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[bookmark: _Toc300145129][bookmark: _Toc351978708]INTRODUCTION
[bookmark: _Toc261337361][bookmark: _Toc351978709]Preamble
A solicited proposal was prepared on request of Dr Alan Boyd from the Department of Environmental Affairs, Oceans and Coast Branch.  The proposal was developed under the auspices of the Memorandum of Understanding between the Council for Scientific and Industrial Research and the South African Government through its National Department of Environmental Affairs (DEA) that was signed by the Chief Executive Director of the CSIR, Dr Sibusiso Sibisi and Ms. Nosipho Ngcaba in her capacity as Director General of DEA, on the 21st of September 2012. The MoU establishes cooperation between the parties on matters of common interest, particularly with respect to national priorities, research and development, and capability development in the environmental sector. The particular proposal is in response to the areas of cooperating particularly dealing with a) Adapting and Mitigating to Climate Change and b) Sustainable Environmental Management, but not excluding c) Ecosystems Service Delivery for a Safe and Secure South Africa.  


[bookmark: _Toc351978710]Background

The primary hazards to (physical) SA coastal infrastructure related to the sea are[footnoteRef:1]: direct wave impacts, coastal flooding and inundation, and erosion and under-scouring (Theron, et al. 2010). Focussing on the abiotic hazards to infrastructure and developments in the South African (SA) coastal zone, the main metocean drivers are thus: waves, sea water levels, winds (to a lesser extent in most of SA) and currents (in much fewer instances). [1:  Note, other abiotic coastal/marine hazards to consider are low probability hazards: tsunami, undersea slope failures, etc.. There are also “biotic” hazards/vulnerability, e.g. harmful algal blooms, pollution (e.g. oil spills, outfalls, etc.), but these are not considered in this proposal. Phase 2 would provide relevant forcing mechanisms to investigate and predict some of these potential impacts, e.g. hydro-dynamic modelling to derive currents can be used as input to assess oil spill hazards] 


The degree to which a specific site is exposed to prevailing ocean swells determines the wave energy impacting on shoreline. This is largely dependent on the site location, coast configuration, topography and bathymetry. To quantify the hazard or assess the vulnerability to coastal flooding/inundation, direct wave impacts, extreme water levels and wave run-up, it is required to determine the maximum point that storm waves can reach (wave run-up), i.e. the height to which a wave would run up the beach slope. Primary components of this are to:

1. Determine extreme offshore wave climate (present and future);
2. Derive resultant inshore wave conditions;
3. Calculate extreme seawater levels (e.g. components); and
4. Model wave run-up levels.

Together with a few other coastal parameters (e.g. erosion/accretion, Climate Change scenarios, etc.) this is a critical step in determining “vulnerable” coastal locations (component of integrated coastal management strategy, mainly for safety and to protect property from abiotic physical coastal/marine processes/”impacts”). In conjunction with other integrated coastal management (ICM) considerations (wind sediment transport, public access, environmental criteria, heritage, etc.) this also determines the coastal setback line (as required by the ICM Act). Good information on the inshore wave climate (1 and 2 above) and coastal flooding elevations (3 and 4 above) will have much wider ICM use (e.g. planning and response), leading to e.g. appropriate coastal adaptation measures (for e.g. protection, resilience, sustainability of goods and services).

The DEA requested CSIR to submit a proposal focussing on the determination of the inshore wave climate along the SA coast. This is designated Phase 1 of the SA coastal hazard and vulnerability assessment, which addresses mainly Points 1 and 2 of the above list. The next phase (Phase 2) of the SA coastal hazard and vulnerability assessment would focus more on Points 3 and 4 of the above list.



[bookmark: _Toc351978711]Scope of work


[bookmark: _Toc351978712]Determine the SA offshore wave climate

The information about the wave climate offshore of the SA coast will be obtained from two sources. The secondary source is the VOS data for the relevant offshore area, which will be used to supplement the primary source where necessary. The second and primary source of offshore wave information is deep-water wave forecast data from a global ocean wave model. The National Centre for Environmental Prediction (NCEP), USA, uses the WaveWatch III model, a global wave forecast model to predict the wave conditions on a global scale. NCEP wave data for a selected number of offshore locations will be used for this study. These modelled deep-water waves (for the last decade or more if required) will be analysed to derive the deep-water wave conditions. The CSIR has adequate data sets for both these data sources.  Based on these data sources, general regional wave climates will be derived for the areas offshore of SA. The data and analyses will also be interpreted to determine the extreme offshore wave climate (present and future) around the SA coast. Outputs will include estimates of the return periods of the extreme conditions, wave roses and occurrence tables. 

[bookmark: _Toc351978713]Determine the nearshore wave regime

Determine the nearshore wave regime off the major SA coastal cities:

CSIR already has sufficient input on the wave climate and has wave data in the nearshore off the major SA ports. The primary data source is typically from wave recording buoys that have been operational over about the last decade (or more at some locations) and are located in a water depths ranging from approximately 25 metres to 70 m. Both wind waves and swell approaching the ports will be considered in determining the wave climate. Occurrence tables (e.g. of significant swell wave heights, peak wave periods, and directions) will be generated and estimates of the return periods of the extreme conditions will also be made. Further outputs will include wave roses, while an estimate will also be made of the wave periods most likely associated with the different wave height return periods. Allowance will be made for the inclusion of climate change, and possible changes in wave climate will be estimated.

Derive estimates of the regional inshore wave conditions (between the major cities):

This entails a first coarse assessment (categorisation) of wave conditions at ~10 km alongshore intervals. The wave conditions and the wave climate will be assessed based on the offshore and nearshore climates, available data and site assessments. Representative wave conditions (heights, periods and directions) will be determined in terms of the most common and typical storm waves, as well as an approximate assessment of the wave conditions at each site. The analyses will also be used to determine the most frequently occurring wave conditions at the locations. Note, in this Phase, wave modelling will not be employed to derive (model) resultant inshore wave conditions (i.e. refract the waves into the shoreline to determine the return periods of the waves at inshore locations). In Phase 1, (this project) the regional inshore wave conditions will first be derived from assessment of the offshore and recorded wave climates, and will then be adjusted to local site conditions based on generalised wave transformation coefficients which consider the wave exposure category of each site. The resultant outputs will therefore be estimates of the wave conditions and thus less accurate than wave model simulations.

[bookmark: _Toc351978714]Coarse assessment of storm surge hazard due to metocean conditions

Significant drivers of high/extreme inshore sea water levels are tides, wind set-up, hydrostatics set-up, wave set-up and, in future, sea-level rise due to climate change (Theron, et al. 2012). These drivers all affect the “still-water level” of the sea near the shoreline. (“Still-water level” refers to the seawater level that is maintained for a while, typically for at least quarter of an hour.) Various combinations of these effects can give rise to extreme “still-water levels” of the sea near the shoreline, commonly referred to as storm surge. A concise definition of storm surge can be expressed as follows: “An abnormal rise of the mean sea-level generated by a storm, over and above the astronomical spring high tides.” Estimates will be made of extreme values for combinations of these water level components applicable to each SA coastal region. Based on these calculations and the inshore wave conditions as derived under Item 1.3.2 of the Scope of Work (above), estimates will be made of the regional storm surge levels around the SA coast for the main offshore wave directions. This will provide a robust first order coarse coastal flooding hazard assessment, which will also indicate the relative hazard level of the different coastal regions. However, modelling of accurate coastal flooding elevation levels will not be part of Phase 1 of the work (this proposal), as discussed below.

It should be noted that the above components of storm surge (extreme inshore “still-water” levels) should not be confused with the added effect of wave run-up, which can reach even higher elevations. Wave run-up is the rush of water up the beach slope beyond the still-water level in the swash zone. Extreme wave runup elevations (which include components of storm surge) are a good indicator of extreme/conservative coastal flooding elevations. (Extreme wave run-up elevations have a much shorter duration than storm surge effects, and are maintained for only relatively short periods, typically less than a few minutes.) To determine (model) accurate wave run-up elevations along the coast, more detailed analyses of the inshore wave conditions are required. This would be one of the main undertakings of the follow up Phase 2 of the SA coastal hazard and vulnerability assessment. Although feasible, the magnitude of the work required to determine accurate wave run-up levels along the whole SA coast would be great. Thus it would probably be more cost effective to focus on those areas within each region that are most vulnerable or where the impacts are foreseen to be the most detrimental. However, the scope of the Phase 2 work can be planned and negotiated as required in due course.

