters.

o The change caused to the deposition and erosion rates at areas in close
proximity of the proposed breakwaters is insignificant and in some parts it
remains unchanged. The magnitude of the bed level change rate remains
insignificant and majority ranges between 0.015m/day to -0.015m/day for
both scenarios. The deposition/erosion of areas situated further west, east
and south of the breakwater remain unchanged.

o The bed level change rate to areas with posidonia oceanica beds range
between 0.015m/day to -0.015m/day and remains unchanged with the
construction of the breakwaters. This is evident that the proposed
breakwaters do not influence the current morphological evolution to those

areas.

Nicolaides and Associates
CivillEnvironmental Engineers

28



o The proposed works provide an additional protection to the beach situated

west of the site area and slightly reduce the current velocities. The speed of

the wave current within the protected area is reduced and creates a safer

and suitable environment to public users of the beach.

o For the reasons summarized below, it is concluded that during the

construction of the proposed breakwaters there will be no negative impacts

to the surrounding area or to the areas where posidonia oceanica beds are

located.

Nicolaides and Associates
CivillEnvironmental Engineers

During the construction of the breakwaters the area can be
enclosed by silt screens that will contain the sediments suspended
by the works. This will prevent any potential transport of the

sediments to the surrounding areas.

If the speed of the currents is relatively high and the direction is
towards the shore, then works that cause excessive disturbance

to the seabed will be minimized.

The hydrodynamic analysis of the area shows the wave currents
at the location of the proposed breakwater have low speeds and,
in most cases, propagate towards the offshore and therefore
opposite of the posidonia oceanica bed locations. This shows that
suspended sediments are more likely to be transferred to the
offshore and follow the direction of the currents. In addition, the
low speed of the currents will possibly lead to the majority of
sediments to settle without being transferred far from the location

of the disturbance.
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DIRECTION - 240°
Hs - 2.17m
Tp — 6.64s

Sign. Wave Haight [m]
B Above 195
1.80 - 1.95
165-180
150 -168
136.150
120-135
] 106-120
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045-060
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Below 0.00
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Figure A16 - SCENARIO A
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EXTENDED VIEW
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o Tp-4.73s
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Figure A17 - SCENARIO B

WAVE CONDITION
EXTENDED VIEW
e DIRECTION - 150°
o Hs-0.9m
o Tp-4.73s

Saan. Wave Height [m]
Above 084
0.78-0.84
0.72-0.78
NE6-0T2
0_60 - 066
0.54 - 0.60
048 - 0.54

0.42-048
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. 024-030

018-02
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Below 0.00
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Figure A18 - SCENARIO A

WAVE CONDITION
CLOSE UP VIEW
DIRECTION - 150°
Hs - 0.9m
Tp-4.73s

Sign. Wave Height [m]
Above 0.84
0.78 - D.64
0.72-0.78
066 -072
0.60 - D.66
054 - 060
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! 0.00 - D.06
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Figure A19 - SCENARIO B

WAVE CONDITION
CLOSE UP VIEW
DIRECTION - 150°
Hs - 0.9m
Tp -4.73s

Sign. Wave Height [m]
Abave 0.84
0.78-0.84
0.72-0.78
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[_1060-066
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036-042
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Figure A20 - SCENARIO A

WAVE CONDITION
EXTENDED VIEW
e DIRECTION - 180°
e Hs-0.89m

o Tp,-4.76s

Sign. Wave Height [m]
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0.78 - 0.84
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0.00 - 0.06
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Figure A21 - SCENARIO A

WAVE CONDITION
EXTENDED VIEW
e DIRECTION - 180°
o Hs-0.89m

® Tp-4.76s

Sign. Wave Height [m]
Above 0.84
078-084
072-078
066-0.72
06D - 066
(54 -060
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036-042
0.30-0.36
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Figure A22 - SCENARIO A

WAVE CONDITION
CLOSE UP VIEW
DIRECTION - 180°
Hs - 0.89m

L Tp -4.76s

ign. Wave Height [m]
Ahove 0 84
0.78-084
0T72-078
066-072
060 - 0.656
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042-048
036-042
030-0.36
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018 -0.24
012-0.18
006-012
0.00-0.06
Eelow 0.00
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Figure A23 - SCENARIO B
WAVE CONDITION
CLOSE UP VIEW
e DIRECTION - 180°
o Hs-0.89m
o Tp-4.76s

Sign. Wave Height [m]
I Above 0.84
B 0.75-0384
Edoiz-078
066-072
0.60 -0.66
0.54-060
0.48 -0.54
042 -048
0.36-042
0.30-0.36
B 024-030
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0.00 - 0.06
Below 0.00
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Figure A24 - SCENARIO A
WAVE CONDITION
EXTENDED VIEW
e DIRECTION - 210°
o Hs-1.16m
o Tp-4.84s

=ign. Wave Hengnt [m]
Ahave 112
104-112
0.96-1.04
0.88-0.95
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0.72 -0.BO
064 -0.72
0.56 - 0.64
048 -056
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0.32-040
0.24-0.32
016-024
008-0158
0.00-0.08
Below 0.00
|| Undefined Value

Figure A25- SCENARIO B
WAVE CONDITION
EXTENDED VIEW
e DIRECTION - 210°
o Hs-1.16m
o Tp-4.84s

Sign Wave Height [m]
Above 1.12
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Figure A26 - SCENARIO A
WAVE CONDITION
CLOSE UP VIEW
e DIRECTION - 210°
e Hs-1.16m
o Tp-4.84s

Sign. Wave Height [ra]
| TR RE
B 104-112
] 096-1.04
|| 083 096
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] 0.72-080
0Dad-072
I 056-0864
0.48-056
040-048
D.32-040
024 -032
016-024
B 0o:-016
0.00-008
Below 0.00
[ Undefined Value

Figure A27- SCENARIO B
WAVE CONDITION
CLOSE UP VIEW
e DIRECTION - 210°
e Hs-1.16m
o Tp-4.84s

Sign. Wave Height [m]
i Above 112
1.04-112
| 096-104
0.88-0896
| 0.80-0.88
0.72- 060
0.64-072
0.56 - 0.64
0.48-056
040 - 048
0.32-0.40
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0.08-018
0.00-0.08
Below 0.00
Undefined Valus
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Figure A28 - SCENARIO A

WAVE CONDITION
EXTENDED VIEW
e DIRECTION - 240°
e Hs-1.13m
o T)-4.89s

Sign Wave Height [m
Bbove 1.04
096 -1.04
0.88-096
Q.80 - 0.88
072 -0380
064 -0.72
056 - 064
048 - 0.56
0.40 - 048
032 - 040
0.24-032
016-024
0.08-0.16
0.06 - 0.08
000-006
Balow 0.00
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Figure A29- SCENARIO B

WAVE CONDITION
EXTENDED VIEW
e DIRECTION - 240°
e Hs-1.13m
o Tp-4.89s

Wave Height [m]

Sign
Above 1.12
104-112
0%-104
0.88-096
0.80-0.68
072080
0e4-072
.56 - 0.64
0.48 - 0.56

!Ddﬂﬂdﬂ
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0.24-032
016-024
008-016
0.oo-008
Below 0.00
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Figure A30 - SCENARIO A

WAVE CONDITION
CLOSE UP VIEW
DIRECTION - 240°
Hs - 1.13m
Tp - 4.89s
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Figure A31- SCENARIO B

WAVE CONDITION
CLOSE UP VIEW
DIRECTION - 240°
Hs - 1.13m
Tp - 4.89s
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Figure B1 - SCENARIO A

SEDIMENT TRANSPORT
EXTENDED VIEW
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e Hs-0.9m
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Figure B2 - SCENARIO B
SEDIMENT TRANSPORT
EXTENDED VIEW
e DIRECTION - 150°
e Hs-0.9m
o Ty-4.73s
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lnad - magnitude
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Figure B3 - SCENARIO A

SEDIMENT TRANSPORT
CLOSE UP VIEW
e DIRECTION - 150°
e Hs-0.9m
o Tp-4.73s

Statishical mean - Total

load - magntude
[t 3yefim |
Above 1400
1300 - 1400
| 1200 - 1300
[ | 1100 - 1200
| 1000- 1400
500 - 1000
BOO - 900
700 - 800
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Figure B4 - SCENARIO B

SEDIMENT TRASPORT
CLOSE UP VIEW
e DIRECTION - 150°
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Statistical maan
load - magnitude
[me3sim]

Above 1400
1300 - 1400
1200 - 1300
1100 - 1200
1000 - 1100
500 - 1000
800 - 500
f00 - 800
/00 - 700
500 - &00
400 - 500
300 - 400
200 - 300
100 - 200
g- 100
Balow 0

-
i

Total

Undefined Valus




|

345150 ] : | ; =

345100 1
345050 |
345000
44K F == e nas
344800 1
344850
344500 ]
144750 1

144700 ]

:"-"-‘Ew L o

218500 218600 218700

i A | UL B e e e L B L o B e T

SRS P g
218800 218900 219000 219100 219200 219200 219400 219500 219600
im]

m]

345150

345100
345050
345000
344950
ﬂ.mgnné =
344850
3448004

144750

344?00:......5-......... Espilasssrasissns ....... P S S P L S e e P R e ....:.... S P Sy oy .

