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: Walvis Bay Container Terminal

1 Introduction

1.1 Project background

The Port of Walvis Bay has presently no berth that is capable of handling container vessels larger then
3,500TEU capacity. Besides the observed general trend of increasing container vessel sizes, the
throughput of container volumes from landlocked countries in southern and central Africa (30% of traffic)
and from transhipment (60%) to other West African countries is expected to grow.

The port provides presently only two berths for container vessels with a maximum water depth of -
12.8mCD. The Namibian Ports Authority (Namport) recognises that the existing container facility will reach
its limit by 2011 with no further possibility for expanding the stacking area.

The initial plan to implement a new container terminal between berth 1 and the ship yard revealed to be
extremely difficult due to conflicts between various utilizations and expansion plans in the congested area
(WML-Inros Lackner, 2008).

Therefore Namport has initiated a Pre-feasibility Study for a new container terminal on reclaimed land
(WML-ILAG, 2008) with an access dam near to the existing yacht club at Walvis Bay (Figure 1-1).

This initial layout has been adjusted for several reasons , amongst others
To improve accessibility of the new terminals
To increase distance from the Lagoon entrance (reduced flow restriction)
To increase distance from the envisaged Marina Waterfront

In addition the berth lengths of the subsequent development phases have been adjusted based on findings
within a Feasibility Study currently prepared by the Japan International Cooperation Agency (JICA) [8].

=5
N= 7462029
E= 446742

-2

Figure 1-1: Port of Walvis Bay and phases for propo  sed extension of container terminal (revised
layout)
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It was agreed with Namport to start all studies based on this revised container terminal footprint.

This proposed development involves extensive land reclamation and dredging activities adjacent to the
Walvis Bay Lagoon - an environmentally protected Ramsar site (wetland of international importance
according to the Ramsar Convention on Wetlands in Ramsar, Iran, 1971). Namport has, therefore, initiated
an environmental impact assessment (EIA) to evaluate the influence of the new container terminal on
reclaimed land on the Walvis Bay environment, and to investigate mitigation measures to limit adverse
effects to an acceptable level.

The effect of the new land reclamation on the hydrodynamic processes in Bay and Lagoon has been
studied. The methodology and outcome of this study are described in this report. The results of the
hydrodynamic study are used in expert studies on the environmental impact of the new land reclamation.

1.2 Scope of this document

The Hydrodynamic Modelling Report presents the changes in hydrodynamic conditions due to the
proposed development.

This Hydrodynamic Modelling Report is a factual description of the numerical modelling which has been
done for the environmental impact assessment of the new container terminal. The boundary conditions for
the numerical simulations have been derived from metocean data and bathymetric data from various
sources). The modelling has been performed with state of the art MIKE21 modelling software. The
following tasks have been performed:

Analysis of operational and extreme wind and wave conditions based on metocean data;
Compilation of survey data (from different surveys) in one integrated bathymetric data set;
Validation of flow model and wave model, based on data of the Agenda21 measuring campaigns
[1];

Modelling of flow and wave conditions in the Bay and the Lagoon

Modelling the impact of the new reclamation on the water quality (i.e. on water exchange);
Modelling of dredging plumes during construction of the land reclamation based on the
geotechnical information from the draft geotechnical report (Geotechnics Philippine, Incorporated)

[9].

The environmental boundary conditions are summarized in Chapter 2. The modelling approach is
described in Chapter 3. The results of wave modelling (Chapter 4), flow modelling (Chapter 5), water
refreshment modelling (Chapter 6), sediment transport (Chapter 7) and dredge plume modelling (Chapter
8) are presented. Chapter 9 provides a concise summary of the findings.

Hydrodynamic Modelling Report, November 2009 page 2
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2 Environmental Conditions

2.1 Bathymetry

The water depth outside the Bay increases rapidly to more than 50m, the edge of the continental shelf
(150 m depth) is located approximately 50 km offshore. The water depth inside the Bay varies from about
-16.5m CD at Pelican Point to -2.5m CD at the mouth of the Lagoon with a sea bed slope of approximately
1:1000.

Bathymetric data has been achieved from three different sources:
Admiralty charts;
Large scale bathymetric survey of Bay and Lagoon, performed by the Local Agenda 21 Project
(DHI/COWI 2002);
NAMPORT surveys 2009.

Admiralty charts are used for the large scale regional bathymetry which has been extracted from MIKE21
C-Map (world-wide electronic chart database from Jeppenson).

The large scale bathymetric survey performed by the Local Agenda 21 Project is used for the Bay and the
Lagoon. The “Walvis Bay Local Agenda 21 Project” was initiated in 2001 as a three-year project. In the
framework of this project an extensive bathymetric and topographic survey was performed in the Bay, the
Lagoon and the surrounding intertidal wetlands.

Within this campaign the Bay was surveyed along lines with a spacing of 500m running in West-East
direction and covering the whole Bay area. In the Lagoon the distance between the survey lines was
reduced to 200m.The Lagoon was surveyed at high water and the topographic survey was done at low
water, providing as much overlap as possible between the two surveys.

The entrance of the Lagoon was surveyed in a 25x25m” grid, in order to obtain detailed information on
channels and shoals. The survey lines are shown in Figure 2-1.
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Figure 2-1:  Bathymetric survey points taken by the Agenda2l measurement campaign (right,
Lagoon entrance enlarged)
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NAMPORT has performed a bathymetrical survey of the reclamation area and existing approach channel
(April — June 2009). The survey data received from NAMPORT consists out of a number of individual
measurements as summarised in Table 2-1. During the survey performed by NAMPORT, the survey
vessel ran aground near the Lagoon entrance, therefore the raw data of the last five measurements had to
be corrected by 30 cm to fit the data before the incident. The Lagoon survey was done with different
equipment set-up and was therefore not affected. An overview of the total survey data received from
NAMPORT is given in Table 2-1 and shown in blue in Figure 2-1.

Table 2-1:  Survey data received from NAMPORT

,,,,,,,,,,,,,,,,,, E ?
2°55'S i i
P5E'S
# rrrrrrrrrrrrrrrrrrrrrrrrrr
7 e S N ., | |
N »w’t«? :
[22°58'S W ,_f{“{ L o Uy

ek

14° 30

Figure 2-2:  Survey lines taken by NAMPORT

W/~ = A

14° 331

Data received File name Level Correction
02/04/2009 Berth 9 part 1 & 3 processed XYZ-adjusted.XYZ

02/04/2009 6997-Master-Chart.xyz

16/04/2009 200khz Walvis Bay 16-4-2009.xyz

12/05/2009 200khz raw data entrance channel 23 April 09.pts

12/05/2009 200khz raw data berths 1 to 3 12 May 09.pts

19/05/2009 Lagoon area 200kHz.pts 0.3m
19/05/2009 Lagoon mouth 200kHz.pts 0.3m
29/05/2009 Berth 4-8 200 kHz.xyz 0.3m
02/06/2009 Lagoon mouth tachy 1 june 09.pts

08/06/2009 Tachy Lagoon 05 JUNE 09.csv

16/06/2009 200khz raw data entrance channel part 2 15 June 09.pts 0.3m
22/06/2009 Entrance channel 18 june 2009.pts 0.3m
p2° 52's
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In areas where the NAMPORT survey (2009) and the survey of Agenda21 (2001) overlap, no significant
differences are observed suggesting a relatively stable seabed in general.

2.2 Wind

Information on wind conditions is required for the hydraulic flow modelling as well as for the wave
modelling. Wind and wave data from two different types of sources was used, offshore hindcast model
data and local measurements:

1. Wind hindcast models
GROW (Global Re-analysis of Offshore Winds by Oceanweather Inc.)
WaveWatch Ill, NOAA (National Oceanic and Atmospheric Administration)
2. Local measurements
Lighthouse Pelican Point
Salt Works

All previous studies used also the wind hindcast data and local measurement as given above.

The wind hindcast models are global models that are operated by meteorological institutes. These models
represent the large scale wind fields, driven by barometric pressure distributions. The local wind is affected
by local effects like differential heating of sea and land as well as geographical features and may therefore
deviate from the large scale (offshore) wind fields.

For Walvis Bay the large scale wind fields in the region are dominated by southerly winds whereas the
local wind measurements seem to have more westerly components due to temperature gradient between
land and sea.

The differences between the large scale wind data (from two different hindcast models) and the
measurements at Pelican Point are detailed in the next sections

2.2.1 GROW Model point 19616

The wind data from the GROW study is obtained from [11], as provided with the tender information. A
statistical analysis of this wind data was not possible as no time series data are provided. From Figure 2-3
it is apparent that the prevailing wind direction is coming from SSE to SSW (79.9%), with dominant wind
speeds between 2 and 10 m/s. Wind speeds from other directions are generally lower (see the scatter
diagram, Table 2-2).

Wind speed in m/s
S 12-14
I 10-12

. g-10

i salE 6-8

: 4-6
2.4

©sE

Wind speed Rose_Walvis Bany rid 19616

Figure 2-3: Mean annual wind speed rose at the Grid  Point 19616 [11]
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Table 2-2:  Scatter diagram of wind speed over direc  tion GROW [11]

Mean hourly wind speed (m/s) Total
0-2 2-4 4-6 6-8 8-10 10-12 12-14 14>
N 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.1%
NNE 0.0% 0.1% 0.0% 0.1% 0.0% 0.0% 0.0% 0.0% 0.2%
NE 0.0% 0.2% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.4%
ENE 0.0% 0.5% 0.4% 0.2% 0.1% 0.0% 0.0% 0.0% 1.2%
E 0.0% 0.8% 0.8% 0.1% 0.0% 0.0% 0.0% 0.0% 1.7%
ESE 0.0% 1.6% 1.1% 0.1% 0.0% 0.0% 0.0% 0.0% 2.9%
SE [ 0.0%| NS00 28%|  1.0% 0.2% 0.0% 0.0% 0.0% 7.0%
S [ssE 0.0% 5.8% 7.8% 5.5% 1.6% 0.3% 0.0% 0.0%|  20.9%
g s 0.0% 58%| 10.0%| 10.1% 5.0% 1.0% 0.1% 0.0%|  31.9%
5 [ssw 0.0% 5.0% 7.3% 8.8% 5.2% 0.8% 0.0% 0.0%| 27.1%
sw 0.0% 1.7% 1.9% 1.7% 0.3% 0.0% 0.0% 0.0% 5.5%
Wsw 0.0% 0.4% 0.3% 0.1% 0.0% 0.0% 0.0% 0.0% 0.8%
w 0.0% 0.2% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.3%
WNW 0.0% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.2%
NW 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.1%
NNW 0.0% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.1%
Total 0.0%|  253%| 32.6%| 27.8%| 12.3% 2.1% 0.1% 0.0%| _ 100.2%

The extreme wind speeds given in [11] are presented in Table 2-3. The 1 hourly average wind speed is
relevant for the wind wave interaction whereas the 3 sec average is often applied as wind load for
structural design.

Table 2-3:  Extreme wind speeds based on GROW data|[ 11]

i 3 sec
Frequency 1_ hrly average
(probability) of “; 9;2%9 (Gust)
occurrence Ens speed
e (mis)
1:1 year 127 192
1:10 years 142 214
1:100 years 158 235

Hydrodynamic Modelling Report, November 2009 page 6
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2.2.2 NOAA Model point 23°S, 14°E

The offshore time series from the NOAA (National Oceanic and Atmospheric Administration) data point at
23°S 14°E (generated with the global wind wave hi ndcast model, WaveWatch Ill) has been selected for
this project. The data set consists of over 11 years of continuous data (July 1997 — January 2008). The
NOAA wind data are similar to the GROW data regarding the dominant wind direction SSW to SSE
(82.5%). The main differences between the two data sets are the wind speeds; NOAA predicted slightly
higher wind speed and furthermore larger wind speeds from NE to NW (although with a small percentage
of occurrence) which were not apparent in the GROW data.

Palette

I Above 9.000
[_18.000-9.000
1 7.000-8.000
[ 6.000 - 7.000
[ 5.000 - 6.000
I 4.000 - 5.000
I 3.000 - 4.000
I 2.000 - 3.000
I 1.000 - 2.000
[ Below 1.000

50%
Figure 2-4: NOAA 23S 14E Offshore wind rose (199 7 — 2008)
Table 2-4:  Scatter diagram of wind speed over direc  tion NOAA 23S, 14E
Mean hourly wind speed (m/s) Total
0-2 2-4 4-6 6-8 8-10 10-12 12-14 14 >
N 0.1% 0.2% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.5%
NNE 0.1% 0.2% 0.2% 0.1% 0.0% 0.0% 0.0% 0.0% 0.6%
NE 0.1% 0.2% 0.3% 0.5% 0.2% 0.0% 0.0% 0.0% 1.4%
ENE 0.1% 0.2% 0.3% 0.3% 0.2% 0.0% 0.0% 0.0% 1.2%
E 0.1% 0.2% 0.3% 0.2% 0.1% 0.0% 0.0% 0.0% 0.9%
ESE 0.2% 0.3% 0.3% 0.2% 0.0% 0.0% 0.0% 0.0% 1.0%
SE 0.2% 0.5% 0.6% 0.5% 0.1% 0.0% 0.0% 0.0% 1.9%
S [ssE 0.9% 0.2% 0.0%] 10.7%
Sls 8.7%|  15.6% 6.5% 1.4% 0.2%| 50.4%
5 [ssw . 6.4% 6.9% 0.8% 0.0% 0.0%] 21.4%
sw 0.4% 1.7% 2.0% 0.9% 0.2% 0.0% 0.0% 0.0% 5.1%
wWSsw 0.4% 0.9% 0.6% 0.1% 0.0% 0.0% 0.0% 0.0% 1.9%
w 0.3% 0.6% 0.2% 0.0% 0.0% 0.0% 0.0% 0.0% 1.1%
WNW 0.2% 0.4% 0.2% 0.0% 0.0% 0.0% 0.0% 0.0% 0.7%
NW 0.2% 0.3% 0.2% 0.1% 0.0% 0.0% 0.0% 0.0% 0.7%
NNW 0.1% 0.2% 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.5%
Total 3.6%|] 12.3%] 23.0%] 28.8%] 22.2% 8.3% 1.6% 0.3%] 100.0%
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2.2.3 Wind measurements Pelican Point

At Pelican Point wind speed and direction have been measured for half a year (01.05.2002 — 15.11.2002)
during the measurement campaign of the Agenda21 project. The wind speeds are in line with the offshore
winds (derived from large scale hindcast models). However, the measurements at Pelican Point show a
larger westerly component as compared to the offshore data (Figure 2-5). The local wind measurements
also reveal a significant percentage of northwesterly winds, which are less pronounced in the offshore wind

data sets.

Palette

I Above 9.000
1 8.000 - 9.000
1 7.000 - 8.000
[ 6.000 - 7.000
[ 5.000 - 6.000
I 4.000 - 5.000
I 3.000 - 4.000
Il 2.000 - 3.000
I 1.000-2.000
[ Below 1.000

Figure 2-5:  Pelican Point wind rose (May 2002 — No vember 2002)
Table 2-5:  Scatter diagram of wind speed over direc  tion Pelican Point
Mean hourly wind speed (m/s) Total
0-2 2-4 4-6 6-8 8-10 10-12  12-14 14 >
N 1.3% 1.2% 0.2% 0.0% 0.0% 0.0% 0.0% 0.0% 2.7%
NNE 0.5% 0.6% 0.2% 0.0% 0.0% 0.0% 0.0% 0.0% 1.4%
NE 0.7% 0.5% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 1.3%
ENE 0.5% 0.3% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.8%
E 0.5% 0.4% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.9%
ESE 1.0% 0.3% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 1.3%
SE 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 2.2%
& |ssE 1.0% 0.2% 0.0% 0.0% 0.0% 0.0% 4.6%
Ss 1.4% 0.4% 0.0%] 18.0%
5 [ssw 1.5% 0.3% 0.0%| 28.9%
Sw 0.0% 0.0% 0.0%] 11.3%
WSsw 0.0% 0.0% 0.0% 6.7%
w 0.6% 0.0% 0.0% 0.0% 4.9%
WNW 0.9% 0.1% 0.0% 0.0% 0.0% 0.0% 5.4%
NW 1.3% 0.2% 0.0% 0.0% 0.0% 0.0% 5.0%
NNW 1.6% 0.3% 0.0% 0.0% 0.0% 0.0% 4.7%
Total 19.8%]  32.6%] 22.7%| 13.5% 7.7% 2.9% 0.7% 0.0%] 100.0%
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2.2.4 Wind measurements at Salt Works

At the Salt Works only the wind volumes (speeds) have been recorded to predict the evaporation in the
salt ponds. No directional information is available. These data have therefore not been considered for the
hydraulic study.

2.3 Waves

Information on wave conditions is required for the nautical studies as well as for the sediment transport
calculations. In the past various wave studies have been done for Walvis Bay. However, since the wave
conditions are integral part of the hydrodynamic modelling, the wave conditions have been also modelled
for this project.

Wave data from two sources has been analysed, hindcast wave model data and wave measurements.
Furthermore these sources have been compared with the general description of the prevailing wave
climate in the African Pilot.

2.3.1 Hindcast data

The offshore wave data has been extracted from the hindcast wave model, WaveWatch Ill (NOAA), at the
offshore location 23°S, 14°E. The offshore time s eries consists of over 11 years of continuous data. This
time series has been used to determine the offshore operational and extreme climate.
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Figure 2-6:  Scatter diagram WaveWatch Ill (1997 —2 008)
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Figure 2-7:  Offshore wave height (left) and wave pe riod (right) over direction
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Two separate wave systems are apparent in the hindcast model results, one from SW and one from SSW
(see Figure 2-7). The waves approaching from SW have longer wave periods than the waves from SSW,
as shown in Figure 2-7(right). These long waves are swell waves generated in the South Atlantic. The
waves with shorter periods are locally generated wind waves (sea). The directions of wind and sea go
together.

2.3.2 African Pilot Volume Il

The information given in the Pilot [12] is not contradicting with the above findings. The swell heights
outside Walvis Bay are normally moderate, the swell direction is SW. More severe swell occurs when a
major depression has passed the Cape of Good Hope. NW swells are uncommon. With strong easterly
winds in winter considerable sea may be generated in the Bay. A strong afternoon sea breeze may also
cause a lively sea in the Bay, especially after several consecutive days in summer, making boat work
unpleasant though not impossible.

2.3.3 Wave Measurements

In the framework of the Local Agenda 21 Project an Intensive Monitoring Campaign was carried out by DHI
and COW!I in the period from September 2001 to March 2002.

In June 2009 Padeco [7] performed two weeks of wave measurements (being part of the JICA Feasibility
Study). During both campaigns wave measurements were done at two locations, one outside Pelican Point
and one inside the Bay, as shown in Figure 2-8.
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Figure 2-8: Wave measurement locations
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The wave measurements of Padeco and of the Local Agenda 21 Project are of short durations. Therefore,
this data is not applicable for a statistical analysis of nearshore wave conditions. However, the measured
data have been used to validate the results of numerical wave modelling based on offshore wind and wave
data and on local wind data. As expected, the bay is well sheltered for the prevailing southerly wave
direction.

2.3.4 Extreme Wave Conditions

Extreme value analysis has been done on the time series data from the hindcast model (NOAA). As stated
before the wave climate offshore Walvis Bay consists of two separate wave systems, wind waves from
south and swell wave from south west, as shown in Error! Reference source not found. . A distinction
between wind and swell waves has been made for the analysis of extreme waves. Extreme value analysis
has been performed for i) total sea (i.e sea and swell), ii) sea (wind waves from S) and iii) swell (from SW).

The maximum wave heights of major storm events are determined by a peak over threshold method.
These peak values have been fitted to a Weibull distribution and extrapolated to extreme values with return
periods of 1 to 100 years. The resulting extreme significant wave heights and the associated return periods
are summarised in Table 2-6. The related wave periods have been assessed. A value of 4.5 times the
square root of the wave height has been applied for sea and a typical value of 16 s for swell.