It should also be noted that river floods and high estuarine water elevations due to floods from rainfall events in river catchments are outside the scope of this document. (The 1-in-100 year floodlines already determined by some municipalities should be looked at when identifying vulnerable areas regarding river floods. Ideally, new floodlines should be calculated incorporating the potential impacts of climate change.)

[bookmark: _Toc351978715]Proposed Phase 2 – not included in the scope of this project

To derive the nearshore wave climate where no measurements are available, a numerical modelling approach is recommended. In Phase 1, a more simplistic approach is followed using the offshore wave information, the available nearshore measurements and simplistic wave transformation calculations.  It is, however, clear that in areas with complex/irregular bathymetries this approach needs refinement, especially for more critical areas such as (some) coastal cities/towns. Therefore, in Phase 2, a more detailed wave analysis is recommended, in the form of setting up numerical wave models for particular areas. The selection of these areas will be based on pre-defined criteria. Since the SA coast covers in the order of 3 600 km alongshore, critical areas will be selected for the entire coastline. Based on exiting bathymetry data the wave models will enable us to derive (model) resultant inshore wave conditions sufficiently well to describe the varying/different inshore wave climate for the selected areas along the SA coast. This level of investigation would allow the more accurate calculation of, for example, extreme seawater levels and wave run-up levels at suitable scale and resolution to accurately quantify the hazard or assess the vulnerability of coastal flooding/inundation along critical areas of the SA coast. Such investigations could, for example, also be utilised to set-up and conduct real-time predictions (in conjunction with the SA Weather Service) of for example storm surge and wave run-up levels in selected coastal “hot-spot” areas (for example through a pilot project in Algoa Bay). Such outcomes can again be directly linked to Disaster Management activities.  

[bookmark: _Toc311364701]
[bookmark: _Toc351978716]STUDY AREA

The study area comprises the entire coastal zone of South Africa which stretches from the Orange River Mouth on the northern boundary of the SA Atlantic Ocean West Coast to the SA border just south of Ponta du Ouro on the SA Indian Ocean East Coast. Although the deep sea wave regime is considered from a depth of about 2 500 m towards the shore, the focus is on the near-shore and inshore coastal zone. (More specifically, from a depth in the order of 150 m to the shore and landward up to the highest point that storm waves may reach, which is in the order of 10 m above mean sea-level.)

[image: D:\INFO\Risk\SAwaves\south-africa-map.gif]
[bookmark: _Toc311491111][bookmark: _Toc351977048][bookmark: _Toc311491112]Figure 1.1: 	The coastal zone of South Africa



[bookmark: _Toc311364702][bookmark: _Toc351978717]METHODOLOGY
The methodology applied, is summarised in terms of a brief list of the main tasks and studies that were conducted, as presented below:

1. Review literature and collation of available data relevant to Phase 1.
2. Identify primary and secondary coastal hazard drivers (leading to vulnerability parameters in planned Phase 2). (These will feed into a coastal vulnerability indexing methodology planned in the follow up phase to this work.)
3. Generate realistic scenarios of future coastal conditions where appropriate (waves and seawater levels).
4. Analyse the offshore wave climate.
5. Determine and calculate: local tides, wind-, wave- and hydrostatic set-up, future sea-level and wave run-up levels.
6. Conduct coarse coastal flooding assessments for the whole SA coastline.
7. Map various coastal flooding hazards around the SA coast. (This will feed into the mapping of vulnerable coastal areas in terms of flooding and wave run-up levels under the planned Phase 2). 
8. Identify monitoring requirements to improve evidence-based decision-making and to aid integrated coastal management and good governance.


[bookmark: _Toc311364705][bookmark: _Toc351978718]DRIVERS OF RISK

[bookmark: _Toc311364706][bookmark: _Toc351978719]Introduction
Understanding the potential risk to both human and natural elements of the coastal zone facilitates the mapping of vulnerable areas. The need therefore exists to determine areas of low risk (or vulnerability) which, in turn, require prediction of future vulnerability under future climate change scenarios. Studying the hazards associated with coastal processes and dynamics, in particular related to waves and coastal flooding in this case, will aid the planning and low risk location of new development areas and infrastructure. Such knowledge will. For example, also assist in the identification of appropriate climate change adaptation options for existing developments that are assessed to be at risk.


[bookmark: _Toc311364707][bookmark: _Toc351978720]Identification of key ultimate drivers of risk
Van Ballegooyen et al. (2003) identified all significant marine hazards relevant to parts of the Southern African (SA) coast. A hazard is defined here as an event or process (natural or anthropogenic) that results in a potentially deleterious impact on a desirable status quo. Marine hazards may be due to natural events or anthropogenic activities but are typically a combination of these two causes. Van Ballengooyen et al. (2003) point out that the full extent of risk (e.g. loss of life and financial loss) is not always fully appreciated, and cite as an example the long-term financial losses due to coastal erosion which are often poorly understood, including by local authorities. It can be said that all of the items in the hazard inventory of Van Ballegooyen et al. (2003) result from either erosion and/or under-scouring of foundations and structures; flooding and inundation; direct wind and wave impacts (occasionally currents); and, broadly speaking, algal blooms and pollution. NOTE – definitions and  terminology:

NOAA: Storm surge: ”A rise or piling-up of water against shore, produced by strong winds blowing onshore. A storm surge is most severe when it occurs in conjunction with a high tide.”

Expansion by the authors:
In southern Africa, sea storms (i.e. high waves with run-up, impacts and scouring) are also a big risk; these can be exacerbated by strong winds and high tides.


Focusing on the abiotic hazards to infrastructure and developments in the coastal zone, the main metocean drivers are thus waves and sea water levels (and to a lesser extent winds and currents in some instances). This is generally confirmed by literature reviews of coastal vulnerability assessment methods where the identified indicators almost all relate to parameters that affect vulnerability/resilience to erosion/under-scouring, and flooding/inundation (Theron et al. 2010). The foregoing relates to present hazards, while the following paragraph discusses future hazards related to climate change (CC).


The continuously rising concentrations of ”greenhouse” gases in the atmosphere lead to global warming and climate change. The effects of these rising concentrations are already detectable, mainly in terms of thermal variables and, in particular, global mean air temperature. The increase in surface temperatures leads to an increase in sea-levels through the interaction of various processes such as thermal expansion of the oceans and melting of glaciers. It is predicted that climate change will also bring greater storm intensities. This makes coastal settlements vulnerable, especially considering that large portions of the coastal zone are densely populated and growing rapidly. Coastal resources are expected to be affected by a number of consequences of climate change, namely higher sea-levels, higher sea temperatures, changes in precipitation patterns and sediment fluxes from rivers, altered oceanic conditions as well as changes in storm tracks, frequencies and intensities. Our neighbouring Mozambique is, for example, recognized as one of the countries in Africa that is most vulnerable to climate change (Tol, 2004). The coastal zone of Mozambique is particularly vulnerable to the expected impacts of climate change (Theron et al. 2011). The most vulnerable areas along the coast in terms of expected climate change impacts, will almost invariably be located where problems are already being experienced at present (Figure 2.1). In most cases these are the areas where development has encroached too close to the high-water line, or at a too low elevation above mean sea-level (Theron, 2007).  

[image: D:\INFO\ClimateChange\SAEON\figures\AndreTheron\Fig5.2.4.3no5.JPG] [image: D:\INFO\ClimateChange\SAEON\figures\AndreTheron\Fig5.2.4.3no6.JPG]
[bookmark: _Toc311491110][bookmark: _Toc351977050]Figure 2.1:	SA examples of existing vulnerable coastal assets, likely to become more vulnerable due to climate change effects.


Regarding wind hazards and the SA coastal zone, it is acknowledged that primary hazards to coastal infrastructure should include likely wind damage during high winds. The damage that may be done to infrastructure and housing by extreme winds should not be overlooked. However, this report focuses on wave and water level (coastal/marine) related hazards. (As such, extreme wind impacts may be felt far inland with no influence from the sea, and therefore should rightfully be dealt with as a hazard to be included in risk assessment and response for virtually all areas/cities (not specifically only the coast).)

Similarly, tsunami hazard and vulnerability is noted as not being considered in this report. Destructive waves and coastal flooding associated with Tsunamis are also considered to be a relatively low risk hazard for the SA coast. (Although this is beyond the present scope of Phase 1, a focussed tsunami risk assessment for the SA coast could be conducted in the near future, to properly assess vulnerability and quantify impacts/risks, so that the need for tsunami specific planning and adaptation can be ascertained.) 