J44850 4 AT Y R A 'l'f-r'r'v-l-'-"r-'r'-"rﬂ S A T P T R S T S S R N S A R R R ST '\-"r'r"r e e e e S L i e e
218500 218600 218700 218800 218900 218000 219100 218200 219300 218400 2189500 219600
[m]

Figure B5 - SCENARIO A
SEDIMENT TRANSPORT
EXTENDED VIEW
e DIRECTION - 180°
e Hs-0.89m
o T,-4.76s

Statistical mean ; Tolal
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Figure B6 - SCENARIO A
SEDIMENT TRANSPORT
EXTENDED VIEW
e DIRECTION - 180°
e Hs-0.89m
® Tp -4.76s
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Figure B7 - SCENARIO A

SEDIMENT TRANSPORT
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Figure B8 - SCENARIO B

SEDIMENT TRANSPORT
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DIRECTION - 180°
Hs - 0.89m
Tp - 4.76s

Statisbical mean  Tolal
load - 'nai_.}niim.‘e
[m*3yrfm]

Bl Abovs 1120
I 1040 - 1120

1 960- 1040
B80 - 960

800 - 880

720- 800

540 - 720

[ 550- &40
[ 480- s60
I 100- 480
B 320- 4m0
B 20- 30
160 - 240

80 - 160

0- &0

Below 0

| Undefined Value




345050 =

345000 1

344950 1-

Figure B9 - SCENARIO A
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Figure B11 - SCENARIO A

SEDIMENT TRANSPORT
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Figure B12- SCENARIO B
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Figure B14- SCENARIO B
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Figure B15 - SCENARIO A
SEDIMENT TRANSPORT
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Merr  ofboedy  Giaw Aper:

ME THAEMOIOTYNO: (22 765420)

Fevikn) AisuBovipia Apxrig Aipévwv Kimmpou Q\‘MQ
g1
MEET yia ThV KaTaROKEVH KUNaTobpayardv
EVTEC TwV BI0IKNTIKWY opiwv Tou Mipyouv Azuzooi

‘Exw odnyieg va avapepBu oto mio Tavw BEpa, 1o omoio aulnTiienke ot dUo ouvedpieg TTou
TpayparowmoiriBhkav ong 3.09.2019 kai 21.01.20, kai va emonudvw 61 Kol ONUAVTIKG
aroixeia Ta omofa xpeidfovrar yia v afloAéynon Tou Béparog atrd v Ermpotri EXTiHNONG
Emmidoewy oro MNepifdhov ko giiénkav pe  TautdpiBun EMOTOAN MOS (nuepop.

" 22.10.19), Bev £xouv TIPOCKOLIOTE! QTG TOUG HEAETNTES 1) XPlilouv cagods Blieukpivnong pe

TEKUNPIWUEVR TTOCOTIKOTIONNOT) KAl OXI YEVIKES TOTTORETHGEIC/EKTINGTEIS.

2. Zuykekpipéva, Ta GeSopéva ta omola uroBARBnkav pEXpl OAHEPD GO0V TPopd TIC
QVAPEVOUEVES ETITTTWOEIS TwV KUNATOBPAUGSTWY OTO TTapdKTio aviyAu@o Tng TepIoXg, Gev
eifapkodv yio efaywy ao@aAbv oupTTEpaopdTwy’ 600V aQopd TN BiaNGPPWaEn TRE
TTapaKEipeVNg akTig ae BéBog xpovou Eurpoadev, avaroliké Kan SUTIKG Tou Epyou.

'Emmp6oBera, dev Sidovial omOIABATIOTE GPIBUNTIKG OTOIXEIQ OXETKE HE TNV QVapEVONEVT
¥nuarotroinon Trou 8a TPokUWEl KATE TRV KATACKEUN) Twv KuparoBpauoTdv, Kai TIg
smmo’gaelg ota tomikd Baldooia €ibn kal Blorémous, Biaitepa oTa MBESIa Mooeidwviag
(130m*9).

3. Baoel twv o mavw, Tapakahelote 6mwe pag amogTeilere mepanrépw  aroiyela/
TANPOpopiEs Go0V apopd Ta o KéTw JIApaTa, WaTe To Bépa va emavederaorel amd mv
Emrporm Extiunong Emmrioswy ato MepiBdMov To cuvtopérepo ¢

. Na efnyn@olv Ta mopicuara mou efdyovral amd TO HoBnuariké poviého (pE
TOCOTIKOTIOINUEVA OTOIXEIQ) TO OTTOl0 XPNCIMOTTOIONKE Yia VO TPOPAEWEITEQIYPAYE!
TIg AVOUEVOUEVEG OKTOMNXAVIKEG ETTITITWOEIS TWY KUMOTOBPOUSTLV CE Badog xpévou
épmrpooBev, BUTIKA Kkar emriong avaroNKG Tou €pyou 6TToU 070 TTapov oradio Sev
€X0UV KATAOKEUAGTEI GAAO! KULOTOBPAVUTES, Yia 6AG Ta CEVApIA.

. AcBopévou 6m ta Bépara ao@dleiag Aouopévwy arroteAoUY TIPOTEPAIOTNTA KAl TOV
KUpIO ASYo KaTaokeulig Twv KUHATEBPAUSTWV, va YivEl WX eXTignon TN péong kai
HEYIOTNG TIPAG TOU UYOUG TWV KUPGTWY KATG T BIGPKEIN TOU XPOVOU O TTEPITTTWON

©  TOU KOTAOKEUAoTel TO £pYyo, GAAG KaI OTMV TIEPITITWON TOU LNBEVIKOU oevapiou

- (amouoia kuparoBpauaTiiv), KaBWG KAl TWV KUMETWY ETICTPOPHC.

Migs
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. Na BievepynBei utrofahdooia apyaiodoyikl eTIOKOTTNAN, WoTe va dlagavel Katd
TOC0 UTTAPXOUV apXaidTnTeg otV Bahdooia TepioXl) n omoia Ba KAAUTITETAN aTmd
TOUG KuparoBpauores. e mepinTwon £UPEONS QPXAIOTATWY, va EKTIUNBoUV ol
EMIMTWOLIS TWV KUPAToBpausTiv oTig apXaioTnTeg.

V. Na ekmovnOei povrého BiaoTropdg IGfHarog Kal va egnyndolv 1a oxXeTkd moplopard
16000 Kard v Kkatookeuri 600 kal yie T Aaroupyla Touw épyou. BAcel Twv
(pETPACINWY) UTTOTEAEC]ATWY, Va eENyNBEl N avapevOpEVn OTEPEOMETAPOPG EVTIOS TNC
BaAaCoag GANG Kai ewi Tng akwig, 1BIKITEPA OTA avaTOAIKG, Kol va ekTIUnBolv ol
EMTTWOEIG oT0 oIKooUoTnua Tou BaAdociou updAlou Kal ota AeiBddia wooeidwviag
amo TUXOV CUCOWPEVON Gupou Kai epTTAoutioud mapallag. Na yivel kar oxemikid
extipnon oty wepiiwon evamdBeong / eptrhounicpol TG TrapaAiag e GuPo OTIWG
GTNV EI0NYNOT] TNG HEAETNG.

A. Kourpoukidng
yia AleubuvTh

Kow. : AleuBuvrpia Tufparog AMelag kai Sahaooiwv Epsuviav (22 781226)
AieuBuvrpia Tpfpatog Anpooiwv Epywy (22 498910)
AicuBuvTh Turjuarog Apyaioritwy (22 303148)
NikoAaldng kar Zuvepydreg (22 312519)

ey /et T KU IO - iy i 9]

Loy
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MIKE 271

2D modelling
of coast and sea

APPLICATIONS

MIKE 21 7s by far the most versatile tool for coastal modelling. If you need to
simulate physical, chemical or biological processesi~ coastal or maring

areas, MIKE 21

ENGINES

ne lools you need

MODULES

The following is a small subset of the almost
endless |ist of possible MIKE 21 applications.
TYPICAL APPLICATIONS

MIKE 21 is the ideal software for:

Design assessment for coastal and offshore
structures

Optimisation of port layouts and coastal
protection measures

Cooling water, desalination and
recirculation analysis

Optimisation of coastal outfalls

Environmental impact assessment of
marine infrastructures

Ecological modelling including
optimisation of aguaculture systems

Optimisation of renewable energy systems

Water forecast for safe marine operations
and navigation

Coastal flooding and storm surge warnings

Inland river, flooding and overland flow
modelling

3-in-1

The unique 3-in-1 package includes all three engines
in one great package deal

MIKE 21 comprises the following simulation

engines:

= Single Grid, which is a classic rectilinear
model that is easy to set up and with easy
|/O exchange

Multiple Grids, which is a dynamically
nested rectilinear model with the ability to
focus the grid resolution

Flexible Mesh, which allows maximum
flexibility for adapting grid resolution of
the model domain

.

PARALLEL PROCESSING (CPU)

All Flexible Mesh and Single Grid engines
support parallel processing. The Flexible
Mesh (FM) engines show excellent
performance when parallel processing is
undertaken - also on a large number of
computational cores. On multicore Windows
computers, parallelisation is menu-driven and
straightforward. The FM engines are also
available for Linux, which gives the possibility
to utilise High Performance Computing (HPC)
systems.

GRAPHICAL PROCESSING UNITS (GPU)
For the FM engines, the use of graphical
processing units (GPU) is also supported and

MIKE 21 is modular, You buy what you need
and nothing more. It includes a wide range of
modules, allowing you to create your own
tailored modelling framework for your
coastal and marine studies.

PP - PREPROCESSING AND
POSTPROCESSING

This module offers an integrated work
environment which provides convenient and
compatible routines to ease the tasks of data
input, analysis and presentation of simulation
results.

HD - HYDRODYNAMICS

This module simulates water level variations
and flows in response to a variety of forcing
functions.

AD - ADVECTION-DISPERSION

This simulates the transport, dispersion and
decay of dissolved or suspended substances.
Itis typically used in cooling water and
wastewater discharge studies,

COUPLED MODELLING

The FM series include a powerful, integrated

system which, in a surprisingly easy manner,

combines wave, flowand sediment transport
models into a fully dynamic morphological

gives easy access to spectacularincreases in model.
simulation speed.
Speedup factor
400
X Large models
Perform better than 1:1 relationship —
300x
200x e
- 10!
e e
100x e Small models
Spectacular speedup but with less efficiency
100CPUS 200CPUs 300CPUS Number of CPUSs
Example of CPU-based speedyp tests.
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MODULES

MODULES

BENEFITS

MIKE 21 includes the following modules
specifically for sediment transport and water
quality modelling.

ST - SAND TRANSPORT

This is an advanced sand transport model
with several formulations for current as well
as current-wave generated transport,
including 3D description of sediment
transport rates. It is, for example, used for
morphological optimisation of port layouts,
impact of shore protection schemes and
stability of tidal inlets.