Table 2-6:  Extreme significant wave heights offshor e Walvis Bay

. Total sea Sea S
Return period [m] (170%2009 (20022409
[m] [m]
1 5.20 4.72 5.04
2 5.48 5.09 5.37
5 5.80 5.51 5.75.
10 6.02 5.79 6.02
20 6.27 6.05 6.27
50 6.59 6.36 6.59
100 6.81 6.58 6.81

2.4 Water levels and currents

2.4.1 Astronomical tide

The water levels at the entrance of Walvis Bay are mainly affected by the astronomical tide. An overview of
the characteristic tidal water levels at Walvis Bay is given in Table 2-7 relative to CD and LLD (Land Level
Datum » MSL = CD+0.97m).
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Table 2-7:  Tidal water levels at Walvis Bay

Relative to Chart Relative to Land Levelling
Datum Datum (LLD) also MSL
[m] [m]

HAT 1.97 1.004
MHWS 1.69 0.724
MHWN 1.29 0.324
MSL 0.98 0.014
MLWN 0.67 -0.296
MLWS 0.27 -0.696
LAT 0.00 -0.966

The largest tidal component along Namibia’s coast is M2 (the moon gravitation). Figure 2-9 shows the tidal
amplitude due to the moon on the world oceans. The tidal node which influences Walvis Bay is located in
the middle of the South Atlantic. Around this node the tidal wave is circulating in deep water. However, at
the continental shelf the deep water tidal wave is turning towards the shore. Thus, also the tidal current is
directed approximately perpendicular to the continental shelf.
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Figure 2-9: M2 tidal constituents

In contrast to the Bay the water levels inside the Lagoon are in addition affected by the local wind as the
Lagoon is very shallow. The water levels at and in the Lagoon have been determined by numerical flow
modelling. The flow model has been validated against the measurements from the Agenda 21 project in
which the water level was measured at five positions in the Walvis Bay coastal area and Lagoon. The data
sets cover at least one neap and one spring tide.

It is seen in Figure 2-10 that the tidal range over a typical neap-spring cycle varies between approximately
0.6 m and 2.0 m. It is also apparent that the tidal wave is only slightly deformed on its way into the Lagoon.
Some of the measurements in the Lagoon show a clear cut-off at low tide when the shallow mud flats are
falling dry, so that recordings are affected.
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Figure 2-10: Water level recordings from four posit  ions over a 21 days period [1]

A statistical analysis of extreme water levels in Walvis Bay revealed the following estimates:
1:10 years extreme levels: +2.6m CD and -0.6m CD
1:50 years extreme levels: +2.8m CD and -0.8m CD
1:100 years extreme levels: +2.9m CD and -0.9m CD.

An analysis on basis of 11 year water level recordings within a study for the Atomic Energy Corporation
resulted in similar values and was considered to be in accordance with the above statistical data.

2.4.2 Harmonic water level fluctuation with period of 90 min

Besides the diurnal tide in [10] a water level fluctuation with a period of about 90 min has been observed in
the water level measurements near the entrance of the Lagoon. The same effect has been observed in the
Agenda2l measuring campaign where water levels have been also measured in other locations
throughout the Bay. These measurements indicate that the 90 min fluctuations are small at Pelican Point
and are increasing further south in the Bay.

The source of this 90 min harmonic is unknown, as there is not a higher order tidal constituent which fits
this period. Furthermore, the 90 min harmonic is not always present in the measurements. Based on that is
has been concluded that the observed 90 min oscillation is probably not driven by astronomical
constituents. However the effects of the superimposed harmonic have been further studied in Chapter
5.3.4.

2.4.3 Wind induced water level variation

The water depth outside Walvis Bay increases rapidly to over 50 m. Therefore, the wind induced water
level set up outside the Bay is negligible. The wind will cause only local setup or set down inside the Bay.
This wind set-up inside the Bay has been modelled as part of the flow modelling.

2.4.4 Sea level rise

Records of monthly mean sea level from tide-gauge locations along the coast of Namibia and South Africa
were examined by Brundrit (1995, [14]). The sea level variations include high frequency fluctuations,
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seasonal variations and interannual variations. Over the past 30 years, the sea level has been rising on the
west coast of Namibia and South Africa at a rate estimated at 0.12 + 0.04 cm/year.

Since the west coast sea-level rise data are in agreement with the global trends, it is reasonable to accept
that the predicted rates of sea level rise, modelled on the basis of global warming, are applicable to South
Africa (DEA&T and CSIR, 1999 [4]). The Intergovernmental Panel on Climate Change has estimated that
the global mean sea level will be 0.2 — 0.6 m higher over 100 years (IPCC, 2007, [5]).

2.4.5 Current data

The ocean currents at the continental shelf have been studied in detail by NatMIRC, Ministry of Fisheries
and Marine Resources in Swakopmund. The currents in deep water are stratified and very complex.

However, for the purpose of this study the governing currents have been schematized by a tidal wave that
is approaching perpendicular to the shore (see Chapter 2.4.1). The generated currents are in the order of
2.5 cm/s. When the tidal wave travels into the shallow waters of Walvis Bay the current pattern is mainly
determined by wind effects and by the geometric shape of the Bay.

In June 2009 two weeks of continuous current measurements (velocity and direction) have been
performed by PADECO CO. LTD at two locations, location 5 outside the Bay and location 6 inside the Bay.
The coordinates and water depth at both locations are presented in Table 2-8.

Table 2-8:  Measurement locations current velocity

Point Latitude Longitude Depth
Cur-5 22535S 14 25.7E 22m
Cur-6 2253.7S 1429.1E 13m

The average measured current velocity is around 5 cm/s and does not show a clear tidal fluctuation.
Irregular spikes (with higher current velocity) are present in the time series, which are probably due to wind
effects. As no simultaneous wind measurements were taken, this can not be confirmed.

Also the flow directions are irregular as shown in Figure 2-12. It can be seen that stronger current
velocities (> 10 cm/s) at location 6 (in the Bay) are typically directed northwards (coming from 1809 and
are probably part of a clockwise eddy in the Bay.
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2.5 Water quality

The following general information on water quality has been retrieved from the Local Agenda 21 Project,
Coastal Area Study - Marine Pollution Review (COWI/DHI, 2003):

Walvis Bay Harbour is commonly divided into two areas primarily based on the type of activity: the
Fishing Harbour to the North and the Commercial Harbour to the South. The water quality of the
harbour depends somewhat on the seasonally changing activity of the fish processing industry due
to discharge of organically polluted seawater and fresh water.

The water quality in the Bay is significantly influenced by the cold Benguela Current and the
upwelling off shore. Particular features of the Benguela Current are two extensive mud belts on the
sea floor, each about 500 km long. The southern belt extends from the Orange River southwards
and the northern belt is located off the middle shelf of Namibia. The mud belts are of biological
origin, very rich in the remains of planktonic plants (phytoplankton). The sedimentation of
phytoplankton thriving on the up-welled nutrients is a natural process of the Bay and the offshore
environment.

Although the organic material provided by the up-welling system at Lideritz associated with the
Benguela Current is not normally perceived as pollution the same way as discharge of wastewater
from human activities, it does constitute a major part of the organic load to the Bay. In biological
terms the Bay is receiving degradable organic matter in excess of its turnover capacity. The
bottom waters and sediment therefore becomes depleted of oxygen due to the microbiological
degradation of organic matter. When oxygen levels are low, one of several energy providing
processes that are used by bacteria for degradation of organics is based on the reduction of
sulphate, and it is typical in seawater where sulphate is abundant. A by-product of the process is
the formation of sulphide, which is a potent fish Kkiller, foul smelling and a characteristic of the
eruption phenomenon.

In the framework of the Local Agenda 21 Project, water quality samples were taken at 9 different
stations, of which 5 stations were in the Bay area, 1 at the Lagoon entrance and 3 in the Lagoon.
One of the main conclusions of the study is that the environmental conditions of the Lagoon do not
appear to be governed by emissions of pollution from the town of Walvis Bay, the fishing industry
or the harbour. It is, however, found that the water plume from the harbour vicinity reaches the
Lagoon. The impact of the pollution load from man-made sources on the ecological and biological
conditions in the Lagoon cannot be distinguished from the impact of the natural high load of
nutrients and organic matter.

For further information reference is made to the respective chapters of the Environmental Impact
Assessment Study.
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3 Hydrodynamic modelling approach

3.1 General approach

The environmental impact of the new container terminal has been investigated by modelling the present
situation and the future terminal development phases. The present situation has been used as a Base
Case and has been compared with the future situation after construction of the new container berth, Phase
1 and Phase 3. Modelling of Phase 2 would only be required if the concluded impact of the new
development in Phases 1 and 3 would be inconsistent and one of the investigated development phases
would be unacceptable with respect to environmental impacts.

The modelling has been done with the Mike21 (version 2009) software of DHI (Danish Hydraulic Institute).
The hydrodynamic module (Mike21 HD) has been applied for the current modelling, the spectral wave
module (Mike21 SW) has been applied for the wave modelling. Wave and current modelling has been
performed on an unstructured grid (flexible mesh). The flexible mesh allows modelling with high spatial
resolution of areas of interest while a courser grid can be applied in open water.

Consequently areas like the Lagoon entrance with larger variation in bathymetry are modelled with high
resolution whereas the more uniform seabed inside the Bay is modelled with lower resolution without
compromising the model accuracy. For each development phase different meshes have been generated.
An example of a computational mesh for Phase 1 is shown in Figure 3-1
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Figure 3-1:  Computational mesh flow modelling (righ t: Phase 1 container terminal footprint)

Hydrodynamic Modelling Report, November 2009 page 17



[ ]
Delta Marine GIR NAMPORT TENDER 674/ 2008
Consultants and EIA Study for Extension of the

' o Walvis Bay Container Terminal

3.2 Wave modelling

The wave conditions inside Walvis Bay may influence the currents pattern inside the Bay, the sediment
transport rates, the water quality and are also relevant for ship navigation. The prevailing offshore wave
direction is South to Southwest. The Bay is sheltered for these wave directions, the (swell) waves inside
the Bay are consequently relatively small. Their impact on currents, sand transport, water exchange and
navigation inside the Bay is therefore limited. The influence of the proposed land reclamation on the wave
conditions inside the Bay will be negligible, except for the wave heights in close vicinity of the new
container terminal. Therefore, the wave conditions inside Walvis Bay have been only modelled for the
present situation (without land reclamation) and for the future situation including land reclamation (Phase
3).
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Figure 3-2: Computational domain and bathymetry for wave modelling

The wave modelling has been performed with Mike21 Spectral Waves (SW) — Flexible Mesh (FM) of DHI
(Danish Hydraulic Institute). The bathymetry used for the wave modelling is presented in Figure 3-2.
Offshore wave conditions have been applied along the western and northern boundaries of the wave
model. The latter is only relevant for wave direction Northwest.

3.3 Flow modelling

Tidal and wind induced currents have been modelled for the Bay and the Lagoon. The objective of the flow
modelling is to assess the effect of the planned reclamation on the currents and water levels in the Bay
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and more specific in the Lagoon. The current modelling includes rather extreme conditions to emphasise
the potential changes in the flow pattern due to the new container terminal.

Special attention is given to the area around the new land reclamation and in the Lagoon. The Lagoon is a
Ramsar site, flora and fauna deserve special protection. The port area and the Lagoon are modelled with a
high spatial resolution, channels and tidal flats accurately reproduced as shown in Figure 3-3.

Besides this, the flow pattern in the port and approach channel is important with respect to navigation.

The flow model is driven by the tidal elevation at the offshore boundary and by a constant wind on the
entire modelling domain. Wind conditions are derived from the NOAA hindcast model (Chapter 2.2.2). The
flow model of Walvis Bay has been calibrated against water level and current measurements from the
Agenda 21 Project.
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Figure 3-3: Total model area (left) and in high res  olution the Lagoon (right)

A number of different scenarios have been defined for the current modelling of the present and future
situation. This definition of scenarios is based on the analysis of available wind data. The impact of the
new reclamation has been assessed by comparing the results of the existing situation with the future
situation.

3.4 Water quality modelling

The results from the flow model have been also applied for the water quality modelling to determine the
water refreshment rates in specific areas. The environmental impact of the new development will be most
probably closely related to water quality changes under normal conditions, which are frequently occurring.
Typical current conditions have therefore been used for the water quality study whereas more extreme
scenarios are not considered.

3.5 Sediment transport modelling

The sediment transport inside Walvis Bay is driven by wind generated and tidal currents. The sand
transport might be further influenced by waves. The sediment transport has been investigated for the
present situation (Base Case) and for two future layouts of the new terminal (Phase 1 and Phase 3). The

Hydrodynamic Modelling Report, November 2009 page 19



. D

Deltq Morlne GIR NAMPORT TENDER 674/ 2008

Consultants and EIA Study for Extension of the
Walvis Bay Container Terminal

sediment transport study is intended to identify areas with increased erosion and sedimentation due to the
presence of the new terminal.

The sediment transport modelling has been performed with Mike21 Sediment Transport Module (STFM) of
DHI (Danish Hydraulic Institute). The computational grid used for flow modelling and sediment transport
modelling is identical. The results of the wave modelling (i.e. wave induced shear stresses), which have
been modelled on a different grid, have been interpolated to the computational grid for the sediment
transport analysis.

3.6 Dredging plume modelling

The dredging plume study covers both the construction of the new reclamation as well as the deepening
and widening of the channel and port basin. The flow model has been applied for the dredging plume
modelling to determine the water movement and to assess turbulence in the water column. The dredging
impact on environment is normally related to frequent conditions. However, more extreme conditions with a
smaller probability of occurrence might be most critical for the environment. Therefore, frequent and more
extreme conditions have been used for the dredging plume modelling. The concentration of suspended
matter in the dredging plume and the siltation of dredged material have been determined.

For the construction of the new reclamation a CSD has been applied whereas for the widening and
deepening of the access channel a TSHD has been assumed. The plume modelling has been done by
allowing a certain overflow of fines during the reclamation process in a conservative manner.
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4  Wave modelling

4.1 Starting points

The wave modelling has been performed with a constant water level in the entire modelling domain at
MSL. The wave heights inside the Bay are relatively small. There are virtually no areas inside the Bay
where waves are depth limited (i.e. areas where waves are breaking in shallow water). The wave heights
inside the Bay are thus nearly independent of the tidal water level variations. Tidal water level variations
and a possible wind set-up of water levels are thus not considered in the wave modelling.

The flow velocities inside the Bay are relatively small. Current induced refraction (i.e. the effect of currents
on the wave celerity) is thus negligible. Therefore, tidal currents and wind induced currents have not been
considered in the wave modelling.

Typical operational offshore wave heights (i.e. wave heights with a probability of exceedance varying from
1% to 50%) and wind speeds are presented in Table 4-1 (according to NOAA, NWW3 Global Wave
Model). The corresponding sea and swell wave heights have been assessed (based on typical relations
between wave height and wave period, wind speed and wave height and on the agreement of wind and
wave direction) and are also given.

Table 4-1:  Operational offshore wave heights and wi  nd speed [NOAA]

Total sea Sea Swell Wind
P, i (NOAA) (estimated) (estimated) (NOAA)
exceed. ! !
Hs [m] Hs [m] Hs [m] U [m/s]
1% 4.39 3.51 3.89 12.65
5% 3.70 2.8 3.21 10.9
10% 3.36 2.39 2.87 10.01
20% 2.98 1.93 2.48 8.96
33% 2.67 1.58 2.15 7.95
50% 2.34 1.24 1.82 6.77

4.2 Run definition

The modelling of operational wave conditions includes 13 runs with varying wind, sea and swell conditions.
The combined sea state (of sea and swell) has an approximate probability of exceedance of 1%, 5%, 10%
or 50%. The wind conditions have been linked to the sea conditions. The wind direction is in line with the
direction of sea waves. The wind speed has been derived from typical wind speed — wave height relations
of a fully developed sea state. Brief descriptions of the wind, sea and swell combinations, which have been
selected and which shall represent typical operational conditions at Walvis Bay are presented in Table 4-2.

The run definition for the simulation of operational wave conditions in the project area is presented in Table
4-3. The probability of exceedance varies between 1% (2 runs), 5% (2 runs), 10% (3 runs) and 50% (6
runs). Larger waves (Hs = 4.4 m) are expected only from wave directions South and Southwest. Moderate
sea (Hs = 1.6 — 2.4 m) is expected from wave directions South, Southwest, West and Northwest.

Hydrodynamic Modelling Report, November 2009 page 21



Delta Marine

Consultants and

CSIR

NAMPORT TENDER 674/ 2008

EIA Study for Extension of the
Walvis Bay Container Terminal

Table 4-2:  Typical operational wave conditions (com

binations of wind, sea and swell)

Run | Wind and wave conditions (incl. approximate probabi lity of exceedance)
1 Hs(total sea) = 1%, Hs(sea) = 1%, Hs(swell) ca. 10%, U ca. 1%
2 Hs (total sea) = 1%, Hs(sea) ca. 10%, Hs(swell) = 1%, U ca. 10%
3 Hs (total sea) = 5%, Hs(sea) = 5%, Hs(swell) ca. 20%, U ca. 5%
4 Hs (total sea) = 5%, Hs(sea) ca. 20%, Hs(swell) = 5%, U ca. 20%
5 Hs (total sea) = 10%, Hs(sea) = 10%, Hs(swell) ca. 20%, U ca. 10%
6 Hs (total sea) = 10%, Hs(sea) ca. 20%, Hs(swell) = 10%, U ca. 20%, typical wave direction
7 Hs (total sea) = 10%, Hs(sea) ca. 20%, Hs(swell) = 10%, U ca. 20%, unfvourable wave direction
8 Hs (total sea) = 50%, Hs(sea) = 10%, no swell, U ca. 10%
9 Hs (total sea) = 50%, Hs(sea) = 33%, Hs(swell) = 50%, U ca. 33%, typical wave direction
10 | Hs (total sea) = 50%, Hs(sea) = 33%, Hs(swell) = 50%, U ca. 33%, unfavourable wave direction
11 | Hs (total sea) = 50%, Hs(sea) = 33%, Hs(swell) = 50%, U ca. 33%, unfavourable wave direction
12 | Hs (total sea) = 50%, Hs (sea) = 33%, Hs(swell) = 50%, U ca. 33%, unfavourable wave direction
13 | Hs (total sea) = 50%, no sea, Hs(swell) = 10%, no wind
Table 4-3:  Operational wave conditions (run definit  ion)
run | Prob.o Tol Sea Swell Wind
Hs Hs Tp Dp Hs Tp Dy U Dir
[%] [m] [m] [s] [deg] [m] [s] [deg] [m/s] [deg]
1 1% 4.4 3.5 8 195 2.7 14 225 13 195
2 1% 4.4 2.0 6 195 3.9 14 225 10 195
3 5% 3.7 2.8 7 195 2.4 14 225 12 195
4 5% 3.7 1.9 6 195 3.2 14 225 9 195
5 10% 3.4 2.4 7 195 24 14 225 11 195
6 10% 3.4 1.8 6 195 2.9 14 225 195
7 10% 3.4 1.8 6 240 2.9 14 225 9 195
8 50% 2.4 2.4 7 195 - - - 11 195
9 50% 24 1.6 6 195 1.8 14 225 9 195
10 50% 24 1.6 6 225 1.8 14 225 9 225
11 50% 24 1.6 6 270 1.8 14 225 9 270
12 50% 2.4 1.6 6 315 1.8 14 225 9 315
13 50% 2.4 - - - 24 14 225 - -
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4.3 Results operational wave conditions

Typical results of operational wave conditions inside Walvis Bay are presented in this section.

The wave directions inside the Bay from Run 5 are presented in Figure 4-1. Swell waves (Hs = 2.4 m,
offshore wave direction 2259 and wind (U = 11 m/s, wind direction 1959 generate two wave systems
inside the Bay. The Bay is mostly sheltered against southerly sea (Hs = 2.4 m, offshore wave direction
1959. Swell is diffracted into the Bay; the waves propagate towards East at the entrance of the Bay and
further towards South-East and South inside the Bay (Figure 4-1, centre). Wind generated waves inside
the Bay propagate towards North and interact with south-westerly sea at the entrance of the Bay (Figure
4-1, right). The resulting wave direction inside the Bay is influenced by both wave systems and may be
highly variable (Figure 4-1, left).
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Figure 4-1:  Significant wave height and wave direct  ion (Run 5): Total sea (left), swell (centre) and
sea (right)

Results from Run 1 with storm conditions (wave heights with 1% probability exceedance) are presented in
Figure 4-2 (top, left). Swell waves (Hs = 2.7 m, wave direction 2259, sea (Hs = 3.5 m, wave direction 1959
and wind generated waves inside the Bay determine the wave conditions at the entrance of the Bay.

Results from Run 10 with frequent wave conditions (wave heights with 50% probability exceedance) are
presented in Figure 4-2 (top, right). Swell waves (Hs = 1.8 m, wave direction 2259 and sea (Hs = 1.6 m,
wave direction 2259 approach the Bay. The wave conditions inside the Bay are similar to the wave
conditions of Run 1 with typical storm conditions (see above).