In also considering other abiotic “non-coastal/marine” hazards and impacts in the wider coastal zone, there is value in noting the combined hazard of high seawater levels with flooding from rivers. It is well known that the heavy rains accompanying some sea storms also bring river floods that can be “backed up” by high seawater levels along the coast. If such joint extreme events occur, they add to the destruction experienced to infrastructure and services. River flooding studies need to take into account the possible effects of high seawater flooding levels. This detail of exacerbated river flooding levels is beyond the scope of this present study, but should be considered for future investigations. Attention must certainly be drawn to the potential combined flooding impact in the low-lying areas of cities/towns where rivers join the sea.  

Finally, shoreline ’stability’, or the probability of erosion (and/or under-scouring of structures) is affected by many drivers, processes and activities, some of which are natural and others due to anthropogenic actions. Most of these variables are listed and “typed/classified” in the following diagram (Figure 2.2).


[bookmark: _Toc311491113][bookmark: _Toc351977051][image: ]
























[bookmark: _Toc351977052]Figure 2.2: 	Drivers, processes and activities affecting shoreline “stability” or erosion.


Changes in the shape of sandy coastlines depend on a number of factors of which the most important is the availability and distribution of sediment (sand). Sand along the coast is moved mostly by waves and currents, while the waves approaching the coast are in turn affected by bottom topography. As the sea-level rises, existing topographic features will be located in deeper water and will have a different effect on waves approaching the coast. Features will either have an amplified or dampened effect on the wave climate compared to the present and the points of wave energy convergence and divergence will change. Changes in wave approach will change longshore currents and longshore sediment transport. Present and future hazards related to coastal erosion are indeed of great importance in the SA coastal zone. While this is beyond the scope of the present study (Phase 1), it should certainly be included in further investigations.

In conclusion, the primary hazards to physical (abiotic) coastal infrastructure related to sea storms (and climate change) are:

Extreme inshore sea water levels resulting in flooding and inundation of low lying areas.
Changes in metocean climate (weather sytems and winds), waves, and local wave regime resulting in direct wave impacts.
Coastal erosion and under-scouring of, for example, foundations and structures.
A combination of extreme events, such as sea storms during high tides plus sea-level rise, will have the greatest impacts and will increasingly overwhelm existing infrastructure as climate change related factors set in time.  

The main metocean drivers related to the above are thus waves and sea water levels (and to a lesser extent winds and currents).



[bookmark: _Toc311364708][bookmark: _Toc351978721]Extreme inshore sea water levels 

Significant drivers of high/extreme inshore sea water levels are tides, wind set-up, hydrostatics set-up, wave set-up and, in future, sea-level rise due to climate change (Theron, et al. 2010, 2012). These drivers all affect the “still-water level” of the sea near the shoreline. (“Still-water level” refers to the seawater level that is maintained for a while, typically for at least quarter of an hour.) Theron (2007) has estimated that in the South African setting during extreme events, these components could each contribute additional amounts (heights) of between about 0.35 m to 1.4 m to the inshore sea water level, as indicated in Table 2.1.

Table 2.1: Parameters and estimated maximum effects on still-water levels for SA coast.
	Parameters and effects
	Elevations (m to mean sea-level - MSL) and set-ups (+ m)

	Mean high water spring tide
	1

	Highest Astronomical Tide (HAT ~19 yr return period) 
	1.4

	Severe wind set-up
	+0.5

	Maximum hydrostatic set-up
	+0.35

	Wave set-up
	+1

	100 year sea-level rise (see Section 4.2.4)
	+0.5 to +2.0 (1.0 best estimate)




Thus, the drivers/components of extreme inshore sea water levels most significant to the Southern African context are the tides (South African spring tides are about 1 m above mean sea-level (MSL), but reach up to +3.7 m MSL in Mozambique), potential SLR, and wave set-up. Various combinations of these effects can give rise to extreme “still-water levels” of the sea near the shoreline, commonly referred to as storm surge. A concise definition of storm surge can be expressed as follows: “An abnormal rise of the mean sea-level generated by a storm, over and above the astronomical spring high tides.” These components of extreme inshore sea water levels as determined for the SA coast are discussed in detail in Section 4.

It should be noted that the above components of storm surge (extreme inshore “still-water” levels) should not be confused with the added effect of wave run-up, which can reach even higher elevations. Wave run-up is the rush of water up the beach slope beyond the still-water level in the swash zone. Extreme wave runup elevations (which include components of storm surge) are a good indicator of extreme/conservative coastal flooding elevations. (Extreme wave run-up elevations have a much shorter duration than storm surge effects, and are maintained for only relatively short periods, typically less than a few minutes.) A definition sketch of the various components leading to extreme inshore sea water levels (identifying the components of tide, barometric/hydrostatic setup, wind setup, wave setup, wave runup and sea-level rise) is presented in Figure 2.3.  

[image: ]
[bookmark: _Toc351977053]Figure 2.3: 	Definition sketch of the various components leading to extreme inshore sea water levels.  


According to surveyed elevations (Smith et al. 2010), maximum run-up levels on the open Kwazulu-Natal (KZN) coast near Durban during the March 2007 storm (which coincided with highest astronomical tide) reached up to about +10.5 m MSL. Note that wave set-up and run-up are both accounted for in these levels.  The maximum wave run-up alone during the 2007 KZN storm is estimated to have been up to about 7 m (vertical), resulting from significant nearshore wave heights of about 8.5 m. (The horizontal distance that the coastline retreated due to coastal erosion caused by this storm ranged from in the order of 0 m to 100 m resulting from local circumstances.) In SA, wave run-up is thus an important factor, which may be considerably exacerbated by tides and future SLR (Theron, et al. 2010). The 2007 storm (in the order of a 1-in-10 to 1-in-35 year event) should at least serve as a timely warning of the potential impacts (Figure 2.4) that could be incurred much more frequently in future or exceeded in any year by more extreme events.
	 
[image: Figure3 Phelp KZN]

[bookmark: _Toc351977054]Figure 2.4:	Example of impact of March 2007 Kwazulu-Natal sea storm (Photo: D Phelp)
 



[bookmark: _Toc311364709][bookmark: _Toc351978722] SA wave climate and extremes analyses
[bookmark: _Toc311364710][bookmark: _Toc351978723]SA Offshore Wave Analysis
[bookmark: _Toc351978724]Introduction

Before describing and analysing observed data it is important to understand the characteristics of the various weather systems off the coast of South Africa which generate waves and cause them to propagate towards shores. 

The following section gives a brief overview of the typical weather systems responsible for generating the waves along the coast. This section also presents a description of the wave climate derived for SA coast, in terms of the general and extreme climates. 

The wave climate of an area can be defined by general trends in parameters such as the wave height (Hmo), wave period (Tp) and direction.  A definition of these parameters and a brief overview of general ocean wave mechanics is given in Appendix 3.1.


[bookmark: _Toc351978725]Wave Generating Mechanisms for the Southern African Coast
 
The general weather climate of the southern African oceans is influenced by different types of synoptic patterns (MacHutchon, 2006).  These include the following pattern types:

· The semi-permanent sub-tropical high pressure cells off the West and East coasts (Figure 3.1a). This weather system is responsible for the higher frequency wave conditions on the West coast. During the summer season, this system generate waves on the West coast that propagates in a North-north-easterly to Northerly direction with peak wave periods (Tp) ranging from about 5 to 10 seconds (s).
· The cold front system comprising low pressure cell associated with a front of cold air coming from the South or South-west (Figure 3.1b). This type of weather system is responsible for most of the wave conditions along the SA coast, which include long period swell to local sea conditions. The waves can approach from a Westerly direction, on the West coast to a South-westerly direction on the South coast. The peak period and range from 5 s to 20 s.  Significant wave heights of more than 10 m can be expected during extreme storm events.
· Cut-off low (COL) systems (Figure 3.1c).  These systems normally consist of a low pressure cell block by two high pressure cells on either side. COL systems are relatively common but during stationary periods can result in extreme storms along the South-eastern and Eastern coasts.
· Tropical cyclones (Figure 3.1d). These systems occur mainly on the East coast, along the Mozambican and SA East coast, to the north of Durban. Apart from being able to produce significant rain floods, these cyclones can generate extreme wave conditions, similar to that of the COL systems.