MT - MUD TRANSPORT

This is a combined multi-fraction and multi-
layered model that describes erosion,
transport and deposition of mud (cohesive
sediment) or mixtures of sand and mud.

PT - PARTICLE TRACKING

This module simulates transport and fate of
dissolved and suspended substances,
including sediments.

SM - SHORELINE MORPHOLOGY

This module combines detailed 20 modelling
of currents and waves with a constrained
morphological model, making it possible to
undertake fast, stable and robust modelling
of shoreline evolution in 2D environments.
0S - OIL SPILL

This module simulates the spreading and
weathering of hydrocarbons and is used for
oil spill modelling.

MIKE ECO LAB - ECOLOGICAL MODELLING
This is a complete numerical laboratory for
water quality and ecological modelling. See
page 18.

The expert in WATER ENVIRONMENTS

MIKE 21 includes the following modules
specifically for wave modelling.

SW - SPECTRAL WAVES

This is a spectral wind-wave model that
simulates the growth, decay and
transformation of wind-generated waves and
swell.

BW - BOUSSINESQ WAVES

The state-of-the-art tool for studies and
analyses of wave disturbance in ports,
harbours and coastal areas. It includes full surf
and swash zone dynamics.

MA — MOORING ANALYSIS

This module simulates the motions of single
or multiple vessels subject to winds, waves

and currents. It also calculates the forces in
fenders and mooring lines and can directly

use results from MIKE 21 BW, MIKE 3

Wave FM and MIKE 27 HD as input.

SELECTED TOOLS IN MIKE 21

In addition to its variety of modules, MIKE 21
also includes a number of tools to optimise
your work. Here is a subset of tools:

« Globaltide data and tools for tidal analysis
and prediction

* MIKE’s Climate Change Editor

+ Cyclone wind generation and wind
generation from pressure maps

« Advanced mesh and grid generators and
editors

Advanced tools for generation of graphical
output

» Aninterface (API) for reading and
modifying files in MIKE 21’s internal, binary
format

39

MIKE 21 is proven technology. No other
modelling package has been used for as
many coastal and marine engineering
projects around the world as MIKE 21.

The recipe for the unique success of MIKE
21 is simple. It gives you maximum
flexibility, higher productivity and full
confidence in the results.

Also, MIKE 21 is much more than just the
right tool for your project. It also gives
access to other benefits of MIKE software
products, including unparalleled technical
support, training courses and access to
DHI's expertise and know-how regardless of
where you are in the world.

MIKE 21 also comes with a wealth of first
class tools that enhance and ease modelling
possibilities.

MIKE C-MAP and MIKE ANIMATOR PLUS

MIKE C-Map offers model bathymetries
generated fast and easy from an electronic
chart database. MIKE ANIMATOR PLUS
turns model results into amazing 3D video
presentations. Both applications are free
and available if you hold a valid Service and
Maintenance Agreement (SMA) for
Professional License.

Contact: mike@dhigroup.com

For more information, visit:
www.mikepoweredbydhi.com
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MIKE 21 Wave Modelling
MIKE 21 Spectral Waves FM

Short Descnption

The expert in WATER BNVIRONMENTS
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Computational Features

MIKE 21 SW - SPECTRAL WAVE
MODEL FM

MIKE 21 SW iz a state-of-the-art third generation
speciral wind-wave model developed by DHI. The
model simulates the growth, decay and
fransformation of wind-generated waves and swells
in offshore and coastal areas.

MIKE 21 SW includes two different formulations:

= Fully spectral formulaticn
+*  Directional decoupled parametric formulation

The fully spectral formulation is based on the wave
action conservation equation, as described in e.g.
Komen et al {1994} and Young (1999), The
directional decoupled parametric formulation is
basad on a parameterization of the wave action
conservation equation. The parameterisation is
made in the frequency domain by introducing the
zeroth and first moment of the wave action
spectrum. The basic conservation eguations are
formulated in either Carlesian co-ordinates for small-
scale applications and polar apherical co-ordinates
for large-geale applications.

The fully spectral model includes the following
physical phenomena:

Wave growth by action of wind

Mon-linear wave-wave interaction

Dissipation due to white-capping

Dissipation due to bottom friction

MIK;E\

Posnred iy Db

Dissipation due to depth-induced wave breaking
Refraction and shoaling due to depth vanations
Wave-current interaction

Effect of time-varying water depth

+  [Effect of ice coverage on the wave field

The discretisation of the govemning equation in
geographical and spectral space is performed using
cell-centred finite volume method. In the
geographical domain, an unstructured mesh
technique is used. The time integration is performed
using a fractional step appreach where a multi-
seguence explicit method is applied for the
propagation of wave action.

MIKE 21 5W is a state-of-the-art numernical modelling ool
for prediction and analysis of wave climates in offshore
and coastal areas. ® BIOFOTOMKaus K. Bentzen

el 4 - -2 1] 2 4 B B 1 LH
1720 00 2801000

A MIKE 21 S5W forecast application in the North Sea and Baltic Sea. The charn shows 3 wave field (from the NSBS
muzdel} illustrated by the significant wawve height in top of the computational mesh. See also www waterforecast com

The expert in WATER BENVIRONMENTS 1
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Computational Features
The main computational features of MIKE 21 SW -
Spectral Wave Model FM are as follows:

+  Fully spectral and directionally decoupled
parametric formulations

+  Source functions based on state-of-the-art 3rd
generation formulations

*  [nstationary and quasi-stationary solutions

=  (Optimal degree of fiexibility in describing
bathymetry and ambient flow conditions wsing
depth-adaptive and boundary-fitted
unstructured mesh

= Coupling with hydrodynamic fiow model for
modalling of wave-current interaction and time-
varying water depth

+  Flooding and drying in connechon with time-
varying water depths

+  (Cell-cenfred finite volume technique

+*  Fractional step time-integration with-an multi-
sequence explicit methed for the propagation

+  Extensive range of model cutput parameters
{(wave, awell, air-sea interaction parameters,
radiation stress tensor, spectra, etc.)

Application Areas

MIKE 21 SW is used for the assessment of wave
climates in offshore and coastal areas - in hindcast
and forecast mode.

A major application area is the design of offshore,
coastal and port structures where accurate
assessment of wave loads is of utmost imporiance
to the safe and economic design of these sfructures.

g

———

ST

Nlustrations of typical application areas of DHI's MIKE 21
5\W — Spectral Wave Model FM

Measured data are often not availablie during pericds
long encugh to allow for the establishment of
sufficiently accurate estimates of extreme sea
states.

kA

MIKE 21 Wave Modelling

In this case, the measured data can then be supple-
mented with hindcast data through the simulation of
wave conditions during historical storms using MIKE
21 5W.

L] L L1 D e i) 250 200 50
Larginde

Example of a global application of MIKE 21 5W. The
upper panel shows the bathymetry. Results from such a
medel (of. lower panal) can be used as boundary
conditions for regional scale forecast or hindcast models.
See hitp.iwwre watsrforecast com for more details on
regional and global modsalling

MIKE 21 5W i= particularly applicable for
simuktaneous wave predicticn and analysis on
regional acale and local scale. Coarse spatial and
temporal resclution is used for the regional part of
the mesh and a high-resolution boundary and depth-
adapftive mesh is describing the shallow water
enviranment at the coastline.

Example of a computational mesh used for transformation
of offshore wave statisfics using the directionally
decoupled parametric formulation

MIKE 21 Speciral Wawves FM - £ DHI
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MIKE 21 SW is alzo used for the calculation of the
sadiment transport, which for a large part is
determined by wave conditions and associated
wave-induced currents. The wave-induced current is
generated by the gradients in radiation stresses that
occur in the surf zone.

MIKE 21 SW can be used to calculate the wave
conditions and associated radiation stresses. The
long-ghore currents and sediment transport are then
calculated using the flow and sediment transport
modets available in the MIKE 21 package. For such
type of applications, the directional decoupled
parametric formulation of MIKE 21 SW is an
excellent compromise between the computational
effiort and accuracy.

i s i b .
A "EEL
i A

Ltk el
M0
SR
B0
TR0 TEA0 TR0 TEA
SO TN

Map of significant wawve height (upper], current field
(middle) and vector fisld (lower). The flow field is simulated
by OHI's MIKE 21 Flow Model FM, which is dynamicalty
coupled to MIKE 21 SW

Bathymetry (upper) and computational mesh (lower) used
in a MIKE 21 5W application on wave induced curments in
Gellen Bay, Germany

The expert in WATER BNVIRONMENTS 3
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Model Equations

In MIKE 21 SW, the wind waves are represented by
the wave action density spectrum N{o. &) . The
independent phase parameters have been chosen
as the relative (intringic) angular frequency, o= 2af
and the direction of wave propagation, & The
relation between the relative angular frequency and
the abzolute angular frequency, @ is given by the
linear dispersion relationship

o =./ghtanh(kd) =0k -U

where g iz the acceleration of gravity, d is the water

depth and L7 is the current velocity vector and ks
the wave number vector with magnitude k and
direction & The action density, N(o. &) , is related

to the energy density E(o. &) by

o

o
Fully Spectral Formulation
The governing equation in MIKE 21 SW is the wave
action balance equation formulated in either
Cartesian or spherical co-ordinates. In horizontal
Caresian co-ordinates, the conservation equation
for wave action reads

eN 5
—+V-(WN)=—
P> g o) 2
where N(T.o, 8.1} is the action density, tis the
time, ¥ ={x.3) is the Cartesian co-ordinates,
v={(¢, o .€..€4) is the propagation velocity of a
wave group in the four-dimensional phase space T,
cand & & is the source term for energy balance
equation. V is the four-dimensional differential
operatorin the ¥, o, &space. The characteristic

propagation speeds are given by the linear kinemalic
relationships

fl‘?:-.cx}_E:Ez -‘-E 1[1 A 2kd E 7
dt 2\ Sh(2kd) ) ®
dog  &o — T = a8l
=—=—|—+L.-V.d|-c k. —
= at ad[ I
,-d0__1[ecai &0
Todr k| dd om o

Here, 5 is the space co-ordinate in wave direction &
and m is a co-ordinate perpendicular to 5. Vi isthe

two-dimensional differential operator in the X -space.