Results from Run 11 with westerly waves (wave heights with 50% probability exceedance) are presented
in Figure 4-2 (bottom, left). Swell waves (Hs = 1.8 m, wave direction 2259 and sea (Hs = 1.6 m, wave
direction 2709 generate significant wave heights of about 1.5 m at the entrance to the Bay and of about
1.2 m in the outer part of the approach channel.

Results from Run 12 with north-westerly waves (wave heights with 50% probability exceedance) are
presented in Figure 4-2 (bottom, right). Swell waves (Hs = 1.8 m, wave direction 2259 are diffracted into
the Bay; wind sea (Hs = 1.6 m, wave direction 3159 propagates directly into the Bay. The north-westerly
sea component generates significant wave heights of about 1.0-1.5 m at the approach channel and at the
presently existing turning circle.
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Figure 4-2:  Significant wave heights (total sea) an  d wave direction in the present situation: Run 1
(top, left), Run 10 (top, right), Run 11 (bottom, |  eft), Run 12 (bottom, right)

The wave conditions in the project area (present situation) are presented in Figure 4-3. Results from Run 1
(typical storm conditions) and from Run 10, 11 and 12 (typical south-westerly swell combined with wind
sea from SW, W and NW, respectively) are shown. Figure 4-3 is in fact a close-up of Figure 4-2.
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Figure 4-3:  Significant wave heights (total sea) an  d wave direction in the present situation: Run 1
(top, left), Run 10 (top, right), Run 11 (bottom, |  eft), Run 1 (bottom, right)

The wave conditions in the project area in the future situation, including the new land reclamation (in
Phase 3) are presented in Figure 4-4. Results from Run 1 (typical storm conditions) and from Run 10, 11
and 12 (typical south-westerly swell combined with wind sea from SW, W and NW, respectively) are
shown. The corresponding plots of wave conditions in the present situation can be found in Figure 4-3 .

It can be seen from the results of Run 1 and of Run 10 (Figure 4-4 , top left & right) that the wind induced
wave generation is slightly influenced by the new container terminal. The land reclamation provides some
shelter for the open water area to the North. The wind generated waves in this area are slightly smaller
than in the present situation. The difference in wave height is of order 5% to 15%.

It can be further seen that the land reclamation provides significant shelter for the port area. The harbour
basin is protected by the land reclamation against wind waves that are generated inside the Bay (see
results of Run 1 and of Run 10, Figure 4-4 , top left & right) and against waves that propagate from the
open sea into the Bay (see results of Run 11 and of Run 12, Figure 4-4 , bottom left & right). The wave
heights in the harbour basin are typically less than 0.3 m; they may reach or exceed 0.5 m with north-
westerly wave conditions.
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Figure 4-4:  Significant wave heights (total sea) an  d wave direction in Phase 3: Run 1 (top, left),
Run 10 (top, right), Run 11 (bottom, left), Run 1 (  bottom, right)

4.4 Comparison with measurements

Wave measurements have been performed by Padeco Co. Ltd. (Padeco, 2009 [7]) in the period 20 June
2009 to 5 July 2009. Waves were measured at two locations (compare Chapter 2.3.3):

Wav-1: Wave measurements outside Walvis Bay at Lat. 22°53.5’ S, Lon. 14° 25.7°E, in 22 m
water depth;

Wav-2: Wave measurements inside Walvis Bay at Lat. 22°53.7’ S, Lon. 14°29.1'E, in 13 m water
depth.

Typical results of the wave height measurements are presented in Table 4-4. Typical swell wave periods
are of order 12 — 16 s. The wave directions outside the Bay are typically from West (i.e. offshore swell
wave directions SW are turned to W due to bottom refraction). The swell wave direction inside the Bay is
typically from North. The wave heights inside the Bay (at the reference location) are about 15% to 20% of
the wave heights outside the Bay.
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Table 4-4:  Wave height measurements by Padeco (2009 )
Location: Wav-1 (outside the Bay) Wav-2 (inside the Bay) Wave
Date & time Hs Tp Dp Hs Ty Dp reﬂi'gt?én
dy/mo/yr hr:mn [m] [s] [deg] [m] [s] [deq] [-]

28/6/09 19:00 0.7 11.7 266 0.1 15.6 357 14%
1/7/09 9:00 1.1 14.5 280 0.2 14.9 341 18%
2/7/09 15:00 0.9 125 279 0.2 135 353 22%
4/7/09 7:00 1.6 155 281 0.3 15.6 347 19%

The simulated wave heights inside and outside the Bay (at locations Wav-1 and Wav-2) are summarised in
Table 4-5. The ratio of wave heights inside and outside the Bay is about 20% in Run 1 to 9 (i.e. with
offshore swell direction SW and sea direction S). Run 7 (with sea direction 2409 leads to slightly hi gher
waves inside the Bay. Run 11 and Run 12 (with sea direction W and NW) result in significantly higher

waves inside the Bay.

The predicted wave heights inside the Bay (about 20% of wave heights outside the Bay for wave direction
SW) are in close agreement with the wave height measurements. A wave height reduction to about 15% to
20% of the wave heights outside the Bay has been derived from the measurements. It can be concluded
that the wave modelling that has been performed for this study is realistic and possibly slightly

conservative.

Table 4-5:  Wave heights computed for locations of P

Location Wav-1 Wav-2 Wave

height

- Hs Hs ratio

[m] [m] [-]

1 3.23 0.66 20%

2 3.57 0.70 20%

3 2.75 0.57 21%

4 3.00 0.59 20%

5 2.62 0.51 19%

6 2.74 0.54 20%

7 2.99 0.63 21%

8 1.71 0.31 18%

9 1.92 0.38 20%

10 2.13 0.55 26%

11 2.10 1.13 54%

12 2.10 1.52 73%

13 1.98 0.39 20%

adeco wave measurements
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4.5 Wave conditions at specific points

The wave conditions at the entrance to the Bay, at the outer end of the approach channel and at the
turning circle — as predicted by the wave model for typical operational conditions (13 runs) — are presented
in Table 4-6.

The wave heights offshore Pelican point are close to the nominal offshore wave heights at the model
boundary. The wave height reduction between model boundary and Pelican Point can be partly deduced to
the model bathymetry and partly to boundary effects of the model. It is recommended to use the simulated
wave height at Pelican Point as offshore reference for design purposes (and not the actual offshore wave
heights at the model boundary).

The wave heights at the outer end of the approach channel are typically 20% to 25% of the wave heights
at Pelican Point. Larger relative wave heights are only predicted for exceptional offshore wave directions
240°to 315°(Run 10, 11 and 12).

The wave heights at the presently existing turning circle are typically about 10% of the wave heights at
Pelican Point. Larger relative wave heights are only predicted for exceptional offshore wave directions
270°to 315°(Run 11 and 12).

Table 4-6:  Operational wave heights offshore Pelica  n Point, at approach channel and at existing
turning circle

Pelican Point Approach Channel Turning Circle
Nominal . ) Wave ) Wave
RUN offshore S|gn..wav e Pgak wave Slgn.. wave Pgak wave height S|gn..wave Pgak wave height
wave height direction height direction . height direction .
height reduction reduction
Hs Hs Dy Hs Dp Hs/Hs(PP) Hs Dp Hs/Hs(PP)
[m] [m] [deg] [m] [deg] [-] [m] [deg] [-]
1 4.4 3.91 200 0.74 300 19% 0.35 215 9%
2 4.4 4.06 245 0.91 305 22% 0.28 210 7%
3 3.7 3.25 200 0.65 300 20% 0.30 210 9%
4 3.7 3.39 245 0.72 300 21% 0.27 210 8%
5 34 3.08 245 0.59 300 19% 0.28 210 9%
6 3.4 3.09 245 0.66 300 21% 0.25 195 8%
7 3.4 3.27 245 0.80 300 24% 0.33 210 10%
8 2.4 2.14 195 0.32 195 15% 0.25 205 12%
9 2.4 2.18 245 0.45 300 21% 0.22 195 10%
10 2.4 2.38 215 0.65 220 27% 0.28 230 12%
11 2.4 2.31 245 1.18 285 51% 0.59 270 25%
12 2.4 2.33 245 1.46 305 62% 1.17 330 50%
13 2.4 2.23 245 0.50 300 22% 0.11 335 5%

4.6 Extreme wave conditions

The most extreme waves in the Bay are occurring with strong winds coming from NW. From this direction
Pelican Point does not provide shelter for the port area. The offshore wind is blowing about 2.8% of time
from directions W to N (270°to 3609. Extreme wind velocities from this directional sector are plotted in
Figure 4-5 (according to NOAA NWW3 data base [6]).
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Figure 4-5:  Occurrence of extreme wind speed (U > 6 m/s) from wind directions W to N (period

1/2/1997 — 31/3//2009)

An extreme value analysis has been performed on offshore wind speeds (for wind directions 270°to 360°).
A Weibull distribution has been fitted to the peak wind speeds from the NOAA data set (28 peak values
from 11.2 years of data, maximum wind speed 10.4 m/s, threshold level 6.0 m/s). A shape factor of 0.90
has been applied; the correlation coefficient between wind speed data and fit-function is 0.975. Extreme
wind speeds with return periods of 1 to 100 years have been derived and are presented in Table 4-7.

Table 4-7:  Extreme wind speed (wind direction NW)
Return period Wind speed 90%.conf|dence
interval
[years] [m/s] [m/s]
1 7.0 6.5-75
10 9.9 8.0-11.8
100 13.1 9.6 —16.5

The strongest westerly wind in the NOAA data set occurred on 25 May 1997. The wind was blowing
persistently from westerly directions for almost 2 days. The wind speed was increasing on the first day
from about 7 m/s to about 10 m/s. It dropped after 1 day to about 5 m/s and increased on the second day
again to about 10 m/s. After 2 days the wind turned to a more southerly direction. The average wind speed
during these two days was about 7.7 m/s; the maximum wind speed was 10.4 m/s (on the second day).
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Figure 4-6: Time series of a NW storm (24 — 26 May, 1997)

Based on the storm event in May 1997, the following design storm characteristics have been assumed:
Wind direction is Northwest (3159;
The persistency of the peak wind speed is 6 hours;
Before the peak wind speed is reached, the average wind speed will be 75% of the peak wind
speed during a period of 24 hours.

Extreme north-westerly sea conditions have been assessed by the JONSWAP approach. A fetch length of
400 km has been applied and a peak wind speed of 13.1 m/s (1:100 years conditions). After 24 hours with
wind speed 10 m/s (75% of peak wind speed) the wave height will be about 2.5 m (fully developed sea
state). A wind speed of 13.1 m/s (blowing for 6 hours) will generate further wave growth; the resulting wave
height will be about 3.5 m. In a fully developed sea state the wave height would be 4.3 m.

The above approach has been used for assessing extreme wave heights with return periods of 1, 10 and
100 years. The results are presented in Table 4-8. This table includes the extreme wave conditions (for
wave direction NW) for the above storm scenario (24 hrs with 75% of peak wind speed plus 6 hrs with
peak wind speed) and the wave parameters of a fully developed sea state. The latter are an upper limit of
possible wave growth under extreme wind conditions.

Table 4-8:  Extreme waves (wave direction NW)

Waves after 24 hrs + 6 hrs Fully developed sea state
Return period Wave height H s Wave period T Wave height H s Wave period T
[years] [m] [s] [m/s] [s]
1 1.2 6 1.2 6
10 2.2 8 2.4 8
100 35 10 43 11

Based on the offshore wind characteristics an offshore wave height of Hs = 3.5 m (with wave period T, =
10 s and wave direction 3159 is recommended for de sign (1 per 100 year). This offshore design wave
should be used with caution as the extreme offshore waves could not be validated against measurements
or WAM hindcast models.

The wave height distribution in the Bay is shown in Figure 4-7. From this it is clear that the refraction of
waves when approaching the access channel results in higher waves at the west part of the channel and
shelter at the east side.
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Figure 4-7:

Extreme wave conditions at the project

site (1:100 year NW wave condition)

The conceptual design waves with there respective return periods at the northern revetment for Phase 1

and 3 are summarized in Table 4-9.

Table 4-9:  Design wave conditions at the outer reve  tment of the new reclamation
Return Wind Waves at the head of Phase 1 Waves at the head of Phase 3
period Speed | Wave height | Wave period T he\i/;ﬁ\t/?ﬁ Wave period T
[years] [m/s] Hs [m] [s] m [s]

1 7.0 1.2 7 1.0 7
10 10.0 1.9 8 2.1 8
100 13.0 2.7 10 3.2 10
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5 Flow modelling

5.1 Selected base data

Based on the environmental conditions described in chapter 2 the base data for the flow model has been
selected.

5.1.1 Water levels

The main driving factor regarding the water levels is the tide. For the modelling a distinction in neap and
spring tide is made. The spring tide is used to generate the maximum current velocities and the neap tide
to emphasize the wind induced currents. The tidal signals used for the simulations are shown in Figure
5-1.

——Neap tide
—— Spring tide

Water level r.t. MSL [m]

01/01/10 02/01/10 03/01/10 04/01/10 05/01/10 06/01/10 07/01/10

Time

Figure 5-1:  Tidal water levels

5.1.2 Wind

The extreme conditions are used to investigate the general changes in current patterns as these will reveal
the most distinct changes after implementation of the planned terminal. The operational conditions will be
used to asses the effects on water quality and for the dredging plume simulations.

To model the more extreme conditions historical events from the hindcast dataset are applied. To model
the storms events correctly, the simulations include a period of 2 days before the actual storm event which
is being analysed. The storm event consists of two tidal cycles to balance the ebb and flood effects, as
indicated by the shaded band shown in Figure 5-2 to Figure 5-4.

The prevailing wind direction is south, as described in section 2.2, however two additional historical events
from NNW and NE have been selected, resulting in the three storm scenarios as presented in Figure 5-2 to
Figure 5-4.
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Besides the combination of tide and wind resulting in strong currents during storm conditions, the other
extreme situation is when no wind and neap tide occur simultaneously which results in minimum flow

velocities.

In all time series a daily cycle in wind speed is clearly visible during normal conditions. The daily cycle of
wind directions is also visible during storm events (e.g. Figure 5-4).
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Figure 5-2:  Storm from S (data source NOAA, [6])
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Figure 5-3:  Storm from NNW (data source NOAA, [6])
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Figure 5-4:  Storm from NE (data source NOAA, [6])

5.2 Model setup

5.2.1 Mesh selection

For each modelling scenario a specific mesh has been constructed, two examples are shown in Figure
5-5.

Figure 5-5: Computational mesh: Base Case (left) Ph  ase 1 (right)
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5.2.2 Reference level

All modelling has been done relative to MSL.

5.2.3 Boundary selection

The flow model has 3 open water boundaries: south, west and north. As the tidal wave is coming in
perpendicular to the shore the tidal water level is imposed on the western boundary. For the northern and
southern boundary a zero flux boundary is applied as only limited longshore flow velocity is present and
boundaries are too far from the Bay to have significant impact on wind driven currents.

5.2.4 Bed resistance

The bed resistance has been used to calibrate the flow model. Especially inside the Lagoon the bed
friction is the most important parameter to fit the model to the measured data, both in phase lag and
amplitude. The model calibration is discussed in section 5.3

5.3 Calibration

5.3.1 Calibration approach

The first step in the calibration of the model was to validate the boundary conditions which are applied for
the flow modelling. Therefore the offshore and computed nearshore data has been validated against
measurements performed during the Agenda 21 project and the JICA measurements. The model results
have been calibrated on water level measurements throughout the Bay and especially within the Lagoon.
The last step in the calibration process was to determine the effect of the 90 min harmonics on the flow
regime.

5.3.2 Boundary conditions

Water levels

The offshore water levels applied on the model boundary are obtained from the Mike21 global tide model
(which does not include the 90 min harmonics). The tidal water levels have been compared with
measurements at Pelican Point, recorded during the measurement campaign, as shown in Figure 5-6. In
general a good fit can be observed.
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Figure 5-6: Comparison of measured and modelled tid  al water levels (Agenda21 measurements)
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Wind

The most accurate wind data available are the measurements taken at Pelican Point during the Agenda21
measuring campaign. However the wind measurements at Pelican Point are relatively short in comparison
to the NOAA hindcast data.

For the numerical simulation scenarios, the statistical wind data is important to define the model runs. To
do a statistical analysis on wind data it is therefore favourable to use the long term NOAA data. To validate
the NOAA wind data a comparison with Pelican Point data has been made.

In general it can be concluded that the NOAA data fits the measurements at Pelican Point reasonable well.
The wind speeds show good correlation, as shown in section 2.2.2 and 2.2.3, and the direction reveals
only slight deviations. This is due to local wind effects, present in the measurements but not represented in
the hindcast wind model.

5.3.3 Flow model

The flow model is calibrated against the Agenda2l measurements. The calibration has been done
throughout the Bay but with particular focus on the Lagoon, where boundary parameters (like bottom
friction) are most important.

The calibration results for the Lagoon are shown in Figure 5-7 and Figure 5-8. The tidal amplitude is well
described by the model as are the phase lag and deformation of the tidal curve.
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Figure 5-7: Measured and modelled water level atth e centre of the Lagoon

It should be noted that the output location in the southern part of the Lagoon in the model is drying at
+0.15m and the measurement station was located at -0.30m, therefore the modelled signal is lacking the
low water levels (Figure 5-8). The small fluctuations on the measured signal may have different sources,
for example the 90 min harmonics, but also local wind effects.
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Figure 5-8: Measured and modelled water level at th e southern end of the Lagoon

5.3.4 90 min harmonics

As the source of these 90 min harmonics is unknown and not always present in the measurements it is
difficult to include this at the offshore boundary. To assess the impact of the 90 minute harmonics, model
runs have been done including the 90 min harmonic fluctuation superimposed on the tidal water level
applied on the offshore boundary.

During the numerical study of this 90 min harmonic, the same increase in amplitude inside the Bay is
present as found in the measurements taken in the Agenda2l measurements campaign. However this
increase is not only present inside the Bay but also when the wave is travelling onto the continental shelf.
As a result of this large amplification, a very small harmonic fluctuation of 0.5 cm at the offshore boundary
is sufficient to result in a fluctuation of 10 cm at the entrance of the Lagoon, as shown in Figure 5-9.

Water level [m]
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Figure 5-9:  Water level at the entrance of the Lago  on with 0.5cm 90 min harmonic on tidal water
level boundary
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The effect of the 90 min water level fluctuation on water exchange with the Lagoon has been compared
with the situation without the 90 min harmonic. In general the average discharge and velocities are not
changed by the 90 min harmonics; it is rather a fluctuation on top of the tidal signal, thus increasing the
minimum and maximum values.

The main characteristics of the water exchange are summarized in Table 5-1. The definitions of the table
are given in 5.5.2
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Figure 5-10: Influence of 90 harmonic on water exch  ange with the Lagoon

Table 5-1:  Water exchange characteristics of the La  goon, without (left) and with harmonics

(right)

Averg velocity 0.282 [m/s] Averg velocity 0.281 [m/s]
Max Flood velocity 0.357 [m/s] Max Flood velocity 0.407 [m/s]
Max ebb velocity 0.371 [m/s] Max ebb velocity 0.436 [m/s]
Average flow across line 91.57 [m"3/s] Average flow across line 102.37 [m"3/s]
Max flood flow across line 174.92 [m”3/s] Max flood flow across line 302.59 [m"3/s]
Max ebb flow across line 139.15 [m”3/s] Max ebb flow across line 217.31 [m"3/s]
mean flood flow direction 100.5 [degree] mean flood flow direction 101.5 [degree]
Mean Ebb flow direction 242.6 [degree] Mean Ebb flow direction 222.3 [degree]

The change in discharge is more distinct than in velocity which is due to the fact that the velocity is the
average velocity along the indicator line, independent of the water depth (velocity on shallow has as much
influence as velocity in a gully), whereas the discharge is directly dependent on the water depth. With the
90 min harmonic the velocity increases primarily in the deeper parts (less bed friction) and not in the
shallow areas. This results in smaller increase in average velocity than in discharge.

As i) the influence on average water exchange due to the short period fluctuations is relatively small (the
“net” transport is not affected) and ii), the source and probability of occurrence of the harmonics are
unknown, the plume modelling and water quality was done without the 90 min harmonics. To keep the
numerical modelling straight forward and comprehensible all flow models are driven by the tidal signal at
the offshore boundary only.
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5.4 Run Definitions

The objective of the flow model is to assess the effect of the new reclamation on the currents and water
levels in the Bay and more specific in the Lagoon.

In this study the present situation will be used as Base Case scenario and Phase 1 and 3 will be studied to
determine the changes due to the new container terminal. Phase 2 is not separately investigated as the
results will be covered by the Phase 1 and 3.