[image: D:\INFO\ClimateChange\UNCTAD\final edits\Figure15_2.jpg]
Figure 3.1: Synoptic charts illustrating four types of weather systems (produced by the South African Weather Service, 1984, 2001, 2002, 2007)


The waves occurring off the East coast are generated by basically three different mechanisms, apart from local winds.  The general waves originate from frontal system (low pressure cells) passing the South African coast.  The system is responsible for the large storm events on the Cape South-west coast, but has less of an impact on the East coast.  An example of this type of system is shown in Figure 3.2.

Most of the swell waves encountered off the East coast are generated by this type of weather system.  However, it appears that the large wave events on this part of the East coast are generated by the Cut-off Low (COL) system.  This system normally consists of a low pressure cell blocked by two high pressure cells on either side.  COL systems are relatively common but during stationary periods can result in severe storms along the South-eastern and Eastern coasts.  The COL responsible for the March 2007 storm event is shown in Figure 3.3. The high pressure systems surrounding the COL are prominent on the synoptic chart.

These intense COL systems do not occur frequently.  Furthermore, when such a COL is blocked, it appears it could occur anywhere along the East coast.  For example, a COL intensified off the East London area during June 1997, resulting in severe damage along this section of the coast. Therefore, the storm event of March 2007 was an exceptional storm event, but could occur again.  It is also worth noting that since these systems cover a wide stretch of coast, the waves can approach the coast from a wide range of directions.

The third type of weather system refers to the tropical cyclones.  These systems generally originate in the Indian ocean, east of Madagascar. Mavume et al. (2009) produced a map with the cyclone tracks covering the period 1952 to 2007.  This map is presented in Figure 3.4. Note that this map covers the months of November till April, the period when cyclones occur in the region.

Until present, only one extreme cyclone wave event has been recorded. Tropical Cyclone Imboa passed the East coast in February 1984 (see Figure 3.5).  At the peak of the storm, a significant wave height of 8.5 m was recorded off Richards Bay. Note that the wave buoy recorded at a 6 hourly interval. It is thus not certain that the 8.5 m was indeed the peak of the storm event.

As depicted by the map in Figure 3.4, the area covering Mozambique and Madagascar is vulnerable to cyclone activity.  As the cyclone moves south of the Mozambican channel, the tracks indicate the cyclones move off in an easterly direction, and reducing in strength. 

It is not clear at this stage if cyclones will migrate in a more Southerly direction as a result of climate change or perhaps move in a more northerly direction.  More research is required on this issue.
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[bookmark: _Ref346652965][bookmark: _Toc348295257]Figure 3.2: Synoptic chart illustrating the frontal system approaching the Cape coast (produced by the South African Weather Service)
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[bookmark: _Ref346653143][bookmark: _Toc348295258]Figure3.3:  Synoptic chart illustrating the Cut-off Low system off the East coast (produced by the South African Weather Service)
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[bookmark: _Toc348295259]Figure 3.4:  Cyclone tracks during November to April in the south-western Indian Ocean from 1952 to 2007 (Mavume et al., 2009)
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[bookmark: _Ref346653846][bookmark: _Toc348295260]Figure 3.5: Synoptic chart showing Tropical Cyclone Imboa on the East coast (produced by the South African Weather Service)


Therefore due to the unpredictable nature (strength and location) of the extreme event which provides the design waves for the port (cut-off low) there is no guarantee that the highest waves must approach from the direction sector which until now has shown the highest waves.  If the cut-off low would settle slightly further north than has been the case until now, then the highest waves could approach the port from a more easterly or north-easterly direction than has been the case in the past.  Records are considered too short to provide a definitive statement on this and designs to withstand the extreme event should take these directional risks into account.



















[bookmark: _Toc351978726]General Offshore Wave Climate

The wave climate around the SA coast shows a clear seasonal and varies in intensity and directionality around the coast.  This variation in wave height is graphical shown in Figure 3.6, which shows the wave height contours based on Topex satellite data for the Southern Atlantic and Indian ocean.  During winter, the wave height increases along the coasts as the frontal systems travel along a more northerly trajectory.  During summer, the High pressure systems along the west coast, forces the Lows further south, resulting in a general decrease in wave height along the coast.

 An overview of the annual variation in wave height and period along the SA coast is given in Figure 3.7.  Two wave heights are presented.  The first value represent the median significant wave height (Hmo50%), which is exceeded for 50 % of the time.  The second wave height is exceeded for only 1 % of the time (Hmo1%), giving an indication of the more extreme condition.  Also presented is the most likely range of peak wave periods that can be expected for each location.    These values are based on about 11 years of Wave Watch III forecast model data of the National Centre for Environmental Predication (NCEP) since very little measured data were available in the offshore domain.  The only offshore data available is the data set from the FA platform on the Agulhas Bank.  Comparison with this data set indicated the NCEP data represents the offshore wave climate very well.  Thus, the NCEP data were used in this study. For the purposes of this study, a number of data grid-points were selected.  These locations are also indicated in Figure 3.7.

The annual variation in directionality around the coast is illustrated by the wave roses in Figure 3.8.  The dominant wave direction is South-west, representing the general direction of the passing low pressure systems. Note that during winter months, when the trajectories of the lows more further northwards, the waves will approach from a more West-south-westerly direction on the Cape south-west coast. Further northwards on the west coast, there is also a more South-south-westerly component, representing seas generated by the more local southerly wind conditions.  Note that the seasonal wave roses are presented in Appendix 3.2.

As indicated in Figure 3.7, the largest waves occur on the South-west towards the South coast but decrease in magnitude along the West and East coasts.  The distribution of wave period remains fairly constant, due to the swell propagating northwards.  The wave direction is predominantly South-west but swing more toward a South-south-westerly direction on the East coast.

Therefore, the waves arriving at the coast, depends on the prevailing offshore conditions
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Figure 3.6:  Average wave height on seasonal basis – based on Topex data
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Figure 3.7: Overview of wave height and period distribution around SA coast
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Figure 3.8: Overview of wave directionality around SA coast





[bookmark: _Toc351978727]Extreme Offshore Wave Climate

Since the wave conditions are a primary driver of risk to maritime operations and impacts on coastal areas, it is necessary to quantify the extreme wave conditions encountered around the coast.

To estimate the extreme wave heights for a range of return periods, statistical distributions were fitted to a selection of wave height data.  In this study, statistical distributions most applicable to the west and east coasts were used.  These include the Fisher-Tippet and Weibull distributions.  Rossouw and Rossouw (1999) provide a description of these distributions and their application to wave statistics. Offshore wave heights corresponding to return periods from 1 to 100 years applicable to the various sectors of the southern African coast were derived.  The data fits are graphically illustrated in Figure 3.9.  The return periods for the particular locations are summarised in Table 3.1.
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Figure 3.9: Extremes analysis of SA offshore wave climate indicating wave heights for return periods up to 100 years (based on NCEP wave data)


Table 3.1:  Summary of extreme wave heights around SA coast
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As shown in Table 3.1, the waves decrease northwards on both sides of the coast. It is, however important to note that these estimates are based on numerical model data.  Although this data set is considered reliable, the NCEP model does struggle to resolve smaller scale weather systems such as cyclones. Note that the NCEP data are derived from the global Wavewatch III model.  Therefore, since tropical cyclones are fairly small and dynamic atmospheric phenomena, the cyclone-generated waves are not well represented by the NCEP data. 

Since cyclones are part of the weather system on the eastern side of the African coast, especially in the Mozambican region, the estimates of the extreme conditions need more attention.  This, however, requires an in-depth assessment for the Eastern coast, which may form part of the next phase of the study.



[bookmark: _Toc351978728]Wave climate along the SA coast

[bookmark: _Toc351978729]Available Measured Data

Wave data have been collected by the CSIR at South African ports for a number of years. The wave data forms part of an information system developed by the CSIR, referred to as the Integrated Port Operation Support System (IPOSS).  A summary of the data used in this report is given in Table 3.2. The locations where the relevant data were collected are shown in Figure 3.10. Note that this wave climate provided in this report is based only on the CSIR data.  Should data from other sources become available, the information on the wave climate can be updated.
Most of the wave recording buoys are located near the major ports of South Africa in open waters.  However, the Saldanha Bay station is located inside the bay, close to Marcus Island.  Therefore, this data set does not represent the wave conditions outside the bay, only inside the bay. This is also the case with the measurements inside Mossel Bay and Algoa Bay. The data from these two stations do not represent the wave climate outside the bays in open waters.