MIKE 21 Wave Modelling

Source Functions
The source function term, S, on the right hand side
of the wave action conservation equation is given by

5=5,+5,+5, +.S£,‘,,+§m,_f

Here S» represents the momentum transfer of wind
energy to wave generation, Sy the ensrgy transfer
due non-linear wave-wave interaction, Sqthe
dissipation of wave energy due to white-capping
(deep water wave breaking), Sse the dissipation due
to bottom friction and Seer the dizsipation of wave
energy due to depih-induced breaking.

The default source functions Si, Swand Sz:in MIKE
21 5W are similar to the source functions
implementad in the WAM Cycle 4 model, see Komen
et al (1994).

The wind input is based on Janssen's (1989, 1991)
guasi-linear theory of wind-wave generation, where
the momentum transfer from the wind fo the sea not
only depends on the wind stress, but also the sea
state itseif. The non-linear energy transfer (through
the resonant four-wave interaction) is approximated
by the DIA approach, Hasselmann et al (1985). The
source function descriiing the dissipation due to
white-capping is based on the theory of Hasselmann
(1974) and Janssen {1989). The bottom friction
dizsipation is modelled using the approach by
Johnson and Kofoed-Hansen (2000), which depends
on the wave and sediment properties. The source
function describing the bottom-induced wave
breaking is based on the well-proven approach of
Battjes and Janssen (1978) and Eldeberky and
Batties {1995).

A detailed descripfion of the vanous source functions
iz available in Komen et al (1994) and Serensen =t
al {2003), which also includes the references listed
abave.

MIKE 21 Spectral Waves FM - & DHI
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Mumerical Methods

Directional Decoupled Parametric Formulation

The directionally decoupled parametric formulation is
based on a parameterisation of the wave action
conservation equation. Following Holthuijsen et al
(1289), the parameterisation is made in the
frequency domain by introducing the zercth and first
moment of the wave achon spectrum as dependent
variables.

A similar formulation is used in the MIKE 21 NSW
MNear-shore Spectral Wind-Wave Model, which is
one of the most popular models for wave
transformation in coastal and shallow water
envircnment. However, with MIKE 21 SW it is not
necessary to set up a number of different orientated
bathymetries to cover varying wind and wave
directions.

The parameterization leads to the following coupled
equations

a(m,) &c,m,) i alc,m,) i alc.m,)

at | & ay 26
a(m]} g E{C‘J‘HJ " B("}- ml‘.:I + a{cﬁlml} =
& & v 28 '

where mg(x, ¥, ) and my {x, y, &) are the zeroth and
first moment of the action spectrum Mx, ¥, &, &,
respectively. To(x, ¥, &) and T:{x, ¥, &) are source
functions based on the action spectrum. The
moments m. (x, v, 8) are defined as

m, {x.1.6)= Im“N(x.y,mj)dm
Q

The source functions Ty and T, take into account the
effect of local wind generation (stationary solution
mode only) and energy dissipation due to bottom
friction and wave breaking. The effects of wave-
current interaction are also included. The source
functions for the local wind generation are derived
from empirical growth relations, see Johnson (1995)
for details.

MNumerical Methods

The freguency spectrum (fully spectral model only) is
split into & prognostic part for frequencies lower than
a cut-off frequency Grs. @nd an analytical diagnostic
tail for the high-frequency part of the spectrum

oot T

where m is a constant (= 5) as proposed by Komen
et al (1994).

Thie expert in WATER ENVIRONMENTS
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The directional decoupled parameatric formulation in

MIKE 21 SW is used extensively for calculation of the
wave fransformation from deep-water to the shorefine and
for wind-wave generation in local arsas

Space Discretisation
The dizcretisation in gepgraphical and spectral
space is performed using cell-centred finite volume
method. In the geographical domain an unstructured
mesh is used. The spatial domain is discretised by
subdivigion of the continuum into non-overlapping
ehements Triangle and quadrilateral shaped polygons
presently supported in MIKE 21 SW. The action
deﬂsmr Nii,B) is represented as a piecewise
constant over the elements and stored at the
geometric centres.

In frequency space either an equidistant or a log-
arithmic discretisation is used. In the directional
space, an equidistant discretisation is used for both
types of models. The action density is represented
as piecewise constant over the discrete intervals, Ac
and A8, in the frequency and directional space,
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Integrating the wave action conservation over an
area A, the frequency interval dq and the directional
interval A&, gives

a 5
o R e

= _[m. _[k] L V- (¥N)dQdod &
where £2is the integration variable defined on A.
Using the divergence theorem and introducing the
convective flux F = TN, we obtain
&N NE

i _“Iri |:Z{F:r - d.[pi|

P

i

=20 Fdrsnn = (Foderana]

Sr.l.n

1
i ﬁﬁn [[Fﬂ}r.a.m-:l-'z = (F;}J.I,m—lfli-’r -
where NE is the total number of edges in the cell,
(B psw =(Fn, +F.n) 18 the normal flux

trough the edge p in geographical space with length
Ao (F )i ps1v2,m 3N (Fa)i g meyy I the flux

through the face in the frequency and directional
space, respectively.

The conveclive flux is derived using a first-order
upwinding scheme. In that

M

where ¢, is the propagation speed normal to the
element cell face.

Time Infegration

The integration in time is based on a fractional step
approach. Firstly, a propagation step is performed
calculating an approximate solution A at the new
fime level (n+1) by solving the homogenous wave
action conservation equation, i.e. without the source
terms. Secondly, a source terms step is performed
calculating the new solution W™ from the estimated
solution taking into account only the effect of the
source tems.

(N| _Nf}

g 1
F =c, [E(Ar+NJ}—E

MIKE 21 Wave Modelling

The propagation step is camied out by an explicit
Euler scheme

‘ ? &Ny |
MNow=Noimt E
1, ; At

To overcome the severe stability restriction, a multi-
seqguence integration scheme is employed. The
maximum allowed time step is increased by
employing a sequence of integration steps locally,
where the number of steps may vary from point to
paoint.

A zource term step is performed using an implicit
method (see Komen et al, 1954)

—_— ¥ "-rl
N"_H =N-Idlr1' +m[{l a}sr,f,h+‘x5"],f,hi|

IJ.m
@

where o is a weighting coefficient that determines
the type of finite difference method. Using a Taylor
senes o approximate 5™ and assuming the off-
diagonal terms in S5/aE= ¥ are negligible, this

equation can be simplified as
e _Nn +[S,Mfa'|.j]d
Llm 1dm (1—oxpede)

For growing waves (= 0) an explicit forward
difference is used {a = 0}, while for decaying waves
(7= 0) an implicit backward difference (o= 1) s
applied.

MIKE 21 SW is also apphied for wave forecasts in ship
route planning and improved senvice for conventional and
fast ferry operators

MIKE 21 Speciral Waves FM - & DHI
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Model Output
Af each mesh point and for each time step four types
of output can be obtained from MIKE 21 SW:

*  |ntegral wave parameters divided into wind sea
and swell such as
- significant wave height, Hms
- peak wave period, T,
- averaged wave period, Tir
- Zefo-crossing wave period, Toz
- wave energy perod, T.g
- peak wave direction, &
- mean wave direction, fn
- directional standard deviation, &
- wave height with dir., Hmo c086s Hre Sinén
- radiation siress tensor, Sq, S and Sy
- particle velocities, honzonfalvertical
- wave power, F, P, and P,

VTG 00-00:00, Tema stap: 16

Example of model output (directional-frequency wave
spectrum) processed using the Podar Plot control in the
MIKE Zero Plot Composer

The distinction between wind-zea and swell can be
calculated using either a constant threshold
frequency or a dynamic threshold freguency with an
upper freguency limit.
+  Input parameters

- water level, WL

- ‘water depth, h

- current velocity, o

- wind S{HBEHﬂ, th

- wind direction, &

- lce concentration

MIEE 21 Wawe Modelling

*  Model parameters
bottom friction coefficient, Cr
- breaking parameter, »
- Courant number, Cr
- fime step factor, &
- charactenstic edge length, &
- area of element, a
- wind friction speed, u-
- roughness length, 2
- drag coefficient, Cp
- Chamock parameter, Zc»

*  Directional-frequency wave spectra at selected
grid points and or arsas as well as dirsction
spectra and frequency spectra

Cutput from MIKE 21 SW is typically post-processed
uging the Data Viewer available in the common
MIKE Zero shell. The Data Viewer is a tool for
analysis and visualisation of unstructured data, e.g.
to view meshes, spectra, bathymetries, results files
of different format with graphical extraction of time
senes and line series from plan view and import of
graphical overlays.

‘“Yarious other editors and plot controls in the MIKE
Zero Composer (e.g. Time Senes Plot, Polar Plot,
etc.) can be used for analysis and visualisation.
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The Data Viewer in MIKE Zero — an efficient tool for
anahysis and visualisation of unstructured data including
processing of animations
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Validation

The model has successfully been applied to a
number of rather basic idealised situations for which
the results can be compared with analytical solutions
or information from the literature. The basic tests
coverad fundamental processes such as wave
propagation, depth-induced and current-induced
shoaling and refraction, wind-wave generation and
dissipation.