To investigate the effect of the new reclamation on the flow pattern in the Bay and the Lagoon these have
been modelled with extreme wind conditions. The extreme conditions are based on historical storm events,
selected from the offshore NOAA time series. The selected time series are shown in Figure 5-2 till Figure
5-4.

Besides strong winds also the neap tide without wind is modelled to assess the influence of the

reclamation on the condition with the smallest flow velocities. An overview of the scenarios is given in
Table 5-2.

Table 5-2:  Extreme environmental conditions to dete  rmine the changes in flow patterns

Water levels Wind speed Wind direction
Scenario 1 | Neap tide 14 m/s (Figure 5-2) S (180 degree)
Scenario 2 | Neap tide 10 m/s (Figure 5-3) NNW (347.5 degree)
Scenario 3 | Neap tide 10 m/s (Figure 5-4) NE (67.5
Scenario 4 | Neap tide 0m/s No Wind
Scenario 5 | Spring tide 14 m/s (Figure 5-2) S (180 degree)
Scenario 6 | Spring tide 10 m/s (Figure 5-3) NNW (347.5 degree)
Scenario 7 | Spring tide 10 m/s (Figure 5-4) NE (67.5
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5.5 Modelling results of water levels and currentp  atterns

The most sensitive area for hydraulic change due to the new container terminal is the Lagoon. A line at the
entrance of the Lagoon will be used to monitor the change of hydraulics boundary conditions at this
location to monitor the possible change in the Lagoon. The Lagoon indicator line starts at the UTM 33
coordinated (445,900; 7,460,100) and ends at (446,900; 7,460,800), as shown in Figure 5-11.

To assess the water level changes in the Bay and Lagoon the water level has been numerically monitored
at four reference locations as shown in Figure 5-11.
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Figure 5-11: Selected indicator cross sections

To assess the current pattern in the southern part of the Bay two reference lines have been used. The
horizontal line starts at UTM 33 coordinates (442,500; 7,465,000) and ends at (451,200; 7,465,000)
whereas the vertical line starts at UTM 33 coordinates (445,700; 7,460,500) and ends at (445,700;
7,465,000).

All model scenarios as presented in this section are analysed from the third day (first 2 days excluded from
analysis) for two tidal cycles, i.e. 25 hours during the respective run event.
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5.5.1 Water levels

The water level has been analysed at four reference points in the model area. Per reference location a
table has been prepared showing the average, maximum and minimum water level for the Base Case,
Phase 1 and Phase 3. From the tables it is apparent that the water levels are not affected by the new
container terminal. Scenario 5 (spring tide with storm from South) shows largest effect of the future
reclamation, but even under these extreme conditions the change in water level is on average less than 1
cm which is considered negligible.

Table 5-3:  Location A at the entrance of the Lagoon
Avg water level Highest water level Lowest water level
BC P1 P3 BC P1 P3 BC P1 P3
Scen. 1 -0.132 | -0.135 | -0.135 | 0.123 | 0.121 | 0.122 | -0.430 | -0.433 | -0.433
Scen. 2 0.021 | 0.021 | 0.021 | 0.253 | 0.253 | 0.253 | -0.283 | -0.284 | -0.284
Scen. 3 0.005 | 0.005 | 0.005 | 0.239 | 0.238 | 0.238 | -0.295 | -0.296 | -0.297
Scen. 4 0.006 | 0.006 | 0.006 | 0.242 | 0.241 | 0.242 | -0.289 | -0.291 | -0.291
Scen. 5 -0.144 | -0.138 | -0.148 | 0.766 | 0.766 | 0.766 | -1.023 | -0.982 | -1.028
Scen. 6 0.013 | 0.018 | 0.013 | 0.889 | 0.891 | 0.891 | -0.848 | -0.825 | -0.849
Scen. 7 -0.003 | 0.002 | -0.003 | 0.876 | 0.878 | 0.878 | -0.864 | -0.839 | -0.866
Table 5-4:  Location B at the centre of the Lagoon
Avg water level Highest water level Lowest water level
BC P1 P3 BC P1 P3 BC P1 P3
Scen. 1 -0.325 | -0.327 | -0.327 | -0.063 | -0.065 | -0.065 | -0.589 | -0.589 | -0.590
Scen. 2 0.037 | 0.037 | 0.036 | 0294 | 0294 | 0.293 | -0.265 | -0.266 | -0.266
Scen. 3 0.006 | 0.005 | 0.005 | 0.276 | 0.275 | 0.275 | -0.285 | -0.286 | -0.286
Scen. 4 0.001 | 0001 | 0.001 | 0251 | 0251 | 0.251 | -0.296 | -0.301 | -0.300
Scen. 5 0.075 | 0071 | 0.074 | 0643 | 0641 | 0.640 | -0.590 | -0.590 | -0.590
Scen. 6 0.158 | 0.158 | 0.157 | 0934 | 0.935 | 0.935 | -0.449 | -0.448 | -0.449
Scen. 7 0131 | 0131 | 0.131 | 0911 | 0913 | 0.912 | -0.485 | -0.485 | -0.485
Table 5-5:  Location C at Bay West
Avg water level Highest water level Lowest water level
BC P1 P3 BC P1 P3 BC P1 P3
Scen. 1 -0.060 | -0.055 | -0.060 | 0.178 | 0.178 | 0.179 | -0.348 | -0.348 | -0.348
Scen. 2 0.006 | 0.006 | 0.006 | 0.243 | 0.243 | 0.243 | -0.287 | -0.287 | -0.287
Scen. 3 0.000 | -0.004 | -0.001 | 0.233 | 0.230 | 0.233 | -0.293 | -0.294 | -0.294
Scen. 4 0.000 | 0.000 | 0.000 | 0.238 | 0.237 | 0.238 | -0.288 | -0.290 | -0.290
Scen. 5 -0.050 | -0.046 | -0.050 | 0.823 | 0.825 | 0.824 | -0.962 | -0.962 | -0.961
Scen. 6 0.016 | 0.016 | 0.016 | 0.881 | 0.878 | 0.883 | -0.900 | -0.900 | -0.900
Scen. 7 0.010 | 0.006 | 0.010 | 0.876 | 0.870 | 0.877 | -0.905 | -0.905 | -0.904
Table 5-6:  Location D at Bay East
Avg water level Highest water level Lowest water level
BC P1 P3 BC P1 P3 BC P1 P3
Scen. 1 -0.056 | -0.055 | -0.055 | 0.179 | 0.178 | 0.179 | -0.342 | -0.342 | -0.342
Scen. 2 0.006 | 0.006 | 0.006 | 0.243 | 0.243 | 0.242 | -0.288 | -0.288 | -0.288
Scen. 3 -0.004 | -0.004 | -0.004 | 0231 | 0.230 | 0.231 | -0.297 | -0.297 | -0.297
Scen. 4 0.000 | 0.000 | 0.000 | 0.237 | 0.237 | 0.237 | -0.287 | -0.289 | -0.290
Scen. 5 -0.046 | -0.046 | -0.045 | 0.825 | 0.825 | 0.826 | -0.959 | -0.959 | -0.958
Scen. 6 0.016 | 0.016 | 0.016 | 0.878 | 0.878 | 0.878 | -0.899 | -0.899 | -0.899
Scen. 7 0.006 | 0.006 | 0.007 | 0.870 | 0.870 | 0.870 | -0.910 | -0.909 | -0.909
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5.5.2 Flow conditions

The current patterns inside Walvis Bay are largely driven by the wind. With southern winds large clockwise
eddies are forming, as shown in Figure 5-12 and Figure 5-13. The wind is blowing the water out of the Bay
on the shallow areas (along Pelican Point and the mainland shoreline) and the water is taken into the Bay
through the deeper part (approach channel) where bed friction is lowest.

With the new reclamation cutting of this flow parallel to the existing berth the clockwise eddy in the Bay is
deflected and the current pattern in the southern part of the Bay is slightly changed. However the current in
and out of the Lagoon seems to be almost unchanged.
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Figure 5-12: Typical ebb current scenario 5, Base C  ase (left), Phase 3 (right)
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Figure 5-13: Typical flood current scenario 5, Base Case (left), Phase 3 (right)
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For scenario 4 (without wind, tidal currents only) the impact of the container terminal is almost zero, see
Figure 5-14. The only visible changes are that the water from the Lagoon is guided further in to the Bay
and that the velocities in the port basin are reduced.
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Figure 5-14: Typical ebb current scenario 4, Base C  ase (left), Phase 3 (right)

To quantify the changes in the current pattern in the southern part of the Bay the two indicator cross
section shown in Figure 5-11 are used. The flow conditions are averaged over the cross sections and the
main characteristics are summarized in Table 5-7 and Table 5-8.

Flow across horizontal indicator cross-section

The water exchange over the horizontal line is barely affected by the future reclamation. The following is

observed (compare Table 5-7):

- The average discharge Q across the horizontal line reduces with the construction of the future

reclamation (0.5-3.5%) which may be partly attributed to the reduction of the tidal prism, i.e. less
filling and empting per tidal cycle. Also the flow velocities are unchanged (variation of a few mm/s)
In Phase 2 and 3 the flow direction is in some scenarios changed as a result of the deflected large
scale eddy in the Bay.
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Table 5-7:  Flow across horizontal indicator cross-s ection
Avg Max Max Avg Q MaxQ | MaxQ | Mean flow | Mean flow
flow flow flow across | across | across direction direction
velocity | velocity | velocity [m?/s] Flood Ebb Flood Ebb
[m/s] Flood Ebb [m%s] | [m%s] | [degree] [degree]
[m/s] [m/s]
Scenario 1 Neap tide wind from S
Base Case 0.134 0.145 0.147 690.7 | 1286.6 | 1079.5 215.1 320.5
Phase 1 0.134 0.146 0.149 675.4 | 1243.5 | 1113.0 226.8 307.9
Phase 3 0.143 0.153 0.157 686.4 | 1365.7 | 898.8 244.6 284.9
Scenario 2 Neap tide wind from NNW
Base Case 0.043 0.050 0.055 713.53 | 1220.8 | 1199.7 245.2 293.2
Phase 1 0.043 0.050 0.055 705.47 | 1221.8 | 1193.3 245.8 293.4
Phase 3 0.045 0.053 0.058 694.03 | 1190.4 | 1191.6 248.7 291.9
Scenario 3 Neap tide wind from NE
Base Case 0.050 0.070 0.076 702.61 | 1250.6 | 1119.8 241.3 293.3
Phase 1 0.050 0.069 0.075 694.00 | 1260.2 | 1086.8 243.8 290.6
Phase 3 0.053 0.072 0.079 686.29 | 1259.3 | 1077.8 250.1 285.7
Scenario 4 Neap tide no wind
Base Case 0.011 0.019 0.019 720.95 | 1207.7 | 1210.6 190.6 2.9
Phase 1 0.011 0.019 0.019 697.25 | 1173.8 | 11935 191.1 3.8
Phase 3 0.011 0.019 0.019 699.73 | 1171.4 | 1175.0 190.1 8.3
Scenario 5 Spring tide wind from S
Base Case 0.134 0.163 0.146 2589.7 | 4093.5 | 4161.1 200.1 8.2
Phase 1 0.136 0.164 0.151 2553.4 | 4007.2 | 4149.1 205.2 15
Phase 3 0.144 0.173 0.154 2493.2 | 4067.5 | 3908.5 221.0 339.8
Scenario 6 Spring tide wind from NNW
Base Case 0.056 0.083 0.068 2676.5 | 4138.6 | 4330.7 213.6 342.1
Phase 1 0.056 0.084 0.067 2630.2 | 4053.2 | 4273.8 214.4 342.1
Phase 3 0.057 0.086 0.067 2585.9 | 3982.7 | 42424 216.1 343.1
Scenario 7 Spring tide from wind NE
Base Case 0.060 0.087 0.073 2673.5 | 4178.8 | 4292.9 212.6 346.6
Phase 1 0.060 0.088 0.073 2632.3 | 4121.5 | 4219.0 215.7 344.2
Phase 3 0.062 0.092 0.076 2586.7 | 4042.0 | 4184.8 223.1 337.0

Flow across vertical indicator cross-section
The water exchange over the vertical indicator cross-section is more affected by the future reclamation
than the horizontal line. This is due to the shift of the large scale eddy towards north, away from the
southern part of the Bay which results in the following (compare Table 5-8):
- The average discharge Q and velocities across the vertical line reduces with the construction of

the future reclamation (in general up to 30%)

Since the flow velocities both for ebb and flood cycle are almost unchanged the change in
discharge is mainly due to the change in flow direction which becomes more North —South
orientated.
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Table 5-8: Flow across vertical indicator cross-sec tion
Avg Max Max Avg Q MaxQ | MaxQ | Mean flow | Mean flow
flow flow flow across | across | across direction direction
velocity | velocity | velocity [m 3/s] Flood Ebb Flood Ebb
[m/s] Flood Ebb m%s] | [m%s] | [degree] [degree]
[m/s] [m/s]
Scenario 1 Neap tide wind from S
Base Case 0.079 0.085 0.093 1659.4 | 2226.7 | 1012.9 267.6 288.0
Phase 1 0.073 0.089 0.077 1186.5 | 1757.9 | 746.6 220.1 240.9
Phase 3 0.071 0.088 0.077 1246.8 | 1688.9 | 721.3 222.9 244.4
Scenario 2 Neap tide wind from NNW
Base Case 0.024 0.029 0.037 352.22 | 683.93 | 286.07 188.2 340.7
Phase 1 0.023 0.031 0.035 328.56 | 651.33 | 241.32 188.0 338.7
Phase 3 0.024 0.29 0.031 289.67 | 438.21 | 364.52 166.6 353.4
Scenario 3 Neap tide wind from NE
Base Case 0.046 0.060 0.063 1041.6 | 1491.7 | 454.87 244.5 275.9
Phase 1 0.043 0.055 0.057 964.63 | 1389.7 | 391.98 234.7 267.9
Phase 3 0.037 0.050 0.047 742.80 | 1086.1 | 304.83 221.6 257.0
Scenario 4 Neap tide no wind
Base Case 0.011 0.018 0.017 19.05 48.25 8.60 189.6 353.7
Phase 1 0.012 0.020 0.019 15.44 35.64 0.70 185.9 353.8
Phase 3 0.012 0.020 0.019 7.93 25.56 12.00 182.5 356.6
Scenario 5 Spring tide wind from S
Base Case 0.086 0.110 0.098 1596.4 | 2528.3 | 902.8 246.7 222.2
Phase 1 0.077 0.130 0.078 11725 | 1930.5 | 440.1 218.0 288.2
Phase 3 0.076 0.128 0.072 1243.6 | 1999.9 | 591.3 219.0 289.1
Scenario 6 Spring tide wind from NNW
Base Case 0.043 0.064 0.067 304.5 727.1 420.6 188.2 358.6
Phase 1 0.046 0.075 0.078 275.6 682.5 365.1 235.0 351.7
Phase 3 0.047 0.081 0.077 234.0 556.0 419.9 180.5 0.9
Scenario 7 Spring tide from wind NE
Base Case 0.057 0.083 0.078 889.6 1458.1 | 271.5 226.2 320.7
Phase 1 0.058 0.089 0.071 815.7 1379.1 | 228.5 217.9 319.6
Phase 3 0.055 0.091 0.069 634.2 1140.6 | 86.13 208.1 322.0
Flow across the Lagoon entrance indicator cross-sec tion

The impact of the new reclamation on current conditions at the entrance of the Lagoon is shown in Figure
5-16. The flow pattern in the entrance is less affected than immediately in front of the entrance. In the
existing situation the water is flowing into the Lagoon from the port area whereas in the future situation the
flood flow approaches the Lagoon entrance in perpendicular direction.
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Figure 5-15: Typical ebb current pattern scenario5 , Base Case (left), Phase 1 (right)
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Figure 5-16: Typical flood current pattern scenario 5, Base Case (left), Phase 1 (right)

Water levels inside the Lagoon and exchange volumes at the entrance are also almost unchanged for the
Base Case and Phase 1 and 3. Details on the water levels are presented in Table 5-3. Velocities and
discharge rates are given in Table 5-9. The maximum values given in Table 5-9 are maximum values in
time of the average over the entire cross section.
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Table 5-9:  Flow conditions at the Lagoon entrance
Avg Max Max flow | Avg Q MaxQ | MaxQ | Mean flow | Mean flow
flow flow velocity across | across | across direction direction
velocity | velocity Ebb [m?/s] Flood Ebb Flood Ebb
[m/s] Flood [m/s] [m3s] | [m%s] | [degree] [degree]
[m/s]
Scenario 1 Neap tide wind from S
Base Case 0.159 0.198 0.189 69.1 141.7 113.2 141.9 335.9
Phase 1 0.161 0.198 0.192 68.9 1415 113.2 143.9 338.0
Phase 3 0.160 0.198 0.191 68.9 141.9 113.8 143.7 337.9
Scenario 2 Neap tide wind from NNW
Base Case 0.104 0.175 0.141 95.6 1725 143.2 151.7 322.4
Phase 1 0.104 0.175 0.140 95.6 172.7 143.1 151.7 321.8
Phase 3 0.104 0.176 0.141 95.6 172.3 142.9 151.9 322.0
Scenario 3 Neap tide wind from NE
Base Case 0.097 0.163 0.140 91.4 166.8 140.1 148.5 326.3
Phase 1 0.096 0.163 0.139 91.3 166.8 139.8 149.1 326.3
Phase 3 0.096 0.164 0.139 91.4 166.4 140.3 149.3 326.4
Scenario 4 Neap tide no wind
Base Case 0.095 0.155 0.148 93.4 158.6 142.9 149.7 327.6
Phase 1 0.093 0.156 0.148 92.3 159.3 143.0 149.7 327.2
Phase 3 0.096 0.164 0.139 91.4 166.4 140.3 150.1 327.3
Scenario 5 Spring tide wind from S
Base Case 0.281 0.423 0.464 236.1 609.5 474.9 152.0 335.4
Phase 1 0.278 0.424 0.463 235.9 611.9 474.8 153.6 335.4
Phase 3 0.281 0.423 0.462 235.5 613.1 475.9 153.8 335.4
Scenario 6 Spring tide wind from NNW
Base Case 0.306 0.494 0.475 322.2 706.2 598.2 159.1 331.9
Phase 1 0.304 0.495 0.473 323.1 710.1 604.0 159.3 331.6
Phase 3 0.306 0.494 0.474 322.4 710.9 603.5 159.3 331.6
Scenario 7 Spring tide from wind NE
Base Case 0.304 0.489 0.479 315.1 711.2 588.4 158.4 331.5
Phase 1 0.301 0.490 0.477 315.8 715.6 593.1 158.9 331.3
Phase 3 0.303 0.489 0.478 315.2 718.1 593.0 159.0 331.2

5.6 Conclusions

It can be concluded that the new reclamation has very limited impact on the water levels and currents
inside the Bay. The water levels and current conditions of sensitive areas like the Lagoon, aquaculture and
saltwater intake are virtually not affected by the new reclamation.
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6 Water quality modelling

The potential effect of the new container terminal on the water quality in the Lagoon and other vulnerable
areas in the Bay has been investigated. Water refreshment rates have been determined. Refreshment
rates indicate how much of the water volume inside the Lagoon (or a certain part of the Lagoon) is
replaced by water from outside the Lagoon in a certain time. This refreshment has been modelled by
marking the water volume in the Lagoon at a certain point in time with a tracer. The mixing of the “marked”
water from inside the Lagoon with ambient water (from outside the Lagoon) is modelled. The mixing
process is time dependent. Based on the water refreshment rate, the concentration of related parameters
(e.g. oxygen, nutrients, BOD) can be assessed.

Two different sources of interest have been considered, the Lagoon and the harbour basin. Two different
tracers (colours) have been used for these areas. One tracer (red colour) is applied in the Lagoon to track
the water from the Lagoon and the exchange with the Bay. Another tracer (green colour) is applied in the
harbour basin, as shown in Figure 6-1.

All runs of the water quality simulations have been performed for the Base Case, Phase 1 and Phase 3. By
comparing the results for the different phases the impact of the new development on the water exchange
can be assessed. The critical scenarios for the water quality are as follows:

Water refreshment rate in the Lagoon

Water exchange rate in the port basin

Basin water flowing into the Lagoon

Basin water at the intake of the Salt Works
Lagoon water at the intake of the Salt Works
Spread of fishery effluents
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Figure 6-1: Tracers applied in the Lagoon area
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6.1 Run definition

For the water quality and refreshment rate of the Lagoon the more severe conditions as applied in the flow
modelling are less relevant as they have low probability of occurrence. Therefore frequent wind and wave
conditions combined with neap and spring tides are used to determine the effect on water refreshment
rates induced by the new container terminal. By using the general conditions as specified in Table 6-1,
about 99% of the range of environmental conditions prevalent at Walvis Bay are covered.