The wave climate inside Table Bay is derived not from measured data, but from data based on a numerical wave model (Figure 3.11).  This system is referred to as the Virtual Buoy data set.  An overview of this numerical model setup is presented in Appendix 3.3.
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Figure 3.10:  Location of wave recording buoys around SA coast
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Figure 3.11:  Position of Virtual Buoy grid-point in Table Bay


Table 3.2:  Summary of data sets used in study
	Area
	Data description

	Port Nolloth
	· Data obtained from a Datawell Waverider located about 30 km offshore, and about 60 km SSW of Port Nolloth.
· Data sample interval: 3 and 6 hourly
· Date period: April 1987 - August 1996

	Saldanha Bay
	· Data obtained from a Datawell Waverider located inside the Bay, close to Marcus Island.
· Data sample interval: 3 hourly
· Date period: January 2002 – February 2013

	Table Bay
	· Data obtained inside Table Bay from two Virtual Buoy (VB) points.  The VB data are based on a real-time numerical wave model system.
· VB location used for this study is located about 3 km off Table View, inside Table Bay Data sample interval: 3 hourly
· Date period: Dec 2004 – Nov 2011

	Slangkop
	· Data obtained from a Datawell Waverider located about 5 km off Kommetjie.
· Data sample interval: 3 hourly
· Date period: January 2002 – Nov 2011

	Mossel Bay
	· Data obtained from a Datawell Waverider located about 3 km off the Hartenbos River.
· Data sample interval: 3 hourly
· Date period: May 2007 – February 2013

	Gourtiz
	· Data obtained from a Datawell Waverider located about 12 km SE off the mouth of the Gouritz River.
· Data sample interval: 3 hourly
· Date period: June 1985 – March 1994

	Ngqura (Algoa Bay)
	· Data obtained from a Datawell Waverider located about 3 km off the tip of the main breakwater.
· Data sample interval: 3 hourly
· Date period: March 2011 – February 2013

	East London
	· Data obtained from a Datawell Waverider located about 1.5 km off the tip of the main breakwater
· Data sample interval: 3 hourly
· Date period: April 1992 – December 2012: for non-directional analysis
· Date period: February 2004 – December 2012: for directional summary (e.g. wave roses)

	Durban
	· Data obtained from a Datawell Waverider located off the Bluff.
· Data sample interval: 3 hourly
· Date period: Aug 2007  – February 2013

	Richards Bay
	· Data obtained from a Datawell Waverider located about 1.5 km off the tip of the southern breakwater.
· Data sample interval: 3 hourly
· Date period: January 2002  – February 2013









[bookmark: _Toc351978730]Basic Wave Statistics

The joint occurrence statistics of wave height versus wave period and direction (for directional data) were derived from the data for the various wave stations.  Sufficient data were available to derive the seasonal distributions as well. 

In Table Bay, the output of the numerical wave model setup (referred to as the Virtual Buoy system) was used.

This statistical information provided an overview of the general wave conditions to be expected in the vicinity of the selected ports or harbour areas.

In False Bay there are very little data available.  To derive a reasonable wave climate for various locations inside the bay, a similar approach as was used for Table Bay is recommended.  A numerical model could be set up for the bay using measured data for calibration.  This should be addressed in phase 2 of the project.

The corresponding exceedance curves of wave height are also given.  Furthermore, the directional distributions of the wave conditions, where available, are presented in the form of annual and seasonal wave roses.

Note, that the seasons are defined by the following month groupings:
	Summer:	December, January, February
	Autumn:  	March, April, May
	Winter:		June, July, August
	Spring:		September, October, November	


[bookmark: _Toc351978731]General Wave Information

The statistics presented for the selected locations in Appendix 3.4 include the following:

(i) Annual joint occurrence distributions of wave height versus wave period.
(ii)	Annual and seasonal exceedance distributions of wave height. 
(iii)	Annual and seasonal wind roses – for directional wave stations

Table 3.1 provides a summary overview of the general wave conditions for the selected locations. Furthermore, a number of wave height exceedance percentiles (50, 25, 10, 5 and 1 % exceedance values) were extracted from the exceedance distributions.  These, together with a range of wave periods (Tp) are graphically illustrated in Figure 3.12. Note that the range of wave periods given in Table 3.3 represent an occurrence of at least 1 % of the time.  The Tp-range shown in Figure 3.12 represents the wave period range that occurs for most of the time, i.e. the dominant wave period.

From Table 3.3 it is clear there is a general decreasing trend in the wave height moving in a northerly direction along the coast.  The median wave height on the Cape South-west coast is about 2.3 m, offshore of Kommetjie (Slangkop buoy).  Northwards on the West coast, the wave height drops to 2 m, and to about 1.5 m on the East coast (off Richards Bay).

In general, the wave period ranges from 4 s, which represents local sea conditions, to about 18 s, which represents long period swell conditions.  However, all the data indicate periods of 10 s to 12 s occur for most of the time.  Thus, the wave climate along the South African coast is swell dominated.

Although the general wave climate is less severe on the East coast than on the Cape South-west coast, as indicated by the 1% exceedance values (Table 3.1), the effect of the COL and Tropical Cyclone (TC) systems should not be under-estimated.  Although infrequent, these systems are responsible for the most severe wave conditions on the East coast, e.g. severe wave storms off Richards Bay as result of TC Imboa in February 1984 and off Durban as a result of a COL in March 2007.


Table 3.3:  Summary of wave parameters per location

	Recorder location
	Annual Hmo50 %
(m)
	Annual Hmo1 %
(m)
	Wave period range Tp (s)
	Dominant wave direction

	Port Nolloth
	2.0
	4.4
	6 – 16
	n/a

	Saldanha Bay (inside the bay)
	1.1
	2.9
	6 – 20
	n/a

	Table Bay: Anchor-4 (inside the bay) – Virtual Buoy
	1.0
	2.7
	4 – 18
	WSW

	Slangkop
	2.3
	5.7
	6 – 18
	SW

	Mossel Bay
	1.1
	2.8
	4 – 18
	n/a

	Gourtiz
	2.2
	5.1
	6 – 16
	n/a

	Ngqura* (Algoa Bay)
	1.2
	3.0
	4 – 18
	SSE

	East London
	1.7
	3.5
	4 – 18
	S

	Durban
	1.6
	3.2
	4 – 16
	SSE

	Richards Bay
	1.5
	3.4
	4 – 18
	SSE


*Note:  statistics based on only 2 years of data
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Figure 3.12: Overview of wave height and period distribution near the major ports



[bookmark: _Toc351978732]Derivation of Regional Nearshore Wave Climate

As a first coarse assessment of the wave conditions along the entire SA coast, the wave statistics based on the few wave stations are used.  Note that to derive an accurate nearshore wave climate, a long term measured data set is required in the area of interest.  If such are measured data is not available, a numerical wave transformation model can be used.  Once calibrated, the wave climate along the coast can be determined.  An example of the output of such a model is shown in Figure 3.13.  The wave field in Table Bay is depicted as wave height contours and wave vectors.
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		Figure 3.13: Refraction and attenuation of the near-shore wave field in Table Bay



Since the available wave stations were located in different water depths, the statistics of the stations cannot be compared directly.  In general, the waves decrease in magnitude with decreasing water depth.  Therefore, to obtain a comparative nearshore wave regime, a rudimentary approach was applied for the purposes of this phase of the project. Using  Snell’s law, the wave statistics were derived for the 40 m contour (USACE, 2001).  This procedure allowed the refraction of the wave condition, in a particular water depth to another water depth. In this case, the water depth was 40 m.  From the wave statistics, the 1 % and 50 % exceedance values of the wave height (Hmo) could be derived. Note that the 50 % exceedance value is also referred to as the median value.  If data is normally distributed, the median value is very similar to the average values.