Ekofisk station

1.0

0.0

00:00
2000-11-05

00:00
1107

Ekofisk station

00:00
11-08

00:00
11-11

0 m -
00:00 00:00 00:00 00:00
2000-11-05 11-07 11-09 11-1
Ekofisk station
12
10

2

i}

00:00 00:00 00:00 00:00
2000-11-05 1107 1109 11=11

Comparison between measured and simulated significant
wave height, peak wave perod and mean wave peiod at
the Ekofisk offshore platform (water depth 70 m) in the
Morth S2a). (——) calculations and (——) measurements
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A major application area of MIKE 21 SW is in connection
with design and maintenance of offshore structures

The modei has also been tested in natural
geophysical conditions (e.g. in the North Sea, the
Danish West Coast and the Baltic Sea), which are
more realistic and complicated than the academic
test and laboratory tests menticned above.

b = = -

-2
Mae

zg{
uE

00 00 LaL) i) L) o]
ozl o= mar o3 o

Companson between measured and simulated sigrificant
wave height, peak wave period and mean wave penod at
Fjaltring located at the Dianish west coast (water depth
17.8 m).{==} calculations and (o} measursments

48

L}
-1



MI KE MIKE 21 Wave Modelling

Powered by S

The Fjaltring directional wave rider buoy is located
offshore relative to the depicted amow

MIKE 21 SW is used for prediction of the wave
conditions at the complex Homs Rev (reef) in the
southeastern part of the North Sea. At this site, a
168 MW offshore wind farm with 80 turbines has
been established in water depths between 6.5 and
135 m.
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w g B
0.00 0.20 0.40 0.80 L
Frequency (Hz)
012902 Q0:00:00:000
i Ir
y 60 i
£
Eao
=
2 "
B 20 stz s mar i i
E The upper panels show the Homs Rev offshore wind farm
E and MIKE C-map chart "The middle pansl shows a close-
w 0.0 up of the mesh near the Homs Rev 5 wave rider buoy (3.,
0.00 020 0.40 0.60 10 m water depth. The lower pansl shows a comparison
between measured and simulated significant wave height
Frequency (Hz) at Homs Rev 5, (== calculatons including tide and sunge
01249102 18:00:00:000 and {=—) calculations excuding including tide and surge,
Comparison of frequency spectra &t Fiakring. (o) measurements

[==— calculations and [~ imeasurements
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The predicted nearshore wave climate along the
igland of Hiddensee and the coastline of Zingst
located in the micro-tidal Gellen Bay, Germany have
been compared to field measurements (Serensen et
al, 2004} provided by the MORWIN project. From the
illustrations it can be seen that the wave conditions
are well reproduced both offshore and in more
shallow water near the shore. The RMS values {on
significant wave height) are less than 0.25m at all
five stations.

TEREpaES
]

cERE

Sy
L e T N il {141 (=] LR L1 -1

A MIKE 21 SW hindcast application in the Baltic Sea. The
upper chart shows the bathymetry and the middie and
lower charts show the computational mesh. The lower
chart indicates the location of the measurement stations
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Time senes of significant wave height. H-uo, peak wave
perod, Tp, and mean wave direction, MWD, at Diarss sill
[Offshone, depth 20.5 m). (s} Calcutation and (o)
measurements. The RMS value on H=o is approcdmately
0.2m

L]
DAL

Time seres of significant wave height, H-o, at Gellen
(upper, depth B.3m) and Bock (lower, depth 5.5 m). [—=}
Calculation and (o) measurements. The RMSE value on Hmg

is approximately 0.15 m
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including an example of the Cnline Help System

MIKE 21 SW i= operated through a fully Windows I
integrated Graphical User Interface (GUI). Support is “_‘;‘E‘j‘f'" '?;“:;mm =
provided at each stage by an Onfine Help System. 5 MEEHITAD B FroBa Sarws [deLdi ]
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Creenview of the common MIKE Zero utiliies
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Paralielisation

Parallelisation

The computational engines of the MIKE 2173 FM
senes are available in versions that have been
paralizlized using koth shared memory as well &5
disfributed memory architecture. The latter approach
allows for domain decomposition. The result is much
faster simulations on systems with many cores.

a0

P ———

m L L = 10
Mk of groasus

Example of MIKE 21 HD FM spead-up using a HPC
Cluster with distributed memony architecture (purple)

Hardware and Operating System
Requirements

The MIKE Zero Modules support Microsoft Windows
7 Professional Serviee Pack 1 (64 bit), Windows 10
Pro (64 bit), Windows Server 2012 R2 Standard (64
bit) and Windows Server 2016 Standard (B4 bit).

Microsoft Internet Explorer 9.0 (or higher) is required
for network license management. An intemet
browser is also reguired for accessing the web-
based documentation and online help.

The recommended minimum hardware requirements
for execufing the MIKE Zero modules are:

Processaor: 3 BHz PC [or higher)
Memony (RAMY: 2 5B (or higher)

Hard disk: 40 GB {or higher]

Monitor: SVGA, resolution 1024x768
Graphics card 84 MB RAM {258 MB RAM or

(G and visualisation) higher is recommendad)

The expert in WATER BNVIRONMENTS
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Support
MNews about new features, applications, papers,
updates, patches, etc. are available here:

Lo K E[OVWEESI0N  COm L el AN CL e Eniss: Io
For further information on MIKE 21 SW, please
contact your local DHI office or the support centre:
MIKE Powered by DHI Client Cars

Agem Alle 5

DE-2970 Hersholm

Denmark

Tel: +454516 9333
Fax: +45 43169292

Documentation

The MIKE 21 & MIKE 3 FM models are provided
with comprehensive user guides, online help,
scientific documentation, application examples and
step-by-step fraining examples.
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Hydrodynamic Module

Short Description
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The Modules of the Flexible Mesh Series

MIKE 21 & MIKE 3 Flow Model FM

The Flow Model FM is a comprehensive modelling
system for two- and three-dimensional water
modelling developed by DHI. The 2D and 3D models
carry the same names as the classic DHI model
versions MIKE 21 & MIKE 3 with an ‘FM’ added
referring to the type of model grid - Flexible Mesh.

The modelling system has been developed for
complex applications within oceanographic, coastal
and estuarine environments. However, being a
general modelling system for 2D and 3D free-
surface flows it may also be applied for studies of
inland surface waters, e.g. overland flooding and
lakes or reservoirs.

MIKE 21 & MIKE 3 Flow Model FM is a general
hydrodynamic flow modelling system based on a finite
volume method on an unstructured mesh

The Modules of the Flexible Mesh Series
DHT’s Flexible Mesh (FM) series includes the
following modules:

Flow Model FM modules

e  Hydrodynamic Module, HD

e  Transport Module, TR

o  Ecology Modules, MIKE ECO Lab/AMB Lab
e  Oil Spill Module, OS

e Mud Transport Module, MT

e  Particle Tracking Module, PT

e  Sand Transport Module, ST

e  Shoreline Morphology Module, SM

Wave module
e  Spectral Wave Module, SW

The expert in WATER ENVIRONMENTS
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The FM Series meets the increasing demand for
realistic representations of nature, both with regard
to ‘look alike’ and to its capability to model coupled
processes, e.g. coupling between currents, waves
and sediments. Coupling of modules is managed in
the Coupled Model FM.

All modules are supported by advanced user
interfaces including efficient and sophisticated tools
for mesh generation, data management, 2D/3D
visualization, etc. In combination with
comprehensive documentation and support, the FM
series forms a unique professional software tool for
consultancy services related to design, operation
and maintenance tasks within the marine
environment.

An unstructured grid provides an optimal degree of
flexibility in the representation of complex
geometries and enables smooth representations of
boundaries. Small elements may be used in areas
where more detail is desired, and larger elements
used where less detail is needed, optimising
information for a given amount of computational
time.

The spatial discretisation of the governing equations
is performed using a cell-centred finite volume
method. In the horizontal plane, an unstructured grid
is used while a structured mesh is used in the
vertical domain (3D).

This document provides a short description of the
Hydrodynamic Module included in MIKE 21 & MIKE
3 Flow Model FM.

Example of computational mesh for Tamar Estuary, UK
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Latitude

MIKE 21 & MIKE 3 Flow Model FM

Longitude

MIKE 21 & MIKE 3 FLOW MODEL FM supports both Cartesian and spherical coordinates. Spherical coordinates are
usually applied for regional and global sea circulation applications. The chart shows the computational mesh and
bathymetry for the planet Earth generated by the MIKE Zero Mesh Generator

MIKE 21 & MIKE 3 Flow Model FM -
Hydrodynamic Module

The Hydrodynamic Module provides the basis for
computations performed in many other modules, but
can also be used alone. It simulates the water level
variations and flows in response to a variety of
forcing functions on flood plains, in lakes, estuaries
and coastal areas.

Application Areas

The Hydrodynamic Module included in MIKE 21 &
MIKE 3 Flow Model FM simulates unsteady flow
taking into account density variations, bathymetry
and external forcings.

The choice between 2D and 3D model depends on a
number of factors. For example, in shallow waters,
wind and tidal current are often sufficient to keep the
water column well-mixed, i.e. homogeneous in
salinity and temperature. In such cases a 2D model
can be used. In water bodies with stratification,
either by density or by species (ecology), a 3D
model should be used. This is also the case for
enclosed or semi-enclosed waters where wind-
driven circulation occurs.

Typical application areas are

e Assessment of hydrographic conditions for
design, construction and operation of structures
and plants in stratified and non-stratified waters

e  Environmental impact assessment studies

e Coastal and oceanographic circulation studies

e  Optimization of port and coastal protection
infrastructures

e Lake and reservoir hydrodynamics

e  Cooling water, recirculation and desalination

e  Coastal flooding and storm surge

¢ Inland flooding and overland flow modelling

e Forecast and warning systems

[5.]
(=1

o

Latitude {degree)

-50

Longitude (degree)

Example of a global tide application of MIKE 21 Flow
Model FM. Results from such a model can be used as
boundary conditions for regional scale forecast or hindcast
models

Hydrodynamic Module - © DHI



Application Areas

The MIKE 21 & MIKE 3 Flow Model FM also support
spherical coordinates, which makes both models
particularly applicable for global and regional sea
scale applications.
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Example of a flow field in Tampa Bay, Florida, simulated
by MIKE 21 Flow Model FM
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Study of thermal plume dispersion
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Typical applications with the MIKE 21 & MIKE 3 Flow
Model FM include cooling water recirculation and
ecological impact assessment (eutrophication)

The Hydrodynamic Module is together with the
Transport Module (TR) used to simulate the
spreading and fate of dissolved and suspended
substances. This module combination is applied in
tracer simulations, flushing and simple water quality
studies.