An overview of the selected operational conditions is given in Table 6-1. The modelling is performed with
wind and tidal forcing. Due to diffraction and refraction the wave energy also of the long swell waves is
reducing strongly when progressing further into the Bay. The wave height of southern swells diminishes to
a few decimetres when reaching the southern shores of the Bay. Therefore waves have virtually no
influence on the current pattern in the southern part of the Bay and in the Lagoon.

Table 6-1:  Operational conditions the determine the effect on water quality

Exceed. Tide Wind Wind
speed dir
Run 1 1% Neap 13 195
Run 2 10% Neap 11 195
Run 3 50% Neap 9 195
Run 4 50% Neap 9 225
Run 5 50% Neap 9 315
Run 6 50% Neap 0 -
Run 7 1% Spring 13 195
Run 8 10% Spring 11 195
Run 9 50% Spring 9 195
Run 10 50% Spring 9 225
Run 11 50% Spring 9 315
Run 12 50% Spring 0 -

The water exchange has been modelled over 4 tidal cycles (of 12.5 hours). The first tidal cycle has been
applied as “warm-up” period to provide realistic starting conditions of (variable) water levels and current
velocities throughout the modelling area. The water volume in the source areas (harbour basin and
Lagoon) has been marked after the first tidal cycle. The concentration of the tracer in the sensitive areas
has been determined after the second and after the third tidal cycle. The refreshment rate, R in this study
is defined as R = (C, — C3) / C, (with concentration of tracer after 2 tidal cycles, C, and after 3 tidal cycles,
Cy).

6.2 Results of water movement and refreshment rates

The water quality is studied for the sensitive areas, i.e. for the Lagoon, Salt Works intake and port basin.
The water quality in the Lagoon and the port area has been assessed by the percentage of water that has
not been exchanged. At the Salt Works intake the amount of water from the Lagoon and port basin is
measured.

6.2.1 Lagoon

For all runs the refreshment rate of the water has been determined at three lines in the Lagoon as shown
in Figure 6-2 for the Base Case and Phases 1 and 3, expressed as percentage of the Base Case
refreshment rate. A complete overview of the results is given in Table 6-2 and Table 6-3.

General observations are:
During spring tide the refreshment is in general much larger than during neap tide
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The refreshment rate drops in the southern part of the Lagoon

After construction of the reclamation for Phase 1 and Phase 3 the refreshment rate in the Lagoon is
reduced by approximately 10 - 15% (as compared to the Base Case).

The impact of the new terminal reduces towards the southern part of the Lagoon

The refreshment rate is larger with southerly winds compared to calm conditions or northerly winds

Figure 6-2: Chosen Indicator lines in the Lagoon

Figure 6-3 shows the impact of the reclamation in Phase 1. In the Base Case the plume of Lagoon water is
transported away from the Lagoon by the eddy extending to the southern part of the Bay. With the
envisaged terminal the Lagoon water remains in front of the reclamation and flows partly back into the
Lagoon during the next tide. Hence, the refreshment rate is reduced while the water movement (flow
velocities and directions) remains the same as described in Chapter 4.
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Figure 6-3: Movement during ebb-flow from the Lagoo  n (tracer concentration in %)

The refreshment rate of the first two tidal cycles is shown in Figure 6-4 and Figure 6-5. A concentration of
100% indicates no refreshment, 50% indicates that 50% of the Lagoon water is replaced by water from the
Bay and 0% stands for all Lagoon water is replaced by water from the Bay. The white areas shown in the
figures indicate drying of flood plain during low water. Sometimes patches of water remain on the flood
plains, these small pools of water are cut-off from the sea by higher areas in the model bathymetry (i.e.
water is captured on the flood plains).

The absolute refreshment of water in the northern half of the Lagoon is comparatively high whereas the
water in the most southern part is barely refreshed (for both Base Case and Phase 3).

For all 12 environmental conditions the refreshment rates of the Lagoon have been determined for the
Base Case as well as for Phase 1 and 3. Table 6-2 and Table 6-3 summarize the refreshment rates in the
Lagoon at the entrance line, centre line and southern line as shown in Figure 6-2. The first columns show
the percentage of water which is refreshed after one tidal cycle (12:25 hour). The second block of columns
provides the time in hours when the location is completely refreshed (defined as 3 times the half value
period, i.e. 3 times the time which is required for a 50% reduction of the initial concentration). The last
group gives the refreshment rate compared the Base Case.
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Figure 6-4: Refreshment rate run 9 (Base Case)
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Figure 6-5: Refreshment rate run 9 (Phase 3)
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Table 6-2:  Refreshment rates during neap tide
Refreshment percentage per tide Refreshment time in hour Relative refreshment to BC
Entrance [Location 2 [ocation 3 Entrance  L§cation 2 Lofat  ion 3 Entrance |Location 2 llocation 3
Run1-13m/s S Run 1 -13m/s S Run1-13m/s S
Base Case 53% 34% 22% 35 62 101 100% 100% 100%
Phase 1 49% 32% 20% 38 68 114 92% 92% 89%
Phase 3 49% 30% 19% 38 71 119 91% 87% 85%
Run2-11m/s S Run2-11m/s S Run2-11m/s S
Base Case 45% 28% 17% 44 80 141 100% 100% 100%
Phase 1 42% 26% 16% 48 87 153 91% 92% 92%
Phase 3 41% 26% 14% 48 87 167 91% 92% 84%
Run 3-9m/s S Run3-9m/s S Run 3-9m/s S
Base Case 29% 18% 10% 74 130 253 100% 100% 100%
Phase 1 27% 17% 10% 83 138 259 89% 94% 98%
Phase 3 27% 17% 9% 83 142 264 89% 91% 96%
Run 4 — 9m/s SW Run 4 — 9m/s SW Run 4 — 9m/s SW
Base Case 31% 17% 12% 68 138 210 100% 100% 100%
Phase 1 31% 16% 10% 70 148 241 97% 93% 87%
Phase 3 32% 16% 10% 68 149 238 101% 93% 88%
Run 5 — 9/ms NW Run 5 — 9/ms NW Run 5 — 9/ms NW
Base Case 40% 20% 6% 50 118 410 100% 100% 100%
Phase 1 39% 19% 6% 52 121 449 96% 98% 91%
Phase 3 41% 19% 6% 49 120 445 101% 99% 92%
Run 6 - No Wind Run 6 - No Wind Run 6 - No Wind
Base Case 16% 4% 0% 143 562 9300 100% 100% 100%
Phase 1 18% 4% 0% 132 693 11514 108% 81% 81%
Phase 3 17% 3% 0% 137 728 7056 105% 7% 132%
Table 6-3:  Refreshment rates during spring tide
Refreshment percentage per tide Refreshment time in hour Relative refreshment to BC
Entrance | Location 2_| Location 3 Entrance | Location 2_| Location 3 Entrance | Location 2_| Location 3
Run 7 -13m/s S Run 7 -13m/s S Run 7 -13m/s S
Base Case 71% 61% 41% 21 28 48 100% 100% 100%
Phase 1 66% 57%) 37% 24 31 57 87% 91% 85%
Phase 3 66% 57% 38% 24 31 55 87% 90% 88%
Run8—-11m/s S Run8—-11m/s S Run8—11m/s S
Base Case 67% 57%) 37% 23 30 55 100% 100% 100%
Phase 1 63% 55% 35% 26 32 59 91% 95% 93%
Phase 3 63% 56%) 37% 26 31 56 91% 97% 98%
Run9 -9m/s S Run9-9m/s S Run9 -9m/s S
Base Case 63% 55% 35% 26 32 60 100% 100% 100%
Phase 1 59% 54%) 33% 29 33 64 90% 96% 94%
Phase 3 59% 54% 34% 29 33 62 90% 97% 97%
Run 10 — 9m/s SW Run 10 — 9m/s SW Run 10 — 9m/s SW
Base Case 71% 62%) 39% 21 27 52 100% 100% 100%
Phase 1 70% 61% 38% 21 27 53 97% 98% 98%
Phase 3 70% 62% 40% 21 27 51 96% 99% 103%
Run 11 — 9m/s NW Run 11 — 9m/s NW Run 11 — 9m/s NW
Base Case 76% 6690 43% 18 24 45 100% 100% 100%
Phase 1 68% 62% 42% 23 27 48 80% 88% 95%
Phase 3 66% 609 40% 24 28 51 76% 85% 90%
Run 12 - No Wind Run 12 - No Wind Run 12 - No Wind
Base Case 21% 23% 19% 108 101 123 100% 100% 100%
Phase 1 15% 16% 12% 159 146 200 68% 69% 62%
Phase 3 15% 16% 12% 160 145 197 67% 70% 62%

The absolute refreshment per tidal cycle varies between 20% - 60% for spring tide and 15% - 50% for
neap tide depending wind conditions. This can be explained by the larger volume of water, which is
exchanged during spring tide. Besides tidal water variation the presence of wind is also important for the
refreshment of the Lagoon. The wind pushes the water that flows out of the Lagoon further into the Bay.
With no wind (transporting Lagoon water away from the entrance of the Lagoon) much of the water that
flows out of the Lagoon will return into the Lagoon with the next flood current. This is shown in Figure 6-6.
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Figure 6-6: Refreshment rate run 12 (Base Case)
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To illustrate the effect of wind speed on refreshment rate 4 additional runs with moderate wind speeds
have been performed to investigate the influence of wind. The effect of wind speed for the dominant wind
direction is shown in Table 6-4 and Figure 6-7.

Table 6-4: Refreshment rate per tidal cycle for dif ~ ferent wind speed coming from 195 degrees

Wind speed Base Case Phase 1 Phase 1 relative to Base Case
m/s Entrance 2 & Average | Entrance 2 8 Average | Entrance 2 & Average
0 21.2% 22.6% 18.9% 20.9% 15.0%) 16.2%) 12.1% 14.4%) 70.5% 71.9% 64.0% 68.8%
3 28.8% 28.2% 20.1% 25.7% 20.3% 22.8% 14.4% 19.2%) 70.5% 81.0% 71.5% 74.3%
6 48.9% 46.8% 27.8% 41.2% 38.3% 41.8% 25.4% 35.2% 78.5% 89.3% 91.2% 86.3%
9 62.6% 55.3% 34.9% 51.0% 58.8% 53.9% 33.2% 48.6% 94.0% 97.3% 94.9% 95.4%
11 67.0% 57.1% 37.5% 53.9% 63.4% 55.5% 35.2% 51.4% 94.6% 97.1% 94.0% 95.2%
13 71.3% 60.5% 41.4%| 57.7% 66.4% 57.0% 36.6% 53.4% 93.2% 94.2% 88.4% 92.0%
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Figure 6-7: Average refreshment rate per tidal cycl e over wind speed coming from 195 degrees

The absolute refreshment is largest with strong winds; therefore the strong winds are most important for
the total refreshment of the Lagoon. The impact of the new reclamation becomes less with increasing wind
speed, which is positive for the total relative refreshment rate.

To combine the various refreshment rates for different scenarios in one integral figure for the relative
refreshment for P1 as compared to the BC, the relative refreshment per scenario has been multiplied with
the probability of occurrence of the associated environmental conditions. The probability of occurrence has
been based on winds coming from S- SW (approximately 80% of time).

As the relative refreshment rate for scenarios with wind coming from other wind directions show similar
refreshment rates and occurred only about 20% of time, the integral figure that has been calculated for S —
SW wind is applied for the entire time span.

The average relative refreshment rate has been calculated based on the wind statistics of Pelican point
(half year data) and on the NOAA time series (11 year data) as shown in Table 6-5. Depending on the
applied wind statistics the average relative refreshment rate is calculated between 85% and 90 %. The
results for Phase 1 and Phase 3 that are presented in Table 6-2 and Table 6-3 are nearly identical. Similar
overall refreshment rates are therefore expected for Phase 3.
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Table 6-5: Average relative refreshmentrate P1/B C

Wind speed Phase 1 relative to Base Case % of occurence (dir S- SW) | Refreshment * % of occurence
m/s Entrance 2 3 Average |Pelican point [Offshore NOAA | Pelican point | Offshore NOAA
0 70.5% 71.9% 64.0% 68.8% 6.84% 1.18% 4.71% 0.81%
3 70.5% 81.0% 71.5% 74.3% 32.06% 15.00% 23.82% 11.15%
6 78.5% 89.3% 91.2% 86.3% 25.56% 24.41% 22.06% 21.07%
9 94.0% 97.3% 94.9% 95.4% 29.35% 48.04% 28.00% 45.83%
11 94.6% 97.1% 94.0% 95.2% 4.99% 9.54% 4.75% 9.09%
13 93.2% 94.2% 88.4% 92.0% 1.20% 1.83% 1.11% 1.68%
Average refreshment P1 relative to BC 84.45% 89.63%

The actual reduction in absolute refreshment is even less than the 10% - 15% reduction in relative
refreshment. This is due to the fact that the absolute refreshment is larger with strong winds when the
impact of the reclamation is less than the average values.

6.2.2 Port basin

The water quality in the port has been investigated for two different scenarios. The water refreshment in
the port basin has been studied with and without modelling of effluent from the fisheries.

In the present situation the major part of the water in the port basin is flushed within one tidal cycle; only
with no wind the refreshment rate is much lower. This is not considered critical as there are almost no
longer periods without wind. With the new reclamation the refreshment rate will be reduced. After three
tidal cycles the percentage of water that has not been exchanged is in the order of 30%. Under normal

circumstances this is uncritical.

oSW

Figure 6-8: Reference locations in port basin (SW = 447,500/ 7,461,600 m; NE = 448,500 /
7,462,300 m)

The percentage of water that has not been exchanged is monitored at two locations in the port basin (see
Figure 6-8) over time (12, 24 and 36 hours, see Table 6-6).
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Table 6-6:  Water refreshment rates port basin
SW of Basin NE of Basin
Oh 12h 24h 36h Oh 12h 24h 36h

Run 1

Base Case 99.94% 36.67% 24.57% 17.54% | 100.00% 30.49% 22.03% 15.30%
Phase 1 100.00% 54.60% 29.42% 23.07% | 100.00% 29.57% 23.26% 17.91%
Phase 3 100.00% 56.81% 33.75% 24.85% 100.00% 17.42% 13.79% 7.96%
Run 2

Base Case 99.94% 33.23% 25.96% 19.72% 100.00% 31.76% 23.43% 17.04%
Phase 1 100.00% 70.64% 32.47% 26.32% | 100.00% 31.68% 25.35% 20.51%
Phase 3 100.00% 45.76% 35.02% 31.31% | 100.00% 31.48% 20.25% 13.42%
Run 3

Base Case 99.94% 20.34% 30.26% 24.31% 100.00% 32.59% 24.07% 17.78%
Phase 1 100.00% 83.07% 40.84% 29.74% 100.00% 34.98% 26.79% 22.35%
Phase 3 100.00% 42.35% 46.81% 36.11% | 100.00% 50.00% 20.94% 15.91%
Run 4

Base Case 99.94% 0.61% 0.14% 0.47% 100.00% 55.04% 31.54% 16.99%
Phase 1 100.00% 69.70% 33.41% 31.14% 100.00% 38.58% 31.90% 26.45%
Phase 3 100.00% 16.63% 31.98% 31.95% 100.00% 76.99% 63.35% 47.43%
Run 5

Base Case 99.94% 0.00% 0.01% 0.01% | 100.00% 0.59% 0.00% 0.01%
Phase 1 100.00% 58.79% 41.94% 30.65% 100.00% 56.03% 36.79% 30.77%
Phase 3 100.00% 1.61% 4.80% 13.55% 100.00% 1.36% 16.19% 13.19%
Run 6

Base Case 99.94% 96.10% 92.20% 88.85% | 100.00% 90.16% 75.08% 55.73%
Phase 1 100.00% 99.90% 99.74% 99.51% | 100.00% 96.46% 88.96% 77.29%
Phase 3 100.00% | 100.00% 100.00% 99.99% 100.00% 99.28% 96.20% 86.11%
Run 7

Base Case 99.94% 35.26% 21.17% 14.49% | 100.00% 26.46% 18.25% 12.51%
Phase 1 100.00% 57.00% 31.19% 24.34% | 100.00% 32.03% 24.49% 18.75%
Phase 3 100.00% 64.59% 45.82% 34.08% | 100.00% 35.49% 14.61% 9.30%
Run 8

Base Case 99.94% 35.26% 21.17% 14.49% 100.00% 26.46% 18.25% 12.51%
Phase 1 100.00% 71.74% 34.13% 27.42% | 100.00% 31.58% 24.69% 19.74%
Phase 3 99.94% 41.37% 26.08% 18.48% | 100.00% 29.95% 18.64% 13.19%
Run 9

Base Case 100.00% 0.47% 0.05% 0.01% 100.00% 8.93% 1.12% 0.14%
Phase 1 100.00% 83.87% 40.76% 30.42% 100.00% 32.17% 27.09% 22.59%
Phase 3 100.00% 63.35% 54.83% 46.75% | 100.00% 36.99% 20.67% 13.36%
Run 10

Base Case 99.94% 68.49% 28.63% 16.76% | 100.00% 22.85% 10.68% 6.19%
Phase 1 100.00% 73.75% 35.54% 33.26% 100.00% 39.83% 30.90% 25.95%
Phase 3 100.00% 16.63% 31.98% 31.95% 100.00% 76.99% 63.35% 47.43%
Run 11

Base Case 99.94% 0.05% 0.00% 0.02% | 100.00% 12.88% 0.15% 0.02%
Phase 1 100.00% 70.44% 42.02% 35.98% 100.00% 51.99% 41.43% 38.54%
Phase 3 100.00% 2.48% 8.72% 24.83% 100.00% 4.03% 16.48% 15.76%
Run 12

Base Case 99.94% 83.95% 64.84% 49.25% | 100.00% 68.32% 37.68% 25.31%
Phase 1 100.00% 99.43% 98.26% 96.70% | 100.00% 87.67% 73.70% 66.74%
Phase 3 100.00% 99.99% 99.80% 98.94% 100.00% 98.47% 95.15% 92.51%

For the Base Case water from the port area is flowing into the Lagoon. After the construction of the new
reclamation (Phase 1), the water flowing in and out of the Lagoon is (for almost all environmental
conditions) separated from the port basin. This effect is further amplified in Phase 3.

Based on information from CSIR it is concluded that the total annual discharge from the fishery industry at
Walvis Bay is in the order of 1,800,000 m3/year which equals to 0.057m?%s. This discharge has been split
into three sources of 0.025m°/s that are located at three sites along the fishery harbour as shown in Figure
6-9.
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Figure 6-9: Effluent sources fishery industry

Based on the information from CSIR, the concentration of effluent in the discharge of the fishery is 1.1
kg/m®. The effect of the future reclamation on the fishery effluent has been modelled with southerly wind
(wind speed with 50% probability of exceedance) in combination with spring tide.

The concentration of the fishery effluent has been monitored at four locations. Three of them are located
100 m west of the three outfall locations and one is located in the existing port basin in front of berth 8 as
shown in Figure 6-10.

Figure 6-10: Monitoring locations fishery effluent

The water quality modelling has been performed over several tidal cycles until the plume had stabilised
and an almost stationary situation emerged. From that moment the average concentrations over a tidal
cycle are analysed in Table 6-7. From this table it is clear that the fishery effluent is more confined by the
new reclamation, especially in the area near berth 8 and near the tanker berth. Although the relative
concentrations partly increase, according to the results no effluents will reach the lagoon after Phase 1.
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Table 6-7: Calculated concentrations of effluents f  ish processing plants at various locations in the

port
Berth 8 [ Fishery 1 | Fishery 2 | Fishery 3
[9/m°] [g/m 3] [g/m?) [g/m ]
Base Case 0.142 0.463 0.853 1.069
Phase 1 0.106 0.542 1.313 1.156
Phase 3 0.000 0.187 0.182 1.175

The plumes of all three phases are shown Figure 6-11.

Figure 6-11: Fishery effluent after 3 tidal cycles

(maximum spread)

Hydrodynamic Modelling Report, November 2009

page 60



NAMPORT TENDER 674/ 2008

EIA Study for Extension of the

and i . )
Walvis Bay Container Terminal

6.2.3 Salt Works

The concentration of water from the Lagoon and of water from the port basin at the intake location of the
Salt Works has been investigated. At the salt water intake no significant changes in water quality have
been observed after construction of the new reclamation. The concentrations of Lagoon water and harbour
water at the intake are given in Table 6-8.