Based on the available information, an estimate of the nearshore wave heights could be obtained for the SA coast.  These are presented in Figures 3.14 to 3.17. Figure 3.14 presents the estimated wave height exceeded for 50 % of the time (median) on an annual basis for the SA coastline.  The seasonal patterns are presented in Figure3.15. The wave height patterns for the 1 % exceedance are presented in Figure 3.16 and 3.17.  These patterns indicate the wave heights that will be exceeded for only 1 % of the time.  Thus, for 99 % of the time, the waves will be smaller than indicated in these figures.  As shown in these figures, the largest waves occur along the Cape South-west coast.  Furthermore, there is also a clear seasonal variation in the wave height along the coast.
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Figure 3.14:  Annual median wave height along the SA coast – 40 m contour
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Figure 3.15:  Seasonal median wave height along the SA coast – 40 m contour
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Figure 3.16:  Annual 1% exceedance wave height along the SA coast – 40 m contour
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Figure 3.17:  Seasonal 1% exceedance wave height along the SA coast – 40 m contour

Also of interest is the potential wave power along the coast.  The more wave power there is, the more impact there will be on maritime activities and the coast, on the shore.  Wave power is function the approach wave height, wave period and water depth.  Therefore, the approaching wave condition and bathymetry (which includes the sea bed up to the shore) will have a major influence on the impact of the waves on the coast and shoreline.  Figure 3.18 presents the estimated median wave power along the SA coast.  As shown, the Cape South-west coast receives the most energy, followed by the West and South coasts.
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Figure 3.18:  Annual median wave height along the SA coast – 40 m contour



[bookmark: _Toc311364711][bookmark: _Toc351978733]Trends in SA wave climate and future conditions
Preliminary findings indicate that there may be long-term trends in regional marine weather (metocean) climates, while sea level rise alone will greatly increase the risks and impacts associated with extreme sea-storm events (Theron 2007). The regional variation in the global wave climate was demonstrated by Mori et al. (2010), who predicted that the mean wave height might generally increase in the regions of the mid-latitudes (both hemispheres) and the Antarctic ocean, while decreasing at the equator.  Their study was based on simulating future trends.  Further evidence of a general wave height increase in the northern Atlantic, along the North American East coast was provided by Wang et al. (2004).  Komar and Allan (2008) also found an increase in the wave height generated by hurricanes along the East coast of the United States using wave data from the National Data Buoy Center (NDBC) wave buoy data.  Investigations done by Ruggerio et al. (2010) with buoy data also indicate increasing storm intensities along both the West and East coast of Northern America. Such changes in the regional metocean climates are expected to have significant impacts on local coastal areas. It is therefore important to also investigate possible future climatic changes off the southern African coastline as well as the expected associated impacts.

As can be anticipated, a more severe wave climate (or indirectly a more severe oceanic wind climate) will have greater impact on run-up and flooding levels, and will thus necessitate the prediction of future trends in the wave climate. Although the available southern African wave record is shorter than ideally required to determine long-term trends, a preliminary analysis was conducted. It was found that the annual mean significant wave height (Hm0) and corresponding standard deviation for the wave data set collected off Richards Bay (some 230 km south of Mozambique) and the annual mean wave height (Hm0) for the long-term data set, collected offshore of Cape Town (SA), indicate no real progressive increase. This may appear to contradict the findings of the IPCC as presented in PIANC (2008).  However, the SA results may reflect a regional aspect of the impact of climate change.
 
Although the averages of the SA data appear to remain constant, the individual storm data shows some change. For example, considering the peaks of individual storms during the more extreme South African winter period (June to August), an increase of about 0.5 m over 14 years can seemingly be observed (Figure 3.19). The trend could potentially be indicative of a significant increase in the ’storminess’ over the next few decades, but such a large trend is considered unlikely at this stage. It is also worth noting that the opposite occurs during summer: there seems to be a general decreasing trend over the last 14 years with regard to individual storms. 
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[bookmark: _Toc311491126][bookmark: _Toc318709554][bookmark: _Toc351977055]Figure 3.19: Peaks of individual storms over 14 year-period – offshore Cape Town (based on recordings by CSIR).

If the recorded increase is indeed indicative of a trend, storminess (in terms of intensity) may be on the increase. (A number of aspects need further study though, including reviewing the trends in energy flux and not just the wave height.) An extrapolation into the future of the previous 0.5 m wave height increase over 14 years, is however considered to be unrealistically high. To some extent it could be said that an increasing trend (as possibly indicated by the SA wave data) is supported by the model predictions of Mori et al. (2010), which appear to show an increase for the southern Indian Ocean of roughly 6% (at exceedance probability < 10^-5) (Figure 3.20). 
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[bookmark: _Toc311491127][bookmark: _Toc318709555][bookmark: _Toc351977056]Figure 3.20:	Future wave climate changes from model predictions by Mori et al. (2010)



In lieu of a sufficiently long record of wave data and consequently on wave climate trends, the main driver of the waves, namely the ocean winds, can be examined to derive possible trends. Wave climate and conditions are determined by ocean winds (through parameters such as, e.g. velocity, duration, fetch, occurrence, decay, depth), as indicated in Figure 3.21. Modelling of the southern African metocean climate i.t.o. present versus future wind conditions and barometrics, is currently being conducted (by CSIR). Analyses of the outputs (i.t.o. factors such as ocean wind statistics and trends) are still required to inform future projections of oceanic weather and resultant wave conditions.
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[bookmark: _Toc311491128][bookmark: _Toc318709556][bookmark: _Toc351977057]Figure 3.21:	Example of wave height determined from wind velocity through a wind/wave model



Despite the possibility of stronger oceanic winds (e.g. IPCC 2007, Joubert and Hewitson 1997), predicted values for potential changes in wind regimes off the southern African coastal region are currently still largely lacking. In view of this shortcoming, and to enable an assessment of the potential impacts of stronger winds, a relatively modest increase of 10% could be assumed. (This is also in line with assumptions made for the German coast (Brinkmann, 2010) and the Mozambican coast (Theron, et al. 2012)). Wave height (in the fully developed state) is proportional to the square of the wind stress factor (UA). UA can be related to the wind speed (U) according to the following expression (US Army, Corps of Engineers 1984): UA = 0.71 U1.23 . Thus, a modest 10% increase in wind speed, means a 12% increase in wind stress and a 26% increase in wave height (Theron, 2007).

Some Global climate models seem to predict an increase in frequency and intensification of cyclones (e.g. Carter at all, 1994), but there does not seem to be general scientific consensus on such future cyclone changes/trends. While about two to three cyclones per year currently enter the Mozambique Channel, a possible southward shift of the cyclone belt due to climate change, would mean an increase in the occurrence of cyclones impacting southern Mozambique’s coastal regions. However, although this is a projected future outcome of climate change effects, the confidence placed in this projection is low at this stage. This potential effect of CC is also not expected to occur within the next few decades, but is possible in the long-term, perhaps only beyond 2100. 

Based on the foregoing information and discussion, it is concluded that the main scenario for future wave climate off the SA coast should be a 6% to 10% increase in wave height by 2100, with the best estimate at 6% increase as derived from Mori et al. 2010. This might seem insignificant, but the effect on for example sediment transport (and thus for example on erosion or sedimentation) can be critical, as would be demonstrated in proposed further phases of this investigation. 
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[bookmark: _Toc351978734]Coarse assessment of storm surge hazard
[bookmark: _Toc311364714][bookmark: _Toc351978735]Basic concepts and approach
As confirmed by a recent literature review, the most significant driver of deleterious abiotic impacts in the SA coast (of natural causes) is usually sea storms (i.e. high waves) combined with high sea water levels. This chapter is focussed on the quantification of the components of high inshore seawater levels and the specific combinations thereof that determine the coastal flooding hazard. Analyses of data records and process based models are applied to the specific drivers which have greatest effect on coastal flooding hazards. 

The abiotic (“geophysical”) shoreline response and flooding impact is influenced by coastal parameters/processes such as: topography, geology, inshore wave action, sea-level rise, bathymetry and foredune volume. To be of more use in hazard quantification and ultimately in finding ways of reducing risks, it is necessary to be able to predict or forecast the coastal response and severity of impacts. This is beyond the scope of the present study and would be addressed in the following phase (Phase 2) of investigation.

[bookmark: _Toc311364715][bookmark: _Toc351978736]Prediction of high inshore sea water levels
As mentioned, significant drivers of high inshore sea water levels are tides, wind set-up, hydrostatics set-up, wave set-up and, in future, sea-level rise (SLR - due to climate change), which all affect the “still-water” level at the shoreline. The additional significant driver/component of extreme inshore sea water levels in the southern African context is the wave run-up. (Figure 2.3 presents a schematic definition of the various components referred to.)


[bookmark: _Toc351978737]SA inshore sea-level recordings

SA sea-level data and analyses

The South African Navy Hydrographic Office (SANHO) is the responsible authority for the installation and maintenance of tide gauges in the principal harbours of South Africa. SANHO is also responsible for the acquisition, processing, archiving and dissemination of sea-level data from these tide gauges, and the assembly and dissemination of Annual Tide Tables (SANHO, 2009), in accordance with the guidelines and standards of the International Hydrographic Organisation (IHB, 2010). The monitoring and forecasting of expected tidal conditions at the principal harbours is an important contribution to maritime safety, but also in understanding coastal processes and therefore ultimately in coastal management/governance.