5050000
5045000
5040000
5035000 -~~~
5030000
5025000 -~
5020000
5015000
5010000 ==~
5005000 <=~

5000000 5 i B seow 0001
H ] Undefined value

280000 200000 300000 310000 320000 330000
3:00:00 04042002 Time Step 31 OF 112. Sigma Layer No. 12 Of 12.

Tracer simulation of single component from outlet in the
Adriatic, simulated by MIKE 21 Flow Model FM HD+TR

Prediction of ecosystem behaviour using the MIKE 21 &
MIKE 3 Flow Model FM together with MIKE ECO Lab
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The Hydrodynamic Module can be coupled to the
Ecological Module (MIKE ECO Lab) to form the
basis for environmental water quality studies
comprising multiple components.

Furthermore, the Hydrodynamic Module can be
coupled to sediment models for the calculation of
sediment transport. The Sand Transport Module and
Mud Transport Module can be applied to simulate
transport of non-cohesive and cohesive sediments,
respectively.

In the coastal zone the transport is mainly
determined by wave conditions and associated
wave-induced currents. The wave-induced currents
are generated by the gradients in radiation stresses
that occur in the surf zone. The Spectral Wave
Module can be used to calculate the wave conditions
and associated radiation stresses.

Bed level (m]
6247800 3.

6247750 88

Below
Undefined Value

6247700
444300 445000 445100 445200 445300 445400 445500

Coastal application (morphology) with coupled MIKE 21
HD, SW and ST, Torsminde harbour Denmark

2m00 om0 2 9000
£12:0006.08.200 Tie Sip 1 O 194, Sgmo Layer o, 10112

Model bathymetry of Taravao Bay, Tahiti

W velocity

L] Undefined Value

1550 1600 1650 1700 1750 1800 1850 1900 1950 2000

Example of vertical profile of cross reef currents in Taravao Bay, Tahiti simulated with MIKE 3 Flow Model FM. The
circulation and renewal of water inside the reef is dependent on the tides, the meteorological conditions and the cross reef
currents, thus the circulation model includes the effects of wave induced cross reef currents
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Computational Features

Computational Features

The main features and effects included in
simulations with the MIKE 21 & MIKE 3 Flow Model
FM — Hydrodynamic Module are the following:

e  Flooding and drying

e  Momentum dispersion

Bottom shear stress

Coriolis force

Wind shear stress

Barometric pressure gradients
Ice coverage

Tidal potential
Precipitation/evaporation
Infiltration

e Heat exchange with atmosphere
e  Wave radiation stresses

e  Sources and sinks, incl. jet

e  Structures

Model Equations

The modelling system is based on the numerical
solution of the two/three-dimensional incompressible
Reynolds averaged Navier-Stokes equations subject
to the assumptions of Boussinesq and of hydrostatic
pressure. Thus, the model consists of continuity,
momentum, temperature, salinity and density
equations and it is closed by a turbulent closure
scheme. The density does not depend on the
pressure, but only on the temperature and the
salinity.

For the 3D model, the free surface is taken into
account using a sigma-coordinate transformation
approach or using a combination of a sigma and z-
level coordinate system.

Unstructured mesh technique gives the maximum degree of
flexibility, for example: 1) Control of node distribution allows for
optimal usage of nodes 2) Adoption of mesh resolution to the
relevant physical scales 3) Depth-adaptive and boundary-fitted
mesh. Below is shown an example from Ho Bay, Denmark with the

approach channel to the Port of Esbjerg

MIK@

Powered by DHI

Below the governing equations are presented using
Cartesian coordinates.

The local continuity equation is written as

ou ov ow
—+—+—=39
oXx oy oz

and the two horizontal momentum equations for the
x- and y-component, respectively

ou ou® ovu  owu on

—+ + + =fv-g—-

oo ox oy oz OX
i%—ij"a—pdz+ﬁ +2(Vt6_uj+uss
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Temperature and salinity

In the Hydrodynamic Module, calculations of the
transports of temperature, T, and salinity, s follow
the general transport-diffusion equations as

8T+8uT+8vT+6WT:FT+G(DVN)+HA+TSS
ot ox oy oz 0z 0z
§+%+%+%:Fs+i DV§ +5.S
o4 ox oy oz 0z Z
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The horizontal diffusion terms are defined by

(Fr,Fy)= g(Dh §j+%£Dh%J (T,s)

The equations for two-dimensional flow are obtained
by integration of the equations over depth.

Heat exchange with the atmosphere is also included.

Symbol list

t time

XY, Z Cartesian coordinates

u, v, w flow velocity components

T,s temperature and salinity

Dy vertical turbulent (eddy) diffusion
coefficient

A source term due to heat exchange with
atmosphere

S magnitude of discharge due to point
sources

Ts, Ss temperature and salinity of source

Fr, Fs, Fc horizontal diffusion terms

Dn horizontal diffusion coefficient

h depth

Solution Technique

The spatial discretisation of the primitive equations is
performed using a cell-centred finite volume method.
The spatial domain is discretised by subdivision of
the continuum into non-overlapping elements/cells.

Principle of 3D mesh

MIKE 21 & MIKE 3 Flow Model FM

In the horizontal plane an unstructured mesh is used
while a structured mesh is used in the vertical
domain of the 3D model. In the 2D model the
elements can be triangles or quadrilateral elements.
In the 3D model the elements can be prisms or
bricks whose horizontal faces are triangles and
guadrilateral elements, respectively.

The effect of a number of structure types (weirs,
culverts, dikes, gates, piers and turbines) with a
horizontal dimension which usually cannot be
resolved by the computational mesh is modelled by
a subgrid technique.

Model Input
Input data can be divided into the following groups:

e Domain and time parameters:

- computational mesh (the coordinate type is
defined in the computational mesh file) and
bathymetry

- simulation length and overall time step

Calibration factors

- bed resistance

- momentum dispersion coefficients
- wind friction factors

- heat exchange coefficients

e Initial conditions
- water surface level
- velocity components
- temperature and salinity

e  Boundary conditions
- closed
- water level
- discharge
- temperature and salinity

e  Other driving forces
- wind speed and direction
- tide
- source/sink discharge
- wave radiation stresses

° Structures
- Structure type
- location
- structure data

Hydrodynamic Module - © DHI



Model Input
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View button on all the GUIs in MIKE 21 & MIKE 3 FM HD
for graphical view of input and output files

Providing MIKE 21 & MIKE 3 Flow Model FM with a
suitable mesh is essential for obtaining reliable
results from the models. Setting up the mesh
includes the appropriate selection of the area to be
modelled, adequate resolution of the bathymetry,
flow, wind and wave fields under consideration and
definition of codes for defining boundaries.
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The Mesh Generator is an efficient MIKE Zero tool for the
generation and handling of unstructured meshes, including
the definition and editing of boundaries

2D visualization of a computational mesh (Odense
Estuary)

Bathymetric values for the mesh generation can e.qg.
be obtained from the MIKE Powered by DHI product
MIKE C-Map. MIKE C-Map is an efficient tool for
extracting depth data and predicted tidal elevation
from the world-wide Electronic Chart Database CM-
93 Edition 3.0 from C-MAP Norway.
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3D visualization of a computational mesh

If wind data is not available from an atmospheric
meteorological model, the wind fields (e.g. cyclones)
can be determined by using the wind-generating
programs available in MIKE 21 Toolbox.

Global winds (pressure & wind data) can be
downloaded for immediate use in your simulation.
The sources of data are from GFS courtesy of
NCEP, NOAA. By specifying the location, orientation
and grid dimensions, the data is returned to you in
the correct format as a spatial varying grid series or
a time series. The link is:

http://lwww.waterforecast.com/hindcastdataproducts
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The chart shows a hindcast wind field over the North Sea
and Baltic Sea as wind speed and wind direction

Model Output
Computed output results at each mesh element and
for each time step consist of:

e  Basic variables
- water depths and surface elevations
- flux densities in main directions
- velocities in main directions
- densities, temperatures and salinities

MIKE 21 & MIKE 3 Flow Model FM

e  Additional variables
- Current speed and direction
- Wind velocity
- Air pressure
- Drag coefficient
- Precipitation/evaporation
- Courant/CFL number
- Eddy viscosity
- Element area/volume

The output results can be saved in defined points,
lines and areas. In the case of 3D calculations, the
results are saved in a selection of layers.

Output from MIKE 21 & MIKE 3 Flow Model FM is
typically post-processed using the Data Viewer
available in the common MIKE Zero shell. The Data
Viewer is a tool for analysis and visualization of
unstructured data, e.g. to view meshes, spectra,
bathymetries, results files of different format with
graphical extraction of time series and line series
from plan view and import of graphical overlays.
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The Data Viewer in MIKE Zero — an efficient tool for
analysis and visualization of unstructured data including
processing of animations. Above screen dump shows
surface elevations from a model setup covering Port of
Copenhagen
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Vector and contour plot of current speed at a vertical
profile defined along a line in Data Viewer in MIKE Zero

Hydrodynamic Module - © DHI


http://www.waterforecast.com/hindcastdataproducts
http://www.waterforecast.com/hindcastdataproducts

Validation MI Kﬁ

Powered by DHI

3
o
3

Validation

Prior to the first release of MIKE 21 & MIKE 3 Flow
Model FM in year 19xx the model has successfully 010 M
been applied to a number of basic idealized -

situations for which the results can be compared - -
Wlth ana'ythﬁ' SO|Ut|0nS Or Informatlon from the 00:00:00 00:00:10 00:00:20  00:00:30 00:00:00 00:00:10 00:00:20 00:00:30
literature.
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The domain is a channel with a parabola-shaped bump in
the middle. The upstream (western) boundary is a
constant flux and the downstream (eastern) boundary is a
constant elevation. Below: the total depths for the
stationary hydraulic jump at convergence. Red line: 2D
setup, green line: 3D setup, black line: analytical solution

b) Comparison between simulated and measured water
levels at the six gauge locations.
(Blue) coarse mesh solution (black) fine mesh solution
and (red) measurements

The model has also been applied and tested in

numerous natural geophysical conditions; ocean
scale, inner shelves, estuaries, lakes and overland,
which are more realistic and complicated than

academic and laboratory tests.