Table 6-8: Percentage water from Lagoon and port ba  sin at salt water intake

Lagoon water Basin water
Oh 12h 24h 36h Oh 12h 24h 36h

Run 1

Base Case 0.000% 0.001% 0.000% 0.001% 0.000% 0.001% 0.000% 0.001%
Phase 1 0.000% 0.001% 0.000% 0.001% 0.000% 0.001% 0.000% 0.001%
Phase 3 0.000% 0.000% 0.000% 0.000% 0.000% 0.000% 0.000% 0.000%
Run 2

Base Case 0.000% 0.001% 0.000% 0.000% 0.000% 0.001% 0.000% 0.000%
Phase 1 0.000% 0.001% 0.000% 0.000% 0.000% 0.001% 0.000% 0.000%
Phase 3 0.000% 0.000% 0.000% 0.000% 0.000% 0.000% 0.000% 0.000%
Run 3

Base Case 0.000% 0.001% 0.000% 0.000% 0.000% 0.001% 0.000% 0.000%
Phase 1 0.000% 0.001% 0.000% 0.001% 0.000% 0.001% 0.001% 0.019%
Phase 3 0.000% 0.000% 0.000% 0.000% 0.000% 0.000% 0.000% 0.000%
Run 4

Base Case 0.000% 0.001% 0.001% 0.001% 0.000% 0.001% 0.001% 0.001%
Phase 1 0.000% 0.001% 0.001% 0.001% 0.000% 0.001% 0.001% 0.001%
Phase 3 0.000% 0.000% 0.000% 0.000% 0.000% 0.000% 0.000% 0.000%
Run 5

Base Case 0.000% 0.002% 0.004% 0.030% 0.000% 0.002% 0.121% 0.586%
Phase 1 0.000% 0.001% 0.002% 0.004% 0.000% 0.001% 0.006% 0.209%
Phase 3 0.000% 0.002% 0.003% 0.010% 0.000% 0.002% 0.003% 0.031%
Run 6

Base Case 0.000% 0.001% 0.001% 0.001% 0.000% 0.001% 0.001% 0.002%
Phase 1 0.000% 0.001% 0.014% 0.136% 0.000% 0.001% 0.046% 0.903%
Phase 3 0.000% 0.002% 0.005% 0.086% 0.000% 0.004% 0.002% 0.006%
Run 7

Base Case 0.000% 0.001% 0.002% 0.003% 0.000% 0.001% 0.001% 0.002%
Phase 1 0.000% 0.001% 0.002% 0.005% 0.000% 0.001% 0.001% 0.001%
Phase 3 0.000% 0.002% 0.003% 0.002% 0.000% 0.001% 0.001% 0.001%
Run 8

Base Case 0.000% 0.004% 0.013% 0.088% 0.000% 0.000% 0.001% 0.001%
Phase 1 0.000% 0.004% 0.010% 0.017% 0.000% 0.001% 0.001% 0.001%
Phase 3 0.000% 0.034% 0.061% 0.039% 0.000% 0.001% 0.001% 0.000%
Run 9

Base Case 0.000% 0.116% 0.249% 0.569% 0.000% 0.000% 0.001% 0.001%
Phase 1 0.000% 0.061% 0.098% 0.251% 0.000% 0.001% 0.001% 0.011%
Phase 3 0.000% 0.198% 0.399% 0.448% 0.000% 0.001% 0.001% 0.001%
Run 10

Base Case 0.000% 0.032% 0.046% 0.073% 0.000% 0.002% 0.003% 0.003%
Phase 1 0.000% 0.004% 0.008% 0.020% 0.000% 0.001% 0.002% 0.002%
Phase 3 0.000% 0.044% 0.100% 0.106% 0.000% 0.001% 0.002% 0.001%
Run 11

Base Case 0.000% 0.003% 0.008% 0.205% 0.000% 0.003% 0.309% 1.221%
Phase 1 0.000% 0.003% 0.005% 0.060% 0.000% 0.003% 0.019% 0.502%
Phase 3 0.000% 0.003% 0.006% 0.083% 0.000% 0.003% 0.006% 0.037%
Run 12

Base Case 0.000% 0.102% 0.189% 0.269% 0.000% 0.001% 0.002% 0.015%
Phase 1 0.000% 0.078% 0.605% 2.209% 0.000% 0.002% 0.031% 1.210%
Phase 3 0.000% 0.177% 0.594% 1.329% 0.000% 0.001% 0.002% 0.015%

The water from the Lagoon and port basin barely reaches the saltwater intake where the water is refreshed
by the large scale eddy in the Bay, feeding it with fresh water from the ocean.
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6.3 Conclusions on water quality

The changes in current pattern in the southern part of the Bay results in the following:
- The refreshment rate of the Lagoon is strongly influenced by the wind speed.

The water refreshment rate in the Lagoon will be reduced by 10% — 15% by the land reclamation
in Phase 1 and in Phase 3
The new land reclamation separates the water of the port basin from the Lagoon. This reduces the
water exchange between port basin and Lagoon. Therefore the Lagoon will be much better
protected against possible pollution after construction of Phase 1.
The water refreshment rate in the port basin will be reduced as compared to the present situation
but will be still more than sufficient to prevent stagnant water.
The water quality in other areas including Salt Works intake and aquaculture are not affected by
the new land reclamation.
The fishery effluent is diluting very fast, the concentration drops rapidly below 1g/m3 Furthermore
the effluent will be captured by the new reclamation and does not reach the Lagoon in future.
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7  Sediment transport

Sediment transport rates have been calculated for combined waves and currents. The resulting bed level
changes (i.e. sedimentation and erosion) are derived from the spatial variation of transport rates.

MIKE 21 Q3D Sediment Transport Tables have been applied for the sediment transport analysis. The
transport tables contain sediment transport rates calculated under the combined effect of waves and
current for a range of hydrodynamic and non-cohesive sediment transport parameters. The transport rates
are calculated using the sediment transport program STPQ3D (of the MIKE 21 software package).

STPQ3D is a detailed intra-wave sediment transport program that uses a Q3D description of the
hydrodynamics and the sediment transport to calculate the total sediment transport rates in two
perpendicular directions: longshore and cross-shore. STPQ3D accounts for the effects of combined waves
and current, arbitrary angle between the waves and the current, breaking/non-breaking waves, plane or
ripple covered bed and uniform or graded sediment.

Medium to fine sand has been assumed for the entire modelling domain. Seabed sediments with an
average grain size dso = 0.2 mm, a grading coefficient of 2.1 and with 40% porosity have been applied. The
grain size has been based on various studies carried out at Walvis Bay in the past (Table 7-1). A possible
spatial variation of seabed sediment characteristics has not been considered.

Table 7-1: Information on grain size of sedimentsa  t Walvis Bay [13]

i Grain size
Location Study
Dso Dis Dg4
Outside the bay CSIR, 1996 (Tractebel, 1998) 0.38 0.26 0.53
Project area FDC, 1974 (Tractebel, 1998) 0.22 0.12 0.32
Project area PORTNET, 1994 (Tractebel, 1998) 0.21 0.16 0.39
Project area Average (FDC & PORTNET) 0.20 0.14 0.36

The total sediment load (components in x- and y-direction), the rates of bed level change and the bed level
changes have been determined for each grid cell.

The sediment transport analysis has been performed for operational wave and current conditions (with a
nominal probability of exceedance varying from 1% to 50%); extreme conditions have not been
considered.

Extreme conditions with return periods of several years or decades are not relevant for the morphological
processes in the Bay. The probability of occurrence of these extreme conditions is too small to
compensate the effect of erosion and sedimentation processes under daily (or at least frequent) wind,
wave and current conditions.

The operational wave and current conditions for the sediment transport analysis are combinations of:

Typical wind and wave conditions (with nominal probability of exceedance of 1% to 50%);
Water levels and tidal currents during spring or neap tide.

An overview of the environmental conditions for the sediment transport analysis (including nominal
probability of exceedance and a best estimate of occurrence probability) is presented in Table 7-2.

The term “nominal probability of exceedance” refers to total wave heights with probability of exceedance of
1%, 10% or 50% (regardless of sea-swell combinations, wind conditions and wave directions) combined
with most likely wind conditions and sea-swell combinations for various directions (see section 4.2). The
best estimate of occurrence probability has been derived by the following approach:
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Each of the 12 environmental conditions specified in Table 7-2 is representative for a certain range
of environmental conditions;

All 12 conditions cover the entire range of environmental conditions (without any overlap);

The probability of occurrence for each environmental condition refers to the actual occurrence of
the associated range of environmental conditions.

Table 7-2:  Operational conditions (run definition)

Nom. Prob. . TR Sea Swell Wind
Run | prob. of of Tide sea

exceed. | occur. Hs Hs T D, Hs T Dp U Dir
(%] (%] [] [m] [m] [s] [deq] [m] [s] [deg] | [m/s] [deg]
1 1% 4.4 35 8 195 | 2.7 14 225 13 195
2 10% 3.4 2.4 7 195 | 24 14 225 11 195
3 50% Neap | 2.4 1.6 6 195 1.8 14 225 9 195
4 50% tide 2.4 1.6 6 225 1.8 14 225 9 225
6 50% 2.4 1.6 6 315 1.8 14 225 9 315

7 50% 2.4 - - - 2.4 14 225 - -
7 1% 4.4 35 8 195 | 2.7 14 225 13 195
8 10% 3.4 2.4 7 195 | 2.4 14 225 11 195
9 50% Spring | 2.4 1.6 6 195 1.8 14 225 9 195
10 50% tide 2.4 1.6 6 225 1.8 14 225 9 225
11 50% 2.4 1.6 6 315 1.8 14 225 9 315

12 50% 2.4 - - - 2.4 14 225 - -

7.1 Verification of sediment transport analysis

The seabed level of the harbour basin and of the approach channel has been surveyed in 2005 and in
2009. Survey data and results from the sediment transport modelling have been compared. 18 cross
sections have been defined in the harbour basin and along the approach channel for this purpose. The
cross sections are specified in Figure 7-1.

The average bed levels of each cross section (as surveyed in 2005 and in 2009 are plotted in Figure 7-2.
The largest bed level changes are observed in the harbour basin, the bed level changes are decreasing
along the approach channel (in offshore direction). The sedimentation in the harbour basin is about 1.0 m
(in 4 years time), the sedimentation in the approach channel is about 0.5 m.

The bed level changes after 24 hours under average annual conditions (weighted average of all scenarios
that have been considered in the sediment transport analysis) have been determined from the results of
the sediment transport analysis. The expected bed level changes after 1 year are plotted in Figure 7-2.
The simulations have been performed in the bathymetry according to the survey in 2009 (i.e. the 2009
survey data should be applied as reference).

The sediment transport model predicts bed level changes of about 0.6 m in the harbour basin (in 1 year
time) and of about 0.8 m in the approach channel. The average measured bed level change (in all 18 cross
sections) is 0.64 m in 4 years. The average bed level change according to the sediment transport model is
0.72 m (in 1 year time). The bed level changes are thus roughly by a factor 4 overestimated by the model.

The average ratio of modelled and measured bed level changes is 5.2 with a standard deviation of +3.1.
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It is thus concluded that initial bed level changes after 1 day are about 5 times larger than the actual long
term bed level changes after 1 year. This effect should be considered when quantitative results of the

sediment transport simulations are applied.
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Figure 7-2:  Average bed levels in harbour basin and approach channel (18 cross ections):
Surveys in 2005 and in 2009 and results from sedime  nt transport model

7.2 Results of the sediment transport analysis

Typical results of the sediment transport analysis in the project area inside the Bay are presented in this
section.

Sediment transport analysis requires accurate modelling of the seabed contours. A computational grid with
coarse resolution may result in distorted sediment transport rates. In the present case the resolution of the
computational grid varies throughout the modelling domain. The accuracy of results from the sediment
transport analysis may be limited in areas with low resolution (i.e. in the outer part of the Bay and in areas
outside the Bay). Possibly distorted sediment transport rates have not been removed from plots. However,
these results are not further discussed in this section.

Sediment transport vectors (based on sediment transport components in x- and y-direction) are plotted in
Figure 7-3 and Figure 7-4. The vector size indicates the sediment load. Both figures show the sediment
transport over a full tidal cycle (with time steps of 2 hours, starting and ending with flood current).

The sediment transport pattern on a windy day with spring tide is presented in Figure 7-3. Wind speed (U =
13 m/s) and offshore wave heights (Hs = 4.4 m) have a probability of exceedance of about 1%. The
currents inside the Bay are largely influenced by the strong southerly wind. The sediment transport is
directed predominantly to North. The largest transport rates are observed in shallow water (i.e. close to the
shoreline and on the tidal flats in the most southern part of the Bay). Tidal currents have some influence on
the sediment transport on the tidal flats and in the Lagoon. Tidal currents have little influence on the
sediment transport in the other parts of the Bay.
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Figure 7-3:  Sediment transport vectors (Base Case, Run 7 with 1% exceedance & spring tide)
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Figure 7-4:  Sediment transport vectors (Base Case, Run 12 with 50% exceedance, no wind &
spring tide)
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The sediment transport pattern on a calm day with spring tide is presented in Figure 7-4. Offshore wave
heights (Hs = 2.4 m) have a probability of exceedance of about 50%. The currents inside the Bay are weak;
they are generated by waves and tide. There is little sediment transport inside the Bay. Some transport
has been predicted in the most southern part of the Bay, on the tidal flats and in the Lagoon. The sediment
transport in the southern part of the Bay is mostly driven by tidal currents.

The time varying sediment transport pattern is demonstrated in Figure 7-3 (situation with strong southerly
wind predominant wind-induced currents) and in Figure 7-4 (situation with no wind and predominant tidal
currents). Averaging of sediment transport rates over a tidal cycle (12.4 hours) will result in time averaged
transport rates. However, morphological changes (sedimentation and erosion) are not necessarily linked to
the magnitude of transport or time averaged transport rates. Morphological changes are determined by a
local sediment balance, i.e. by the difference in sediment transport to and from a specific area.

The bed level changes after one or several tidal cycles provide some insight into the morphological
changes in the longer term. Short term bed level change rates — also called “initial bed level change rates”
— are typically one order of magnitude larger than long term change rates. Nonetheless, the analysis of
short term bed level changes allows identifying areas of potential erosion or sedimentation.

The bed level changes (due to sedimentation and erosion) after 3 tidal cycles (37.2 hrs) have been
determined. Environmental conditions as specified in Table 7-2 have been applied. Three different layouts
(Base Case, Phase 1 and Phase 3) have been considered.

The bed level changes after 3 tidal cycles with strong wind at spring tide are presented in Figure 7-5 (left).
Wind speed (U = 13 m/s) and offshore wave heights (Hs = 4.4 m) have a probability of exceedance of
about 1%. The bed level changes near the shores of the peninsula are unrealistic. Shallow water in
combination with a relative large grid size in this area may amplify the uncertainties of the sediment
transport analysis and results in unrealistic large bed level changes. Figure 7-5 (left) indicates that the bed
level changes (even in a situation with strong wind induced currents and relatively large transport rates)
will be very much the same for the present situation (top, left) and for the Phase 1 (centre, left). The bed
level changes are slightly influenced by the new terminal in Phase 3; some accretion can be seen in the
shelter of the land reclamation.

The bed level changes after 3 tidal cycles with little wind at spring tide are presented in Figure 7-5 (right).
The offshore wave heights (Hs = 2.4 m) have a probability of exceedance of about 50%. Figure 7-5 (right)
indicates that in a situation with little sediment transport (no wind induced currents, only tidal currents)
there is little difference in bed level changes between the present situation (top, right), Phase 1 (centre,
right) and Phase 3 (bottom, right).

The impact of the proposed new container terminal on the morphological changes in the project areas has
been assessed by analysing the difference between the bed level changes in the present situation and in
the future situation (Phase 1 and Phase 3). This analysis includes the following steps:

- Assessment of typical bed level changes within 24 hrs: The bed level changes after 2 tidal cycles
from all 12 runs have weighted (by their probability of occurrence, see Table 7-2) and have been
superimposed. The resulting bed level changes have been corrected by a factor 24.0/24.8 and are
considered as best estimate of typical “initial bed level changes” after 24 hours.

This best estimate of typical “initial bed level changes” in the Base Case, in Phase 1 and in Phase
3 have been interpolated between the different computational grids that have been used for the
Base Case, Phase 1 and Phase 3.

The differences between the interpolated typical “initial bed level changes” in the present situation,
in Phase 1 and in Phase 3 have been calculated.

Typical “initial bed level changes” after 24 hours (i.e. the weighted average of all 12 runs, see above) are
plotted for the presented situation and for the future development (Phases 1 and 3) in Figure 7-6.
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Figure 7-5: Bed level changes after 3 tidal cycles  for Base Case (top), Phase 1 (centre) and Phase
3 (bottom); Run 7 (left; with 1% exceedance & sprin g tide) and Run 12 (right; with 50%
exceedance, no wind & spring tide)
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Figure 7-6:  Averaged initial bed level changes afte  r 1 day

The differences between the bed level changes (after 24 hrs) in the present situation and in the future
situation (Phases 1 and 3) are plotted in Figure 7-7 and Figure 7-8. Both figures are identical, except for
the colour scale of the bed level changes. Figure 7-7 provides detailed information on the differences in
bed level changes in Phase 1 (left) and in Phase 3 (right) as compared to the present situation. Figure 7-8
indicates the areas with increased erosion (blue) and sedimentation (yellow/orange) in Phase 1 (left) and
in Phase 3 (right) as compared to the present situation.

It should be noted that the differences in bed level change rates in Figure 7-7 and Figure 7-8 refer to initial
change rates and cannot be extrapolated to long term changes. It should be further noted that bed level
change rates had to be interpolated between different unstructured grids. This interpolation might be also a
source of scatter between the 3 data sets.
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Figure 7-7:  Difference in bed level changes (after 24 hrs) in Phase 1 (left) and Phase 3 (right) as
compared to present situation

Figure 7-8: Difference in bed level changes (after 24 hrs) in Phase 1 (left) and Phase 3 (right) as
compared to present situation

The following classification of the differences in bed level change rates is proposed:
Less than +1 mm/day: The differences are negligible, the proposed development has virtually no
impact on the morphological development;
Up to 5 mm/day: The differences indicate a slight variation of sedimentation and erosion rates
due to the proposed development;
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More than 5 mm/day: The proposed development will have probably some influence on the
sedimentation and erosion rates.

The above classification is based on the fact that initial bed level change rates are typically much larger
than long term bed level change rates. It has been further considered that small bed level changes might
be induced by the interpolation between different meshes.

The following can be concluded from Figure 7-8:

- The proposed development has no impact on the morphological changes to the North of 22°57".
The new land reclamation will probably cause some sedimentation in the new harbour basin in
Phase 1 and in Phase 3.

The impact on the morphology of the tidal flats will be limited.

Multiple spots where the new land reclamation might have a slight influence on the sedimentation
and erosion rates have been predicted inside the Lagoon. This impact is somewhat increased in
Phase 3 as compared to Phase 1. Spots where the sedimentation and erosion rates are likely to
be influenced by the new development (dark blue or orange in Figure 7-8) are relatively small.
Some additional erosion can be expected at the West side of the Lagoon. Some additional
accretion can be expected in the most southern part of the Lagoon.

An attempt has been made to investigate the possible impact of the new development on the morphology
in the most southern part of the Bay quantitatively. For this purpose, the sediment transport processes in a
specific sub-area have been described by the following parameters:

Percentage of surface area with sedimentation (accretion) and percentage of surface area with

erosion;

Average initial bed level change rate [mm/day] of the accretion area and of the erosion area.