The sea-level network was initiated in 1957 and completed by 1989 with tide gauges of the float and stilling well type. After experiencing problem with acoustic water level recorders, new radar tide gauges were gradually introduced, which have since demonstrated high levels of accuracy and stability (Farre, 2006). A carefully chosen duty cycle (typically, a 17 second sampling interval) filters out contamination from high frequency gravity waves, leaving behind the desired sea-level signal. One minute averages are retained when the instrument is used for tsunami warnings, although a longer averaging interval will suffice for tides (IOC, 2006). Data storage and transmission systems are then employed so that the sea-level measurements can be appropriately analysed, archived and disseminated (www.sanho.co.za ). The SANHO Sea-level Network, operating at ten harbours along the South African coast, is shown in Figure 4.1, with station details in Table 4.1.
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Figure 4.1: South African Sea-level Network


Table 4.1: South African Sea-level Stations
	GLOSS Number 
	Station Name 
	Latitude 
	Longitude 
	Type of Gauge 

	13
	Durban
	29052’S;
	31003’E
	Radar fitted with satellite transmitter and GPS 

	76
	Port Elizabeth
	33057’s
	25037’E
	Radar fitted with satellite transmitter and GPS 

	268
	Simon’s Town
	34011’S
	18026’E
	Radar fitted with satellite transmitter and GPS 

	
	Port Nolloth
	29015’S
	16052’E
	Radar

	
	Saldanha Bay
	33001’S
	17057’E
	Radar

	
	Cape Town
	33054’S
	18026’E
	Radar

	
	Mossel Bay
	34011’S
	22008’E
	Radar

	
	Knysna
	32002’S
	23002’E
	Radar

	
	East London
	33001’S
	27055’E
	Radar

	
	Richards Bay
	28048’S
	32005’E
	Radar




Three stations, at Durban, Port Elizabeth and Simon’s Town, form part of two international networks; the Global Sea-level Observing System (GLOSS) (www.gloss-sealevel.org ) and the UNESCO Tsunami Warning System (www.ioc-tsunami.org). To meet with international requirements, the measuring systems are fitted with satellite transmitters to relay information in real time, and a sensitive Global Positioning System (GPS) instrument to monitor any vertical land movement. SANHO has assisted neighbouring states to establish comparable stations at Pemba and Inhambane in Mozambique and Walvis Bay and Luderitz in Namibia, to form a regional southern African network for these international projects. Access to these sea-level observations is available in real time at www.sealevelstation.org. Sea-level data from the SANHO network are analysed to create the Annual Tide Tables published by the South African Navy, (http://www.sanho.co.za).

The record lengths (over 40 years at many stations) and data quality (particularly with the radar gauges), together with rigorous datum control through regular tidal benchmark levelling surveys, have ensured the determination of precise tidal constituents and tidal predictions. These include the contributions of long period (4.4 year and 18.6 year) constituents of a few centimetres, which determine the highest astronomical tides at each station in the network. Tides around the South African coast are remarkably uniform, being strongly semi-diurnal in character, and having a tidal range of just over 2 metres which falls into the category of meso-tidal coastal environments. Spring high tides occur within 50 minutes at all stations around the coast, thereby providing generally weak tidal currents (Searson and Brundrit, 1995). The tidal range for the Southern African coast is summarised in Table 4.2. (In comparison, spring tides reach up to about 3.7 m above mean sea-level (MSL) in Mozambique.)


[bookmark: _Toc351496757]Table 4.2: Summary of tidal levels around Southern African coast (SANHO, 2009)
	Place
	MHWS
	HAT
	Residual*

	Luderitz
	0.60
	0.94
	0.25

	Port Nolloth
	0.99
	1.49
	0.36

	Saldanha Bay
	0.89
	1.17
	0.33

	Cape Town
	0.92
	1.20
	0.36

	Simon’s Town
	0.95
	1.25
	0.39

	Hermanus
	0.99
	1.28
	0.35

	Mossel Bay
	1.17
	1.51
	0.43

	Knysna
	1.12
	1.42
	0.53

	Port Elizabeth
	1.02
	1.28
	0.50

	East London
	1.10
	1.36
	0.44

	Durban
	1.10
	1.39
	0.37

	Richards Bay
	1.10
	1.46
	0.37


		* - PRELIMINARY Residual sea-level increase (inversrse barometric effect, etc.)

When actual sea-level observations are compared to tidal predictions, the difference provides the
contribution, both up and down, of atmospheric forcing to sea-level through the regional weather
variation in air pressure and wind strength and direction. As an alternative, a suitable tidal filter can be applied to hourly sea-level measurements (Doodson and Warburg, 1941) to provide a series of daily mean sea-levels. This contribution of the synoptic weather signal to sea-level has little seasonal or alongshore variation. This water level signal has range varying from 70cm on the west coast to over 90cm on the south coast, and propagates around the coast from west to east as a shelf wave before being blocked by the Agulhas Current (Schumann and Brink, 1990). It should be possible to use tide tables, allied with predictions of the weather effect, to forecast sea-level in harbours and other sheltered areas along the coast for two to three days in advance, thus contributing to the early warning of extreme events.

Observations and predictions for Simon’s Town are displayed in Tables 4.3A and 4.3B, and illustrate typical conditions along the coast of South Africa. The sea-level heights are given relative to the position of the Lowest Astronomical Tide (LAT), used as the datum for the Annual Tide Tables by the South African Navy Hydrographic Office. Details of the conversion from this datum to the Land Levelling Datum are also given in the Annual Tide Tables. (For example, from 1 January 2003, land-levelling datum [also called mean sea-level (MSL)] was set at 0.913 m above chart datum (CD) at Durban (SANHO, 2009). Chart datum corresponds to lowest astronomical tide.)


Table 4.3: Characteristics of highest tides and sea-levels for the Cape Town area.
Table 4.3A: Characteristics of highest tides for Simon’s Town
	Simon’s Town 1957-2010
	Tidal Levels relative to LAT

	Mean Tide Level
	1.00m

	Mean High Water Neaps
	1.29m

	Mean High Water Springs
	1.79m

	Highest Astronomical Tide (HAT)
	2.09m



Table 4.3B: Characteristics of extreme sea-levels for Simon’s Town
	Simon’s Town 1957-2010 
	Extreme Sea-levels relative to LAT 

	Return period of 1 year 
	2.10m 

	Return period of 10 years 
	2.25m 

	Return period of 100 years 
	2.40m 

	Overall maximum recorded
	2.34m 




Characteristics of the highest tides to be expected at Simon’s Town are given in Table 4.3A, extracted from Table 4.2, with an emphasis on the spring high tides. Fortnightly spring high tides occur around 4am and 4pm on days just after new moon and full moon. The highest spring tides of the year are equinoctial, occurring in spring and autumn. The highest equinoctial spring high tides, close to the level of the Highest Astronomical Tide, occur every 4.4 years (recently in 2007 and 2011). HAT is the highest predicted astronomical tide under average meteorological conditions over a full 18.6-year nodal cycle, and will not be reached every year. Details can be found in the Annual Tide Tables. The various high astronomical tides as summarised in Table 4.2 for the SA coast, represent  one of the significant components of extreme inshore sea-level.

The characteristics of observed extreme sea-levels from Simon’s Town over the period 1957-2010 are shown in Table 4.3B, updated from Searson and Brundrit (1995). For comparison with Table 8A, these extreme sea-levels also use the Lowest Astronomical Tide as their datum. The return period is the time elapsed before that level can be expected to occur, and sea-levels for return periods of 1 year, 10 years and 100 years are given. The maximum sea-level actually observed over the 53 year period is also noted. Thus extreme sea-levels exceeding the Highest Astronomical Tide can be expected on an annual basis.

Analyses of extreme sea-level recordings

To be able to identify sea level extreme, not associated with tidal changes, a low pass filter was applied to the raw recorded sea level data. Numerous filters are utilized in Oceanography applications, depending on the phenomena investigated. In the present study the tides were removed and as a result a Cosine-Lanczos low-pass filter was employed, as depicted in Figure 4.2. 

[image: ]
Figure 4.2: A Cosine-Lanczos low-pass filter that removes most of the signal or phenomena with periods shorter than 40 hours. 

Thus most of the physical phenomena with a frequency higher than 0.025 cycles/hour were removed from the raw sea level data. An example of the sea level data together with the filtered (tide removed through spectral analysis) data are provided in Figure 4.3.
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Figure 4.3: An example of tide level data and surge water level data of Cape Town, 2010. 