Surface elevation (m)

Surface elevation

5 10 15
Distanee from West BC (m)

A dam-break flow in an L-shaped channel (a, b, c):

Uniefined Value

80

Surface elevation

oo 1.0 20 30 4.0 50 6.0 00 ] Undefined vaiue

X (m) 0o 10 20 30 40 50 80
a) Outline of model setup showing the location of c) Contour plots of the surface elevationatT=1.6s
gauging points (top) and T = 4.8 s (bottom)
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The user interface of the MIKE 21 and MIKE 3 Flow Model FM (Hydrodynamic Module), including an example of the
extensive Online Help system
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Graphical User Interface

Graphical User Interface

The MIKE 21 & MIKE 3 Flow Model FM
Hydrodynamic Module is operated through a fully
Windows integrated graphical user interface (GUI).
Support is provided at each stage by an Online Help
system.

The common MIKE Zero shell provides entries for
common data file editors, plotting facilities and
utilities such as the Mesh Generator and Data
Viewer.

=2 New File [
Product Types: Documents:
sl MIKE Zero ime Series {.dt0,.dfs0)

= MIKE HYDRO W Profile Series (.dt1,.dfs1)
= MIKE 11 W Grid Series (.dfs3,.¢fs2,.dt2,.dt3)

[ MIKE 21 Poata Manager {.dfsu,.mesh,.dfs2,.dfs3)
= MIKE 3 %\ Plot Composer {.plc)
£ MIKE 21/3 Integrated Mo, | | 4 Resuit Viewer (.rev)
g I'II":?;(PEAE[(OOD A\ Bathymetries (.batsf)
=1 MIKE SHE @ climate Change (.mzcc)

@ WMIKE ECO Lab {.ecolab)
® 2uto Calibration {.auc)
@ Eva Editor (eva)
'\ Mesh Generator (,mdf)
A\ Data Extraction FM (.dxfm)
"\ Time: Series Comparator (,tsc)
!\ MIKE Zero Toolbox {.mzt)

< [T | »

Time Series

Overview of the common MIKE Zero utilities

Parallelisation

The computational engines of the MIKE 21 & MIKE 3
FM series are available in versions that have been
parallelised using both shared memory as well as
distributed memory architecture. The latter approach
allows for domain decomposition. The result is much
faster simulations on systems with multiple cores. It
is also possible to use a graphics card (GPU) to
perform computational intensive hydrodynamic
computations.
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Example of MIKE 21 HD FM speed-up using a HPC
Cluster with distributed memory architecture (purple)

Hardware and Operating System

Requirements

The MIKE Zero Modules support Microsoft Windows
7 Professional Service Pack 1 (64 bit), Windows 10

Pro (64 bit), Windows Server 2012 R2 Standard (64
bit) and Windows Server 2016 Standard (64 bit).

Microsoft Internet Explorer 9.0 (or higher) is required
for network license management. An internet
browser is also required for accessing the web-
based documentation and online help.

The recommended minimum hardware requirements
for executing the MIKE Zero modules are:

Processor: 3 GHz PC (or higher)
Memory (RAM): 2 GB (or higher)
Hard disk: 40 GB (or higher)

Monitor: SVGA, resolution 1024x768
Graphics card: 64 MB RAM (256 MB RAM or
(GUI and visualisation) higher is recommended)
Graphics card: 1 GB RAM (or higher).
(for GPU computation) requires a NVIDIA
graphics card with compute
capability 2.0 or higher

11
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Support
News about new features, applications, papers,
updates, patches, etc. are available here:

www.mikepoweredbydhi.com/Download/DocumentsAndTools.aspx

For further information on MIKE 21 and MIKE 3 Flow
Model FM software, please contact your local DHI
office or the support centre:

MIKE Powered by DHI Client Care
Agern Allé 5

DK-2970 Hgrsholm

Denmark

Tel: +45 4516 9333
Fax: +45 4516 9292

mike@dhigroup.com
www.mikepoweredbydhi.com

Further Reading

Petersen, N.H., Rasch, P. “Modelling of the Asian
Tsunami off the Coast of Northern Sumatra”,
presented at the 3rd Asia-Pacific DHI Software
Conference in Kuala Lumpur, Malaysia, 21-22
February, 2005

French, B. and Kerper, D. Salinity Control as a
Mitigation Strategy for Habitat Improvement of
Impacted Estuaries. 71" Annual EPA Wetlands
Workshop, NJ, USA 2004.

DHI Note, “Flood Plain Modelling using unstructured
Finite Volume Technique” January 2004 — download
from

http://lwww.theacademybydhi.com/research-and-
publications/scientific-publications
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Documentation

The MIKE 21 & MIKE 3 Flow Model FM models are
provided with comprehensive user guides, online
help, scientific documentation, application examples
and step-by-step training examples.

Hydrodynamic Module - © DHI
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MIKE 21 & MIKE 3 Flow Model FM

Sand Transport Module

Short Description
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Application Areas

MIKE 21 & MIKE 3 Flow Model FM —
Sand Transport Module

This document describes the Sand Transport
Module (ST) under the comprehensive modelling
system for two-dimensional and three dimensional
flows, the Flow Model FM, developed by DHI.

The MIKE 21 & MIKE 3 Flow Model FM, Sand
Transport Module (ST) is the module for the
calculation of sediment transport capacity and
resulting bed level changes for non-cohesive
sediment (sand) due to currents or combined waves-
currents.

The ST Module calculates sand transport rates on a
flexible mesh (unstructured grid) covering the area of
interest on the basis of the hydrodynamic data
obtained from a simulation with the Hydrodynamic
Module (HD) and possibly wave data (provided by
MIKE 21 SW) together with information about the
characteristics of the bed material.

v

The MIKE 21 & MIKE 3 Flow Model FM, Sand Transport
Module, is a numerical tool for the assessment of non-
cohesive sand transport ratesand morphological evolution

The simulation is performed on the basis of the
hydrodynamic conditions that correspond to a given
bathymetry. It is possible to include feedback on the
rates of bed level change to the bathymetry, such
that a morphological evolution can be carried out.

To achieve a full morphological model in case of
combined waves and currents, the wave and flow
modules are applied in the coupled mode. This
mode introduces full dynamic feedback of the bed
level changes on the waves and flow calculations.

The expert in WATER ENVIRONMENTS
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Application Areas

The Sand Transport Module can be applied to
quantify sand transport capacity in all areas where
waves and/or currents are causing non-cohesive
sediment movements. The ST module can be used
on all scales from regional areas (10 kilometres) to
local areas around coastal structures, where
resolutions down to metres are needed.

Tidal inlets represent a complex water area where
the coastal sections are fully exposed to waves and
where the conditions upstream of and in the inlet are
dominated by pure currents and where helical
motions can have a significant impact on the
resulting transport pattern. The Sand Transport
Module is developed to span the gap from the river
to the coastal zone.

Example of application area: Tidal Inlet

The ST module covers accordingly many different
application areas: The most typical ones are:

Shoreline management

Optimization of port layouts

Shore protection works

Stability of tidal inlets

Sedimentation in dredged channels or port
entrances

e  Erosion over buried pipelines

e River morphology

For example, the morphological optimization of port
layouts, taking into consideration sedimentation at
port entrances, sand bypassing and downdrift
impact; detailed coastal area investigation of the
impact of shore protection structures on adjacent
shoreline; sand loss from bays due to rip currents,
etc.
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Solution Methods

The MIKE 21 & MIKE 3 Flow Model FM, Sand
Transport Module covers the range from pure
currents to combined waves and currents including
the effect of wave breaking.

The numerical implementation is different for the
case of pure current and the combined wave-current
case.

The sand transport calculations in a 3D model set-up
are carried out using a mean horizontal velocity
component. The sand transport calculations are thus
not truly three-dimensional. However, the findings
that a more detailed 3D hydrodynamic model can
give of the hydrodynamic conditions near the bed
are included either by the depth-integrated currents
of the 3D flow field or by using the bottom stress
value to calculate a corresponding mean horizontal
velocity component.

Sand transport in combined waves and currents
— the quasi-3D approach

In case of combined waves and currents the sand
transport rates are found by interpolation in a table
created prior to the simulation. The generation of the
transport rates in the table are based on the quasi-
3D approach, where the local wave conditions,
current profile and grain properties are considered.
The effects of the following parameters on the local
current profile and thereby on the sand transport can
be included in the model:

1. the angle of propagation of waves relative to the
flow direction

the loss of energy due to wave breaking

the gradation of the bed material

the formation of ripples on the sea bed

the slope of the sea bed

undertow

wave asymmetry

streaming

©NOO TR ®®N

The inclusion of the effects of 4 — 9 is optional and
offers flexibility for the user to design the most
appropriate model set-up for the actual application.

The ‘quasi-3D’ refers to the details of the modelling
approach: The vertical sediment diffusion equation is
solved on an intrawave period grid to provide a
detailed description of the non-cohesive sediment
transport for breaking/non-breaking waves and
current.

The input to the sand transport model is a mean
horizontal velocity component, typically depth-
integrated currents. However, as suspended sand
transport takes place in the turbulent boundary layer,
which is thin in case of waves and covers the whole

MIKE 21 & MIKE 3 Flow Model FM

depth in fully developed steady currents, a
description of the vertical distribution of the flow is
required. This is obtained by a local ‘point model’,
which includes enough computational points over
the water column to resolve the wave boundary layer
and the distribution of suspended sediment. The
secondary flow profile is also having a significant
impact on the sand transport

{primary)

P, (secondary)

\

Primary and secondary velocity profiles

The transport rates are then found by interpolation in
the tables using the local depth, wave conditions,
mean horizontal velocity component and properties
of the bed material. The sand transport model is a
‘sub-grid model’, which resolves processes not
captured by the hydrodynamic model(s).

Sand transport in pure currents

The sand transport description in pure currents is a
state-of-the-art model capable of including lag-
effects from the flow and the suspended load in the
morphological development.

The lag-effects on the suspended load are
determined from an advection-dispersion equation
that includes effects from over-loading or under-
loading of the concentration of the suspended
sediment and the helical flow pattern. This approach
is often referred to as a non-equilibrium sediment
description, where erosion and deposition of the bed
is controlled by under-loading and over-loading of
the suspended sediment in the water column.