The following sub-areas have been considered for this analysis (see also Figure 7-9):
- The Lagoon;
The tidal flats in the most southern part of the Bay (South of -2,539,000 m N);
The open water area to the West of new land reclamation (between land reclamation and
peninsula, extending from -2,535,000 m N to -2,539,000 m N);
The harbour basin to the East of the new land reclamation (in Phase 3, extending from -2,536,100
m N to shoreline).
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Figure 7-9:  Sub areas for sediment transport analys  is: West of land reclamation (top, left); port
(top, right), tidal flat (bottom, left) and Lagoon (bottom, right)

The results are presented in Table 7-3. Unrealistic bed level change rates close to the shoreline of the
peninsula have been excluded from the analysis. The present situation is characterised by:
- Lagoon: The size of accretion and erosion areas is similar (the accretion area is slightly larger than
the erosion area). The average accretion rates are slightly larger than the erosion rates.
Tidal flat: The size of accretion and erosion areas is similar (the accretion area is slightly larger
than the erosion area). The average accretion rates are slightly larger than the erosion rates.
West of land reclamation: The size of accretion and erosion areas is similar (the accretion area is
slightly larger than the erosion area). The average erosion rates are slightly larger than the
accretion rates.
Port area: The size of accretion and erosion areas is similar (the erosion area is slightly larger than
the accretion area). The average erosion rates are somewhat larger than the accretion rates.
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Table 7-3:  Results of sediment transport analysis ( initial bed level change rates)
Area description Unit Lagoon Tidal flat Y\éilsatlrﬁgt?:r? Port area
Accretion area [%0] 52.5% 53.2% 54.8% 48.5%
Present Erosion area [9%6] 47.1% 46.8% 43.6% 51.3%
situation | Average accretion | [mm/dy] 3.8 1.4 25 2.8
Average erosion [mm/dy] -3.3 -2.0 -2.0 -4.3
Accretion area [%0] 52.6% 55.1% 64.9% 60.3%
Phase 1 Erosion area [%] 47.4% 44.4% 35.1% 39.7%
Average accretion | [mm/dy] 3.7 1.8 0.5 0.09
Average erosion [mm/dy] -3.3 -1.7 -0.3 -0.05
Accretion area [%] 52.5% 46.0% 61.7% 58.8%
Phase 3 Erosion area [%0] 47.5% 53.4% 38.3% 41.0%
Average accretion | [mm/dy] 3.6 1.0 0.7 0.04
Average erosion [mm/dy] -3.3 -1.8 -0.4 -0.01
Phase 1 Accretion area [%0] 100.2% 103.6% 118.4% 124.4%
VS. Erosion area [%0] 100.6% 94.9% 80.4% 77.3%
5{3;58; Average accretion | [mm/dy] 97.6% 125.4% 19.3% 3.2%
Average erosion [mm/dy] 99.1% 86.5% 16.1% 1.1%
Phase 3 Accretion area [%0] 100.1% 86.6% 112.7% 121.3%
VS. Erosion area [%0] 100.8% 114.1% 87.7% 79.8%
spitrl?:lteicr:; Average accretion | [mm/dy] 95.7% 69.0% 27.6% 1.6%
Average erosion [mm/dy] 98.6% 93.1% 20.4% 0.3%

The impact of the new terminal in Phase 1 on the sediment transport in the four sub-areas is as follows:
Lagoon: The size of accretion and erosion areas and the average accretion and erosion rates are
almost unchanged.
Tidal flat: The erosion area is slightly enlarged, the accretion area is reduced in size (by about
5%). The average accretion rates are increased and the erosion rates are reduced by about 20%.
West of land reclamation: The accretion area is slightly enlarged (by about 20%), the erosion area
is reduced in size. The average accretion rates and erosion rates are reduced by about 80%.

Port area: The accretion area is somewhat enlarged (by about 25%), the erosion area is reduced
in size. The average accretion and erosion rates are reduced by more than 95%.

The impact of the new terminal in Phase 3 on the sediment transport in the four sub-areas is as follows:
- Lagoon: The size of accretion and erosion areas and the average accretion and erosion rates are

almost unchanged (reduced by less than 5%).

Tidal flat: The erosion area is slightly enlarged, the accretion area is reduced in size (by about
15%). The average accretion rates are somewhat reduced (by about 30%), the erosion rates are
also slightly reduced (by about 10%).
West of land reclamation: The accretion area is slightly enlarged (by about 15%), the erosion area
is reduced in size. The average erosion rates are slightly smaller than the accretion rates (0.5
mm/day in the present situation and about 0.2 mm/day in Phase 1 and Phase 3).
Port area: The accretion area is somewhat enlarged (by about 20%), the erosion area is reduced
in size. The average accretion and erosion rates are quite significant in the present situation
(about 3 — 4 mm/day) and insignificant in the future situation (less than 1 mm/day).

The total erosion and accretion in a sub-area can be assessed by multiplying surface area and bed level
change rate. The predicted changes in total erosion and accretion in the future situation (in Phases 1 and
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3) as compared to the present situation are summarised in Table 7-4. The following can be seen from

Table 7-4:
- Lagoon: The accretion is slightly reduced in Phase 1 (-2%) and in Phase 3 (-4%). The erosion is

virtually unchanged (reduced by less than 19%).

Tidal flat: The accretion is increased by about 30% in Phase 1 and reduced by about 40% in

Phase 3. The erosion is reduced by 20% in Phase 1 and slightly increased (by about 5%) in Phase

3.

West of land reclamation: The accretion is reduced by about 75% in Phase 1 and in Phase 3. The

erosion is reduced by about 85% in Phase 1 and in Phase 3.

Port area: The accretion is reduced by more than 95% in Phase 1 and in Phase 3. The erosion is

reduced by about 99% in Phase 1 and in Phase 3.

Table 7-4:  Results of sediment transport analysis ( initial bed level change rates)

Lagoon Tidal flat Y\éilset\r?wgt?:: Port area
Phase 1 vs. Total accretion (%] 97.9% 129.9% 22.9% 4.0%
sﬁ:ﬁ;ﬁg; Total erosion [%0] 99.8% 82.1% 13.0% 0.9%
Phase 3 vs. Total accretion [9%6] 95.8% 59.7% 31.1% 1.9%
Sﬁtrsst?g; Total erosion [%] 99.4% 106.2% 17.9% 0.3%

7.3 Conclusions

It can be concluded that the proposed development has virtually no influence on the sediment budget of
the Lagoon. However, the land reclamation may have some influence on the morphological changes in
other areas:
Somewhat increased sedimentation rates have been predicted for the tidal flat in the most
southern part of the Bay for Phase 1. Somewhat increased erosion rates have been predicted for
Phase 3. It is expected that the tidal flat will reach an equilibrium state after some minor initial bed
level changes. Thus, the proposed development will have little influence on the morphology of the
tidal flat.
Erosion and accretion rates are reduced in the open water area to the West of the new land
reclamation. The size of erosion and accretion areas is almost unchanged. The new development
will have some influence on the time scale of the morphological changes in this area; major
sedimentation or erosion is not expected.
The accretion and erosion in the port area are significantly reduced. Little sedimentation and
virtually no erosion are expected in the port area.

The following morphological changes are expected in the Lagoon (see also Figure 7-6):
The bed level will be slightly lowered along the western banks of the Lagoon;
Smaller patches with local erosion or sedimentation are expected in the northern part of the
Lagoon;
Some sedimentation is expected at the eastern banks of the entrance to the Lagoon.

It should be noted that the above conclusions refer to the transport mechanism of medium to fine sand.
The transport pattern of fine sediments and of organic materials may be different. It should be further noted
that bed level changes as derived from the sediment transport model refer to initial bed level changes.
Long term morphological changes are overestimated by a linear extrapolation of these initial bed level
changes (approximately by a factor 5).
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8 Dredging Plume Modelling

8.1 Previous dredging campaigns and dredging EIA

The most recent information on dredging activities and its environmental impact for Walvis Bay is given in
COWI report, Update of Environmental Impact Assessment and Environmental Management Plan October
2006.

This study made a deviation between capital (maximum 8,000,000m® and maintenance dredging
(maximum 2,000,000m®). The capital dredging is mainly deepening of approach channel and existing
berths. As this is all deepening of existing areas the most effective method of dredging is a TSHD (Trailing
Suction Hopper Dredger)

8.1.1 Hydraulic conditions

The hydraulic conditions applied in the COWI study are in line with the conditions presented in section 2,
i.e. neap tide of 0.6m to spring tide of 1.4m and wind and waves predominantly coming from S to SSW.

8.1.2 Background turbidity and sediment concentrati on

The turbidity, which describes the water transparency, is given in NTU (Nephelometric Turbidity Units) The
background turbidity in Walvis Bay has been measured from September 1999 to June 2000. The turbidity
varies significantly in time and location. In general, the transparency of the water decreases from Pelican
Point towards the Lagoon.

The dredging plumes are determined sediment concentrations specified in g/l. As a correlation between
turbidity and total suspended solids (TSS) is somewhat unique for each location or situation, which is not
determined for Walvis Bay, no detailed background sediment concentration can be derived from the
extensive turbidity measures. A very general description on background concentration is given which
states 0.005 g/l at Pelican Point rising to 0.060 g/l in the southern part of the Lagoon.

8.1.3 Bottom and sediment conditions

In general the bottom of Walvis Bay consists of fine to medium sand in some areas overlain by a layer of
dark green mud containing organic matter. The organic rich mud is neither a new nor an unnatural
phenomenon in Walvis Bay

8.1.4 Potential impacts from dredging activities

The potential environmental impacts from dredging activities are:
- Suspension of the very fine sediments resulting in increased turbidity of the water
- Mobilization of heavy metals and organic components with risk of spreading of toxic components
to the nearby mariculture
- Increased siltation of the Lagoon potentially decreasing the biodiversity in the protected Ramsar
area
- Release of gases resulting in odour and potential health problems.

A limited number of dredging plume simulations had been done with regard to the deepening of the
approach channel, both for the prevailing South and Northern wind conditions. The results show an
increase of suspended sediments in the water column up to 1 g/l which is assumed not to significantly
impact the environment in the Bay. It is furthermore stated that these excess concentrations found in the
simulations will not give rise to a significant impact in the Lagoon (COWI, 2006).
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8.2 Estimated dredging and reclamation volumes

The material volumes produced during dredging have been reported in [14] and are considered for the
preliminary material balance. Material volumes for the reclamation area are estimated as follows (Table
8-1):

Table 8-1:  Estimated dredging and reclamation volum  es [14]
Dredge Area Reclamation Area
Sector Volume [m3] Level [mCD] |Area [ha] [ Volume [m3]
Phase 1 inner channel 2,816,573 -3.60 32.8 2,827,648
outer channel 1,448,683
total 4,265,256
Phase 2 inner channel 3,184,478 -4.40 27.5 2,581,036
outer channel 5,024,179
total 8,208,657
Phase 3 total 3,508,768 -5.15 59.8] 6,059,301
All Phases 15,982,681 120.1| 11,467,985

Source: Marine Geophysical Survey Report CSIR/Demco September 2009

The dredged volumes for the inner channel include the turning basin and the nautical areas in the port,
except for the entrance channel. The volume of the outer channel is the material in the port access
channel itself.

8.3 Material qualities

8.3.1 Port basin and reclamation area

For the dredge plume modelling a grading has to be determined of the material that will be dredged. The
input for the grading has been derived from the most recent survey report [Geotechnics, 9]. In the future
port area that will be dredged 4 boreholes have been made, boreholes BH-1, BH-2, BH-9 and BH-10.
Boreholes BH-1 and BH-2 are situated near the planned quay wall. Borehole BH-9 and BH-10 are situated
central in the dredge area.

Generally all boreholes show a thick layer of sand with intermediate layers of silt (Diatomaceous silt). On
top of the sand layer a 0.60 m thick layer of Diatomaceous ooze is present.

BH-1 and BH-2 are very similar and BH-9 and BH-10 also looks very similar. Distinction can be made
between the soil profiles in boreholes BH-1 / BH-2 and the soil profile in boreholes BH-9 /BH-10. The
general soil profiles are shown in Table 8-2.

Table 8-2:  Soil profile of boreholes 1, 2, 9 and 10
Borehole 1 and 2 Borehole 9 and 10
Top of layer Soil type Top of layer Soil type
MSL-2.86m Diatomaceous ooze MSL-2.86m Diatomaceous ooze
MSL -3.61m Loose sand 1 MSL -3.36m Loose sand 1
MSL -4.86m Silt MSL -4.61m Silt
MSL -5.61m Loose sand 2 MSL -12.86m | Loose sand 2
MSL -5.86m Dense sand 1 MSL -14.61m | Dense sand 1
MSL -17.86m | Diatomaceous silt MSL -17.86m | Diatomaceous silt
MSL -22.86m MSL -18.86m

The differences between the various types of soil are based on soil parameters as presented in the soil
investigation report [9]. On most of the soil samples only sieve tests have been performed. For a number
of soil samples from internal silt layers, hydrometer tests have been done. For the upper layer of silt no
hydrometer tests are available.
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As the sieve results from the 0.075 mm sieve correspond quite well with the diatomaceous silt layer the
hydrometer test results of the Diatomaceous silt layer will be used also for the upper silt layer.

From the hydrometer test results an average grain size distribution for the diatomaceous silt has been
determined. This distribution has been applied for all layers of diatomaceous silt.

Using the individual sieving curves per soil type an average sieve curve until the dredge level of MSL — 14
m has been determined. The average sieve curve is a weighted average of the individual sieve curves per
soil type. This has been done for borehole BH-1 / BH-2 and BH-9 / BH-10. The average sieve curves are
presented in Figure 8-1 and Figure 8-2. In Table 8-3 the average grain size distribution has been
determined for borehole BH-1 and BH-2. This is the input for Figure 8-1.

Table 8-3:  Determination average grain size distrib  ution BH-1 and BH-2 (sieve test)

Soil type Top of | Sieve diameters [mm]

layer 19.00| 950| 4.75| 2.00| 0.80|0.425| 0.25| 0.11 | 0.075
Loose sand | -3.61 100 100 | 975| 935| 905 | 57.2| 34.1 5.9 3.7
Silt -4.86 100 100 100 100 100 100 | 88.0| 755 | 745
Loose Sand 2 -5.61 100 100 100 | 995| 980 | 79.0| 475| 115| 105
Dense Sand -5.86 100 100 100 100 | 99.6 | 77.7| 59.6 | 10.3 6.3

-14

Average (weighted) 100 100 | 99.7| 99.2| 985| 76.8| 583 | 145| 110

In Table 8-4 the average grain size distribution has been determined for borehole BH-9 and BH-10. This is
used as input for Figure 8-2.

Table 8-4:  Determination average grain size distrib  ution BH-9 and BH-10 (sieve test)

Soil type Top of | Sieve diameters [mm]
layer 19.00 | 950| 4.75| 2.00| 0.80|0.425| 0.25]| 0.11 | 0.075
Loose sand | -3.36 100 100 | 975| 935| 905 | 57.2| 34.1 5.9 3.7
Dense Sand -4.61 100 | 999 | 99.7| 99.3| 97.1| 804 | 465 4.3 3.1
Diatomaceous silt | -12.86 100 100 100 100 100 100 | 959 | 87.5| 821
-14.0
Average (weighed) 100 100 | 995| 98.7| 96.6| 798| 50.3| 134 | 117
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Figure 8-1: Average sieve curve BH-1/ BH-2
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Figure 8-2:  Average sieve curve BH-9 / BH-10

The fraction smaller than 0.075 mm can not be sieved therefore the fines have been analysed with
hydrometer tests. In the descriptions of the hydrometer tests it is not specifically mentioned which specific
density has been applied for the granular material. It is assumed that the standard value of 2650 kg/m3 has
been applied. As the diatomaceous ooze is lighter than rock material the actual grain diameter may be
larger than stated in Table 8-5. However the settling characteristics which are used to determine the
diameter provide the most important parameter for the numerical modelling. As the settling velocity
corresponds to these grain sizes, the silts as described by the diameters in Table 8-5 are applied in the
numerical modelling.

Table 8-5:  Determination average grain size distrib  ution BH-9 and BH-10 (hydrometer test)

Soil type Hydrometer test results Layer
0.038 | 0.027 | 0.014 | 0.011 | 0.008 | 0.006 | 0.003 | thickness
Diatomaceous silt | 73.6 | 706 | 626 | 555| 432 | 284 ] 233 1.25

8.3.2 Access channel

In the access channel two areas have been identified (additional site investigations have to confirm this):
from the quay up to buoy 8/9: silty SAND
from buoy 8/9 outward: diatomaceous SILT

Dredging in overflowing mode should not be considered in the silt area. It is not deemed beneficial for the
dredging production, and should for environmental reasons not be practiced. If however a mixed trip (sand
and silt area dredging) is carried out, or the actual soil composition is different, a certain chance is existent
that overflowing will take place for a limited time.

Sieving curves for the silt material were obtained from the accumulated borehole data from boreholes 1, 2,
9 and 10. For the diatomaceous silt a number of samples have been sieved, and the weighted average
has been determined. For the sand material, only the fraction smaller than 100 microns has been taken
into account (based on the same curve).

Table 8-6:  Sieving curves

Dredging Sieve diameters [mm]

area 0.425 | 0.250 0.110 | 0.075 | 0.038 | 0.027 | 0.014 | 0.011 | 0.008 | 0.006 | 0.003
SILT 100.0 95.9| 875 | 821 | 736 | 706 | 62.6| 55.0 43.2 28.4 | 233
SAND 100.0 | 100.0 | 100.0 | 955 | 855 | 82.1| 728 | 64.0 50.2 331 ] 27.1
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8.4 Existing disposal sites

At present there is one certified disposal site in a water depth of about -35mCD north of Pelican Point
available. The disposal site comprises an area of approx. 1km?, i.e. per meter fill one million cubic metre of
dredge material can be disposed. Due to hydrodynamic processes the material disposed at the site will
further spread. It is concluded that the existing disposal site for dredge material offers sufficient storage for
capital dredging, taking into account that large parts of the suitable dredged material may be used for land
reclamation purposes.

8.5 Dredging Activities

8.5.1 Construction method land reclamation

The outer contour of the reclamation is made from a (rock) bund which is build with land based equipment.
With this bund the sand fill is contained with in the perimeter of the reclamation area. The bund
construction is at least 200m ahead of the sand fill operations.

Based on the initial results of the soil investigations most sand required for the reclamation can be
obtained from dredging of the port basin. As the percentage of silt is in the order of 10% it is assumed that
all material will be used for the reclamation. Therefore a CSD will be used to dredge the port basin and
pump the material directly into the fill area. The percentage of silt entrapped in the landfill is determined by
the dredging method. The percentage of fines in the reclamation is important with respect to the required
landfill specifications, which are not yet determined. At this stage no special measures are foreseen to
remove the fines from the landfill.

The quay is assumed to be a deck on pile like the rest of the quays in Walvis Bay. To construct this quay it
is advised to first dredge a channel at the place of the quay to prevent larger dredging activities directly in
front of the constructed quay construction. This deep area may also function as a sediment trap to prevent
the present port basin from silting up during dredging works.

8.5.2 Sediment spill during reclamation activities

The expected sediment losses during the construction of the reclamation have been assessed in order to
define the sediment sources for the numerical modelling. The obtained quantities will be applied in the
MIKE21 modelling to predict the expected distribution of suspended sediments in the Bay and the Lagoon.

For the environmental assessment a large CSD with a discharge pipe of 0.8m diameter has been applied.
In case a medium or small sized CSD is applied, the impact on the environment will be less. The
production rate of the large CSD is based on the outflow velocity of approximately 4 m/s and a density of
1400 kg/m®. This results in a production of 1217 kg/s of material. The gradings based on soil
characteristics of borehole 1-2 and 9-10 are presented in Table 8-7.

All material smaller than 75 pm is modelled as if all material is put into suspension which is a conservative
approach as the courser fractions will entrap part of the fine sediments and therefore part of the fines will
settle close to the discharge pipe.
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Table 8-7: Particle distribution CSD operations

(%) Borehole 1 — 2 Borehole 9 — 10
um (kals) (kals)
<3um 37.52 39.94
3-6um 8.48 8.48
6—8um 24.2 25.42
8—11 um 19.36 20.58
11— 14 um 12.1 13.32
14— 27 ym 13.32 13.32
27 — 38 um 4.84 4.84
38— 75 um 13.32 15.74

>75um 1077.34 1068.86

The spill rates are directly linked to the production hours of the dredging equipment, on average the
equipment does not run for 24 hours a day. For a CSD an average efficiency of 75% may be assumed, i.e.
the CSD is operating 18 hours per day in average. However to be conservative in the short term modelling
scenarios the equipment is ran 3 days non-stop.

8.5.3 Sediment spill during access channel dredging

For the access channel a TSHD with overflow capability will be applied. When material is overflowing
during dredging in the silt area, the density mix will carry the full material input out though the overflow (no
settlement occurs in the hold). See also comments given in Chapter 8.3.2.

In the sand area overflowing may be useful to increase dredging production, or improve the quality of the
sand (which may be used in the reclamation). In this scenario only the fines will be flowing out, which is
also the target. From the moment of overflowing, only 1 pipe will be used, reducing the velocity and
increasing the settlement of material. The estimated grain size curve is indicated in Table 8-6. Since the
fraction of fines is maximum 20%, an average total of 15% of the material is expected to overflow as a
worst case scenario. This results in a total estimated quantity overflowing of 240kg solids per second. 20
minutes of overflowing per trip of 3 hours is assumed. Depending on the size of the hopper dredge the
number of trips for the project will be determined.