The inclusion of helical flow (in 2D) and the non-
equilibrium sediment description is optional, i.e. the
model can also be executed as a ‘point model’
where lag-effects are disregarded (equilibrium
sediment description) or only used to adjust the
direction of the bed load.
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Morphology

Secondary
flow

Illustration of helical flow

The bed load description includes gravitational
effects forced from longitudinal and lateral bed
slopes. Furthermore, it will adjust for the deviation of
the bed shear stress from the mean flow, if helical
flow is included in the model.

Four different sand transport formulas are available
for determination of the equilibrium bed load
capacity, while three formulas are available for the
suspended load:

e the Engelund-Hansen total load transport theory

e the Engelund-Fredsge total load (bed load plus
suspended load) transport theory

e the Van Rijn total load (bed load plus
suspended load) transport theory

o the Meyer-Peter and Miiller bed load transport
theory

The equilibrium sand transport capacities are
calculated on the basis of local water depth, mean
horizontal velocity component, Manning number/
Chezy number and properties of the bed material
(median grain size and gradation), which may vary
throughout the model area.
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Morphology

Morphological evolution is imposed by
increasing/decreasing the bed level of each mesh
element in accordance with the sedimentation rate/
erosion rate. Changes to the bed affect directly the
wave transformation and flow during model
execution.

The morphological feedback to flow and waves
introduces a completely new level of freedom in the
model, which makes model setup and interpretation
increasingly difficult but the added value of the
results are highly valuable.

Example of morphological evolution (Grunnet et al., 2009)
Bypass around Hvide Sande Port. Top: initial bathymetry.
Bottom: Simulated bathymetry. Visualised in DHIs MIKE
Animator Plus.

The morphological evolution can furthermore
controlled by:

e  Morphological speedup factor
Bed porosity
e  Sediment layer thickness

The morphological model is typically useful in areas
where 2D morphological evolution is expected, e.g.:

e Response to greenfield port construction, and
port expansion

e Bypass around detached breakwaters and
groynes

e  Shoreface nourishments

e Tidal estuaries and canals
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Model Input Data
The necessary input data can be divided into the
following groups:

e Domain
- bathymetry data (incl. map projection)
- simulation length

Hydrodynamic data
- water depth and flow fields (provided by
the Flow Module)

Wave data (if required)
- wave height, period, direction (provided by
the Spectral Wave Module or similar)

Sediment properties
- size and gradation of bed material

Morphology parameters

- update frequency

- slope failure

- sediment layer thickness

The main task in preparing the input data for the ST
module is to generate a bathymetry and to assess
the hydrodynamic and wave conditions.

In case of sand transport in combined wave and
current a sand transport table, that contains a
representative number of sand transport rates for
interpolation during the simulation, is required as
input. The sand transport tables can be generated
using the MIKE 21 Toolbox program ‘Generation of
Q3D Sediment Tables'.

In case of wave influence, a DHI wave module
(MIKE 21 PMS or MIKE 21 SW) can simulate the
radiation stresses necessary for generating the
wave-driven current.

If the simulation is to be run in coupled mode, the
MIKE 21 SW module is set up to generate the wave
conditions by using the Coupled Model FM input
editor.

Per default the hydrodynamic conditions are
simulated together with the sand transport rates.

However, for the coupled model it is possible to run
in de-coupled mode, providing the hydrodynamic
conditions and wave conditions as external data
files.
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Model Output Data

Two types of output data can be obtained from the
model; sediment transport rates and resulting
morphological changes.
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Simulated morphological change by a harbour and detail
of sand transport rates at the harbour entrance

The format of the data may be as points, lines or
areas and in any subset required. In the Outputs
dialog, output variables are selected between lists of
basic and additional output variables. The basic
output variables are for example; SSC, bed load-,
suspended load- and total load in x- and y-direction
including rate of bed level change, bed level change
and bed level. The additional output variables are for
example transport variables given as magnitude and
direction as well as accumulated values, including
input hydrodynamic and wave variables.
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Examples of Applications and Results The following figures show a flexible grid bathymetry
and a ‘snap shot’ of simulated sand transport in a
subset of the model area.

St water dapth (m]
Above75

452000 454000 456000 460000 462000

0.0005 {m*3(mis]

Location map for the examples: Gradyb and Torsminde

Gradyb

Gradyb is a tidal estuary facing the North Sea coast. ) ) )
A major port facility is located inside the estuary. An Sub set of the flexible model grid and simulated sand
access channel with a depth of 12 m is maintained transport

by dredging. About 1 million m? of sediment are
dredged every year and bypassed to not destabilise
the down drift coast.

450000 452000 454000 456000 458000 460000 462000

The plots illustrate the flexibility of the model set-up
where the critical areas are covered with a very
dense grid and the tidal flats are resolved by a
somewhat coarser grid.

Aerial view of Gradyb estuary. Copyright Port of Esbjerg
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Gorai River

The Gorai River is a spill channel to the Ganges
River. The morphological behaviour at the offtake is
of great interest, because the Gorai River is an
important source of fresh water supply in the region.

Aerial view of Gorai River

The non-equilibrium concept including helical flow
was applied to estimate the morphological changes
of the system after the time period of a monsoon.
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Mesh bathymetry in 3D and Model predicted bed level
changes induced by the passage of the 1999 monsoon
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Calais harbour expansion

As part of a new major expansion of Calais harbour
a model study of the development of the tidal banks
in the vicinity of Calais harbour was undertaken in
2015-2017. The study involved calibration of the
measured evolution of the tidal banks and a
prediction of the bank evolution in response to the
future expansion.

o
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7101000
#1000

Rathymira (m €M)
pe—
N

512000 14000 16000 518000 520000 522000 24000
[l

Model domain for the morphological model at Calais
harbour. The red line indicates the position of a cross-
section shown below.

The geographical location of Calais harbour makes
the wave and current conditions particularly
dynamic. The large tidal range (up to 7m) generates
strong tidal currents and modulates the nearshore
waves over a tidal cycle.

The morphological modelling covered 20 years of
evolution. A model strategy, which included a
morphological tide combined with a schematisation
of sea-states, was required to complete the detailed
2D modelling within a reasonable period.

o Ridens de la Rade, S-N
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L?
o
/
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L L
0 500 1000 1500 2000 2500
Distancs (m)

Calibration: Comparison of modelled and measured
southward movement of the bank: Ridens de la Rade from
2008-2010.

The morphological model results aided in the
understanding of the hydrodynamic conditions of the
area, which were necessary for design of the new
harbour breakwaters. Further, a study of the
incremental construction of the breakwaters was
done to analyse pre-dredging strategies and back-
filling rates.
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Examples of Applications and Results

Torsminde Harbour

Torsminde fishery harbour is located at a tidal inlet
on the west coast of Jutland, Denmark, on one of the
narrow tidal barriers, which divide coastal lagoons
from the sea. The port is located at the entrance to
the coastal lagoon Nissum Fjord. Sluices regulate
the water exchange between the lagoon and the
sea. Torsminde harbour is located in the central part
of a very exposed stretch, where the net littoral drift
is southward with an order of magnitude of 0.4
million m3/year, but where the gross transport is
several times larger.
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As a result, severe sedimentation and shoaling
problems affected the harbour entrance and a need
for alternative layout of the harbour made it
necessary to make preliminary investigations of the
sand transport pattern in the area.

Running the MIKE 21 Flow Model FM in coupled
mode with the SW Module and ST module, the
morphological changes during a specified period can
be estimated.

The following figures show a comparison of the
measured and simulated bathymetry in front of the
harbour entrance, before and after a 10-day period
in October 1997.

Comparison of measured and simulated bathymetries in front of the harbour entrance. Upper: measured.

Lower: calculated. Left: before storm. Right: after storm

The pre-dominant wave direction during the
simulation period was from the North-West. This
caused the bar in front of the harbour entrance to
migrate further south, thus blocking the harbour
entrance.

To view the bar migration in detail the simulated bed
levels are extracted along a north-south line
extending from the northern jetty to past the harbour
entrance.
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The results are shown in the figure below.

Initial bed level  [m]
Resulting hed level [m] ——

70
0 a0 100 180 200 280 300
North (m) South

Bed level across the harbour entrance: before and after
simulation
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The calculation requires the sediment characteristics far the area.

The grain size is regarded as a representative grain size for a specific grid point in the modelling area. This
reans it can vary spatially. In river bends, coarser sediment is often found in deeper parts of the cross-
section while finer sediments are found along the inner banks. On coasts with wave impact, coarser sediment
is often found on the beach and on shallow water while finer sediment are found on deeper water.

Graphical user interface of the MIKE 21 Flow Model FM, Sand Transport Module, including an example of the Online
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Parallelisation

Parallelisation

The computational engines of the MIKE 21/3 FM
series are available in versions that have been
parallelised using both shared memory as well as
distributed memory architecture. The latter approach
allows for domain decomposition. The result is much
faster simulations on systems with many cores.

1000 /
800 /

700 /
600 / /.
/ /
/. i

§ peed-up factor
n
2
8

Number of processors

Example of MIKE 21 HD FM speed-up using a HPC
Cluster with distributed memory architecture (purple)

Hardware and Operating System
Requirements

The MIKE Zero Modules support Microsoft Windows
7 Professional Service Pack 1 (64 bit), Windows 10
Pro (64 bit), Windows Server 2012 R2 Standard (64
bit) and Windows Server 2016 Standard (64 bit).

Microsoft Internet Explorer 9.0 (or higher) is required
for network license management. An internet
browser is also required for accessing the web-
based documentation and online help.

The recommended minimum hardware requirements
for executing the MIKE Zero modules are:

Processor: 3 GHz PC (or higher)
Memory (RAM): 2 GB (or higher)
Hard disk: 40 GB (or higher)

Monitor: SVGA, resolution 1024x768
Graphics card: 64 MB RAM (256 MB RAM or
(GUI and visualisation) higher is recommended)
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