For Phase 1 the estimated number of trips for a 9000m® hopper dredge are:
Sand trips: 145.000m* at 5000 situ m* per trip 30 trips
Silt trips: 1.3 million m® at 4500 situ m® per trip 290 trips
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8.6 Plume modelling

The main objective of the dredging plume simulations is to identify areas which are potentially exposed to
higher concentrations of suspended sediments and to siltation. By knowing the extent and magnitude of
the dredging plumes, the construction method and schedule can be optimised to reduce the environmental
impact on sensitive areas like the Lagoon, if necessary.

The sediment transport/dredge plumes have been modelled by the MIKE 21 Mud Transport module (MIKE
21 MT). The MIKE 21 MT module describes erosion, transport and deposition of mud or sand/mud
mixtures under the action of currents and waves.

All dredging activities have been modelled by a concentration of suspended sediments inserted by water
source. For all dredging activities the water source has a fixed discharge of 1 m¥s and a specific sediment
concentration defined in kg/m3. To model the local flow velocities correctly an additional water source is
used to incorporate the currents generated by the dredge outflow.

To include the behaviour of different sized fines, the suspended sediments are divided in eight fractions,
ranging from 3um to 75um. For each dredging activity the spill rate per fraction is defined in kg/s which
equals the concentration at the source in kg/m®. Sediment fractions larger than 75pm will settle in the
direct vicinity of the dredger and are therefore excluded from the modelling.

The dredging spill simulations are based on the current and wave action as described in Chapters 4 and 5.
The sea bed is described as one layer and characterised by the density and shear strength.

8.6.1 Parameter Selection

Sediment fraction

For the suspended sediment eight different grain size fractions have been defined; 3um, 6um, 8um; 11um,
14um, 27um, 38um and 75um. Sediment fractions larger 75um settle close to the dredging activities
(approx. 90% of the overflow) and are therefore excluded in the dredging modelling.

Initial concentrations

No initial suspended sediment concentrations are present in the model. Also the bed layer is defined as
hard rock without lose sediments, only settled sediment from the dredging activities can re-suspend into
the water column.

Dispersion coefficients
The dispersion coefficients are set proportional to the current.

Boundary conditions

The water flowing through the offshore boundaries has no suspended sediment concentration. This value
represents the natural occurring background values. Applying a value for the Background will elevate
suspended sediment levels concentrations found in the receptor areas.

Forcing
The wave forces are included in the mud transport module. Wave heights and directions applied are
calculated by Mike21 SW FM as described in Chapter 4.

Settling velocity
The settling velocity is dependent on the specific weight of the material, kinematic viscosity and grain
diameter. An overview of the applied settling velocities per fraction is given in Table 8-8.
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Table 8-8:

Fall velocities in sediment fractions

Grain Diameter

Settling Velocity *

(km) (mm/s)
3 0.01
6 0.03
8 0.06
11 0.11
14 0.17
27 0.64
38 1.27
75 4.96

"Recommended method by Mike21 (Stokes law)

Critical erosion shear stress
The critical erosion shear stress is set to 0.7N/m?.

Bed Roughness

The bed roughness is set to a Nikuradse roughness of 0.001m

8.6.2 Modelling scenarios

In total four stages of the construction of the Phase 1 reclamation are assessed on dredging plumes. The
stages for Phase 1 are shown in Figure 8-6 and Figure 8-7. Dredging plume modelling of the later
development stages will be only done if Phase 1 reveals significant impacts on the Lagoon. The red dot
indicates the discharge location of the pipe. The total volume of material which has to be dredged and

supplied per stage has tentatively been determined. The Volumes are given in Table 8-9.

Table 8-9:  Estimated dredging volumes per stage
Development Length Width | Fill Height Volume Total Volume
Phase [m] [m] [m] [m?] [m?]
Stage 1 330 65 7.25 173,250 173,250
Stage 2 590 75 8.25 365,000 538,250
Stage 3 295 460 8.25 | 1,121,000 1,659,250
Stage 4 295 460 8.25 | 1,121,000 2,780,250
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Figure 8-4: Stage 3 (left) and Stage 4 (right)

Access Channel

Besides the construction of the new land reclamation also the deepening and widening of the access
channel has been modelled. The spill source for a TSHD is the overflow of the hopper well, which is
modelled for 20 minute per 3 hour dredging cycle.

As the channel outwards form buoy 9 consists just out of fines, the hopper is not considered to apply
overflow in this area. Therefore the overflow is modelled until buoy 9 only. The three locations applied in
the modelling are shown in Figure 8-5. In the modelling of the channel dredging the dredge locations are
considered as simultaneous operations.
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Figure 8-5: Three modelled TSHD spill locations for the channel widening and deepening

Per construction stage 7 different environmental conditions are taken into account to determine potential
environmental effects (Table 8-10) and to predict the total overall sediment load during the complete
construction period. All runs have been performed using spring tide conditions. Spring tide has been
applied as this will result in the largest area of impact as conservative approach.

Table 8-10: Run definitions for plume modelling

Offshore Waves wind
Run Hs Tp Direction | Speed | Direction
[m] [s] [degree] [m/s] [degree]
1 2.4 14 225 9 225
2 2.4 14 225 9 195
3 2.4 14 225 13 195
4 2.4 14 225 9 180
5 2.4 14 225 9 157.5
6 2.4 14 225 9 315
7 2.4 14 225 0 -
8.6.3 Results

The results have been split in two sections, i) construction of the new reclamation and ii) the deepening of
the access channel. The construction of the new reclamation is anticipated more critical as it is situated
next the Lagoon entrance.

8.6.4 Construction of reclamation and port basin

The results of the dredging plume modelling have been assessed on total suspended sediment
concentration and on location of settlement.

The initial stages of construction, Stage 1 and 2 (construction of the causeway) are the most critical during
the reclamation works. In these stages of construction the sediment plume is spread in front of the
entrance of the Lagoon, from where the sediment plume enters the Lagoon during the subsequent flood.
This is shown in Figure 8-6 to Figure 8-9. These figures show the most extreme penetration of the
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dredging plume into the Lagoon. In these scenarios the wind is blowing from 157.5 and 180 degrees, run 4
and 5.

Figure 8-6: Stage 1 run 4 (from left to right: low  water, incoming tide, high water and outgoing tide)

Figure 8-7: Stage 1 run 5 (from left to right: low  water, incoming tide, high water and outgoing tide)

The suspended sediment load in the Lagoon is largest during stage one closely followed by Stage 2 and is
diminished in Stage 3. The concentration of suspended sediment in the Lagoon durin% Stage 1 may locally
rise to 0.5-1.0 kg/m>. This is higher that the commonly accepted value of 0.15 kg/m® but the Lagoon will
only be exposed to these high sediment loads for a very short duration, shorter than 1 week.
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Figure 8-8: Stage 2 run 4 (from left to right: low  water, incoming tide, high water and outgoing tide)

Figure 8-9: Stage 2 run 5 (from left to right: low  water, incoming tide, high water and outgoing tide)

From the moment that the outer bund is extended as in stage 3 the Lagoon is sheltered from the dredging
activities as apparent in Figure 8-10. With SSE wind condition still some suspended sediment may flow
into the Lagoon as shown in Figure 8-11, however the concentrations are below 0.15 kg/ms.
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Figure 8-10: Stage 3 run 4 (from left to right: low  water, incoming tide, high water and outgoing
tide)

Figure 8-11: Stage 2 run 5 (left to right: low wate r, incoming tide, high water and outgoing tide)

Besides the sediment concentration suspended in the water it has been also assessed where the
sediments settle. For the most critical environmental condition, run 5, the siltation after three days dredging
is determined and shown in Figure 8-12. Most sediment settles in the deeper part in front of the Lagoon
entrance. A small amount settles in the Lagoon (mainly along on the banks), which is studied in more
detail by determining in sediment load per day and for the total dredging activities for all construction
stages as given in Table 8-11 - Table 8-14.
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Figure 8-12: Siltation after 3 days run 5 (leftto  right: stage 1, stage 2 and stage 3)

In each table the top part shows the sediment load per day for the different environmental conditions
considered. The lower part shows the total sediment load per construction stage. This is based on the total
cubic meter of reclamation, dredging production rate, the daily sediment load per environmental condition
as well as the percentage of occurrence of the respective environmental condition.

From the analysis it is clear that Stage 1 and 2 have by far the most distinct impact on the Lagoon. The
total sediment load on the Lagoon due to the construction of Phase 1 is in the order 200 ton, which is
considered as rather low. It amounts to approximately 0.25mm sediment deposit on average spread over
the Lagoon. This is much less than the estimated annual sand blown sand intrusion of 25mm per year
(Agenda2l study). Locally the silt layer may be thicker, up to approximately 3 cm.

Table 8-11: Sediment load on Lagoon Stage 1

Sediment load on lagoon per day - Stage 1
Environmental| 0.075 mm | 0.038 mm | 0.027 mm | 0.014 mm | 0.011mm | 0.008 mm | 0.006 mm | 0.003 mm | total layer thickness
Condition [kg] [ka] [kal [kal [kal [kdl [kd] [kg] [kg] avg [mm] [ max [mm]
Run 1 0 0 0 0 0 9 52 2,948 3,009 0.00 0.38
Run 2 0 0 0 115 661 2,880 2,173 15,459 21,287 0.03 10.05
Run 3 0 0 0 61 334 1,375 1,057 8,802 11,629 0.01 2.84
Run 4 0 0 2 489 2,084 6,679 3,875 21,031 34,159 0.02 9.45
Run5 0 0 6 1,073 4,169 11,801 6,108 29,716 52,873 0.04 28.60
Run 6 0 0 0 0 0 0 0 0 0| 0.00 0.00
Run 7 0 0 0 29 182 881 915 12,615 14,622 0.02 14.47

Total sediment load on lagoon - Stage 1

Environmental] 0.075 mm | 0.038 mm | 0.027 mm | 0.014 mm | 0.011 mm | 0.008 mm | 0.006 mm | 0.003 mm | total | Occur layer thickness
Condition [ton] [ton] [ton] [ton] [ton] [ton] [ton] [ton] [ton] [%] avg [mm]
Run 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.5 5% 0.00
Run 2 0.0 0.0 0.0 0.1 0.5 2.0 15 10.8 14.9 21%| 0.02
Run 3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.4 1% 0.00
Run 4 0.0 0.0 0.0 0.2 0.9 29 1.7 9.1 14.8 13% 0.01
Run 5 0.0 0.0 0.0 0.1 0.3 0.8 0.4 2.0 35 2% 0.00
Run 6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5% 0.00
Run 7 0.0 0.0 0.0 0.1 0.3 1.6 1.6 22.3 25.9 53%| 0.04
total 0.0 0.0 0.0 0.4 2.0 7.3 5.3 45.1 60.1 100% 0.07

% of occurence based on wind measurements Pelican Point
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Table 8-12: Sediment load on Lagoon Stage 2

Sediment load on lagoon per day - Stage 2
Environmental| 0.075 mm | 0.038 mm | 0.027 mm | 0.014 mm | 0.011mm | 0.008 mm | 0.006 mm | 0.003 mm total layer thickness
Condition [kg] [ka] [kdl [kdl [kdl [kdl [kd] [kg] [kg] avg [mm][ max [mm]
Run 1 0 0 0 0 0 0 0 0| 0| 0.00 0.00
Run 2 0 0 0 1 10 98 145 1,635 1,888 0.00 0.15
Run 3 0 0 0 0 0 0 0 0| 0| 0.00 0.00
Run 4 0 0 0 33 126 413 285 2,382 3,240 0.00 1.12
Run 5 0 0 26 1,051 3,362 8,210 3,948 19,234 35,830 0.04 7.40
Run 6 0 0 0 0 0 1 2 25 28 0.04 13.71
Run 7 0 0 2 264 1,243 4,589 2,901 17,019 26,017 0.02 14.47

Total sediment load on lagoon - Stage 2

Environmental] 0.075 mm | 0.038 mm | 0.027 mm | 0.014 mm | 0.011 mm | 0.008 mm | 0.006 mm | 0.003 mm total Occur layer thickness
Condition [ton] [ton] [ton] [ton] [ton] [ton] [ton] [ton] [ton] [%] avg [mm]
Run 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5% 0.00
Run 2 0.0 0.0 0.0 0.0 0.0 0.1 0.2 2.4 2.8 21%| 0.00
Run 3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1% 0.00
Run 4 0.0 0.0 0.0 0.0 0.1 0.4 0.3 2.2 3.0] 13% 0.00
Run5 0.0 0.0 0.0 0.1 0.5 1.2 0.6 2.7 5.0] 2% 0.01
Run 6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5% 0.01
Run 7 0.0 0.0 0.0 1.0 4.6 17.1 10.8 63.5 97.1 53%| 0.08
total 0.0 0.0 0.0 1.2 5.2 18.8 11.9 70.8 107.9 100% 0.10

% of occurence based on wind measurements Pelican Point

When the outer bund is extended as shown in stage 3 the sediment is kept away from the entrance of the
Lagoon.

Table 8-13: Sediment load on Lagoon Stage 3

Sediment load on lagoon per day - Stage 3

Environmental| 0.075 mm | 0.038 mm | 0.027 mm | 0.014 mm | 0.011mm | 0.008 mm | 0.006 mm | 0.003 mm total layer thickness
Condition [kg] [ka] [kdl [kdl [kdl [kal [kd] [kg] [kg] avg [mm] [ max [mm]
Run 1 0 0 0 0 0 0 0 0| 0| 0.00 0.00
Run 2 0 0 0 0 0 0 0 0| 0| 0.00 0.00
Run 3 0 0 0 0 0 0 0 0| 0| 0.00 0.00
Run 4 0 0 0 0 0 0 0 1 2 0.00 0.00
Run5 0 0 0 3 32 203 202 2,675 3,114 0.00 0.26
Run 6 0 0 0 0 0 0 0 1 0.00 0.00
Run 7 0 0 0 0 0 0 1 313 314 0.00 0.03

Total sediment load on lagoon - Stage 3

Environmental] 0.075 mm | 0.038 mm | 0.027 mm | 0.014 mm | 0.011 mm | 0.008 mm | 0.006 mm | 0.003 mm total Occur layer thickness
Condition [ka] [ka] [ka] [ka] [ka] [ka] [kal [kd] [kd] [%] avg [mm]
Run 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5% 0.00
Run 2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 21% 0.00
Run 3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1% 0.00
Run 4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 13% 0.00
Run 5 0.0 0.0 0.0 0.0 0.0 0.1 0.1 1.2 1.3 2% 0.00
Run 6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5% 0.00
Run 7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.6 3.6 53% 0.00
total 0.0 0.0 0.0 0.0 0.0 0.1 0.1 4.8 4.9 100%| 0.00

% of occurence based on wind measurements Pelican Point

Table 8-14: Sediment load on Lagoon Stage 4

Sediment load on lagoon per day - Stage 4
Environmental| 0.075 mm | 0.038 mm | 0.027 mm | 0.014mm | 0.011mm | 0.008 mm | 0.006 mm | 0.003 mm total layer thickness
Condition [kg] [ka] [kal [kal [kdl [kal [kd] [kg] [kg] avg [mm][ max [mm]
Run 1 0 0 0 0 0 0 0 0| 0| 0.00 0.00
Run 2 0 0 0 0 0 0 0 0| 0| 0.00 0.00
Run 3 0 0 0 0 0 0 0 36 37 0.00 0.00
Run 4 0 0 0 0 0 0 0 0| 0| 0.00 0.00
Run5 0 0 0 45 228 800 570 8,133 9,777 0.01 0.61
Run 6 0 0 0 0 0 0 0 0| 0| 0.00 0.00
Run 7 0 0 0 0 0 0 0 36 37 0.00 0.00

Total sediment load on lagoon - Stage 4

Environmental] 0.075 mm | 0.038 mm | 0.027 mm | 0.014 mm | 0.011 mm | 0.008 mm | 0.006 mm | 0.003 mm total Occur layer thickness
Condition [ton] [ton] [ton] [ton] [ton] [ton] [ton] [ton] [ton] [%] avg [mm]
Run 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5% 0.00
Run 2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 21%| 0.00
Run 3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1% 0.00
Run 4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 13% 0.00
Run 5 0.0 0.0 0.0 0.0 0.2 0.7 0.5 7.0] 8.5 2% 0.01
Run 6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5% 0.00
Run 7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.8 53% 0.00
total 0.0 0.0 0.0 0.0 0.2 0.7 0.5 7.9 9.3 100% 0.01

% of occurence based on wind measurements Pelican Point

For construction of Phase 2 and 3 no problems are expected as the construction activities move away from
the Lagoon entrance.

Hydrodynamic Modelling Report, November 2009 page 91



NAMPORT TENDER 674/ 2008

EIA Study for Extension of the

and i . )
Walvis Bay Container Terminal

8.6.5 Channel dredging

The suspended sediment concentrations while dredging at three different locations for 3 days are shown in
Figure 8-13. In general the suspended sediments are trapped in the port basin and are transported
towards the north. The sediment concentration directly next to the TSHD will be high, but as shown in
Figure 8-13 the concentration drops rapidly below the commonly accepted O.15kg/m3.

Figure 8-13: Suspended sediments channel dredgingr  un 2 (left: flood tide, right: ebb tide)

The siltation of the fines which have been overflowing will settle in the port area and NE of the access
channel, as shown in Figure 8-14. The figure shows a dredging simulation of three days with three
dredgers dredging simultaneously.

As the dredging volume in Phase 1 for which overflow is assumed is relatively small, the actual siltation is
less than shown in the graph (approx. 50%). In addition, dredging in this area will only take place for a
short duration of approx. 1 week. Accidental spills in the silt area have not been modelled. The silt areas
are further away from the existing berths, thus limited accidental spills are not expected to interfere with
activities in the port.
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Figure 8-14: Siltation after 9 days of channel dred  ging (run 2)
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9 Summary and Conclusions

A comprehensive numerical modelling programme was set up to determine the influence of the planned
new container terminal on

Water level changes

Flow pattern in the Bay and the Lagoon
Water refreshment rates in the Lagoon
Distribution of Fishery effluents
Sediment transport (erosion/ accretion)
Wave conditions

Siltation effects during dredging

The modelling runs have been performed for the Base Case (existing situation) as well as for the future
development Phases 1 and 3. For the respective modelling activities adjusted model run definitions have
been set up. All modelling have been carried out by the various modelling modules of the MIKE21 package
of DHI (Danish Hydraulic Institute) after calibration by measurements. The following can be summarized:

The new container terminal has negligible influence on the water levels in the Bay and the
Lagoon.

The current pattern in the Bay changes as such that the large scale eddy is shifted further to
the north. The actual flow velocities change only to smaller extent.

The new container terminal reduces the water exchange rates in the Lagoon by 10-15% due
to the artificial extension of the Lagoon “neck”. This occurs independent of the development
Phase and most distinct near the lagoon entrance.

Effluents from fish processing plants are expected to be blocked from the Lagoon after
implementation of the new container terminal.

The sediment transport only change to minor extent. Local adjustment to the changed flow
conditions occur which is normal in dynamic coastal systems. No significant erosion or
accretion patterns have been observed.

Wave conditions are not affected in general. Extreme significant wave heights for different
return periods have been derived.

From the dredging plume modelling it was determined that spread of fines from spill is rather
moderate. It was found that SE wind situations are less favourable for the causeway reclamation
than S winds. The sediments brought into the Lagoon from dredging (<< 500ton) are far below the
estimated annual wind blown sand intrusion.

The suspension concentrations induced by the dredging and reclamation activities are locally and
temporarily increased but in general below acceptable levels. Only in the very early stages of
reclamation (i.e. the filling of the causeway) larger concentrations of 500mg/l may occur locally in
the Lagoon. However this is observed only for a very limited period (5 -10 days) where the
production rate is actually lower than modelled so that spill of fines is overestimated. The later
Stages 3 and 4 and thus also Phases 2 and 3 will have insignificant effects on the Lagoon.

No other sensitive areas in the Bay are affected by the reclamation works.

During channel dredging the sediment concentration directly next to the TSHD will be high, but the
concentration drops rapidly below the commonly accepted 0.15kg/m®. Since dredging in this area
will only take place for a short duration of approx. 1 week impacts are considered small. Accidental
spills in the silt area have not been modelled. The silt areas are further away from the existing
berths, thus limited accidental spills are not expected to interfere with activities in the port.
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