The data set archived by the Sea Level Center of the University of Hawaii (UHSLC) was obtained and utilised in the present study.  This data set covered a period of about 45 years (1965 - 20120). Therefore, for the purposes of this study, the extreme analysis was conducted on the UHSLC data set.  It must be noted that the data sets contain substantial gaps. Some locations were worse than others and Figure 4.4 (a) to (k) is a summary of the presently available data for all the measuring locations of South Africa (noting that Lüderitz is a town in Namibia).   

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

Figure 4.4 (a)-(l): Percentage available data per year for the entire South African Sea-level Network.

Due to the lack of data, presented in Figure 4.4, the extreme results that will be presented in the present study should be considered perhaps as qualitative estimates rather than accurate calculations.

The extreme analysis was only conducted on the residual water levels, where the astronomical tide component was removed through spectral analysis. A 3-parameter Weibull distribution was fitted to the annual maxima of the residual data, i.e. selecting the maximum value on an annual basis. The Weibull parameters were determined with the Least-squares method. Figure 4.5(a) present the most likely fit for the full data set (with tide), while the fit for the residual is shown in Figure 4.5(b). 
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(a)
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(b)

Figure 4.5 (a): Extreme estimation fit for tidal water levels with respect to Chart Datum (CD) and (b) Extreme estimation fit for residual water levels with respect to Chart Datum (CD).


In Table 4.4 a summary of the return periods as a result of the extreme estimation fits is given on the residual water levels with respect to Chart Datum (CD). 
  
	Table 4.4:  Extreme present day residual still water level estimates.
	
	Return period in years

	Lüderitz
	1
	5
	10
	25
	30
	40
	50
	100

	Residual Sea level to CD [m]
	1.05
	1.11
	1.12
	1.135
	1.13
	1.13
	1.14
	1.14

	Saldahna
	 

	Residual Sea level to CD [m]
	1.24
	1.38
	1.40
	1.42
	1.42
	1.43
	1.44
	1.45

	Port Nolloth
	 

	Residual Sea level to CD [m]
	1.51
	1.61
	1.64
	1.67
	1.68
	1.69
	1.70
	1.72

	Cape Town
	 

	Residual Sea level to CD [m]
	1.20
	1.33
	1.35
	1.37
	1.38
	1.38
	1.39
	1.40

	Simons Town
	 

	Residual Sea level to CD [m]
	1.20
	1.30
	1.34
	1.38
	1.38
	1.39
	1.40
	1.43

	Mossel Bay
	 

	Residual Sea level to CD [m]
	1.48
	1.70
	1.75
	1.82
	1.83
	1.85
	1.86
	1.90

	Knysna
	 

	Residual Sea level to CD [m]
	1.44
	1.64
	1.68
	1.72
	1.73
	1.74
	1.74
	1.77

	PE
	 

	Residual Sea level to CD [m]
	1.39
	1.63
	1.66
	1.69
	1.69
	1.70
	1.71
	1.72

	East London
	 

	Residual Sea level to CD [m]
	1.28
	1.42
	1.46
	1.51
	1.52
	1.53
	1.54
	1.57

	Durban
	 

	Residual Sea level to CD [m]
	1.32
	1.50
	1.5
	1.62
	1.63
	1.65
	1.67
	1.71

	Richards Bay
	 

	Residual Sea level to CD [m]
	1.33
	1.52
	1.54
	1.57
	1.58
	1.59
	1.59
	1.61




In Figure 4.6 a schematic visualization of Table 4.4 is provided, featuring the 1 in 10 year, 1 in 50 year and 1 in 100 year predicted sea level for the South African coast. Figures 4.6 (a) to (c) represent the residual sea levels with respect to Chart Datum and without tides. 
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(c)
Figure 4.6: Residual sea levels from Chart Datum for the 1 in (a) 10 year, (b) 50 year and (c) 100 year event.


Figure 4.7 (a) to (k) depict the percentage of sea water levels exceeding a particular height for the entire monitoring period of each location. These exceeded values are based on the residual sea water level with regards to Chart Datum.
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Sea Level Exceeded (mm) (1985 - 2010)
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(a) Lüderitz
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Sea Level Exceeded (mm) (1958 – 2010)
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(b) Port Nolloth
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Sea Level Exceeded (mm) (1973 – 2010)
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(c) Saldanha Bay
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Sea Level Exceeded (mm) (1967 - 2009)
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(d) Cape Town
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Sea Level Exceeded (mm) (1959 - 2009)
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(e) Simons Town
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Sea Level Exceeded (mm) (1964 - 2010)

	
	1.0%
	5%
	10%
	25%
	50%

	All Data
	1489.6
	1371.9
	1316.3
	1230.6
	1143.4


(f) Mossel Bay
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Sea Level Exceeded (mm) (1966 – 2010)
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(g) Knysna
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Sea Level Exceeded (mm) (1973 - 2010)
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(h) Port Elizabeth
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Sea Level Exceeded (mm) (1965 – 2010)
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(i) East London
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Sea Level Exceeded (mm) (1970 – 2009)
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(j) Durban
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Sea Level Exceeded (mm) (1977 - 2010)
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(k) Richards Bay

Figure 4.7 (a)-(k): Percentage sea water level measurements exceeding a particular height.


Interpretation and discussion

As already mentioned in the foregoing pages, the SA sea-level data records variations and extremes of sea-level mainly resulting from astronomical tides, air pressure variations and wind effects. Keeping in mind that all of the recorders are located within semi-enclosed or sheltered water bodies (i.e. harbours), it is clear that virtually no gravity wave effects (i.e. “normal” wind and swell waves with periods ranging from about 2 s to 24 s) are included in the data. In other words, wave set-up and wave run-up are not included in the recorded extreme water level data. Wind effects (i.e. wind set-up) can penetrate into harbours and to some degree are included in the extreme sea-level data. However, depending on (mainly) the specific location of each recorder, the coastal configuration, wind velocity and direction, and duration of the event, the maximum possible wind-set-up is usually not captured in the data. Wind set-up is discussed further in Section 4.2.3. Besides some degree of wind effects, the main components of extreme sea-level included in the data are the tides and barometric effects. The barometric effects are discussed further in Section4.2.2, but the best estimates of the contribution to extreme sea-levels have been given earlier in Section 4.2.1.


[bookmark: _Toc351978738]Hydrostatic set-up (inverse barometric effect)

Raised inshore sea water levels result from the effects of low local atmospheric pressure over the ocean.  The pressure set-up can be estimated by using the inverse barometer approximation, which translates to an increase of about 1cm for every 1hPa decrease in atmospheric pressure (Van Ballegooyen, 1996). This effect can thus be calculated by means of the following relationship (in the absence of a detailed numerical storm surge model):

∆Sp = (P1– P)* C

where	∆Sp	= Storm Surge Value due to Hydrostatic Set-up (cm)
	P1	= 1013 hPa (Average sea-level pressure)
P	= Forecast / Observed sea-level pressure
C	= 1.0 (Pressure constant)

For the SA south-west coast, it is thus calculated that the maximum additional rise above average water level due to low air pressure (hydrostatic set-up) is about 0.35 m (CSIR, 1987). Considering the SA East Coast and the typical passage of low-pressure cells, maximum hydrostatic set-up in this region is approximately 0.2 m to 0.3 m.

Very strong cyclones (with very low central pressures) have been recorded along the  Mozambican coastal region. Annual minimum pressures off the Mozambican coast (due to cyclones) are in the order of 100 hPa below the average sea-level pressure (estimated from the Joint Typhoon Warning Center data; JTWC, 1997). Thus, the annual maximum hydrostatic set-up along the Mozambican coast is usually in the order of about 1 m. However, cyclone occurrence statistics in the Mozambique offshore region, at present show an occurrence of about 1/3 less in southern Mozambique relative to central Mozambique (Theron et al 2012). In addition, very few cyclones approach further south close to the SA coast (in the order of 1 per decade in northern KZN), and even when they do, they have usually lost much of their strength by the time they enter SA waters. Thus, additional allowance for hydrostatic set-up due to cyclones along the SA coast, over and above the hydrostatic set-up component already included in Section 4.2.1. is extremely unlikely and deemed overly conservative.   


[bookmark: _Toc351978739]Wind and wave set-up

Extreme wind conditions can cause additional elevation of the local seawater level (Jury et al., 1986). This can be further exacerbated by the locally raised water levels caused by a low-pressure weather system. Wind set-up at the coast due to onshore or alongshore winds is mainly a function of the slope of the seafloor and the wind speed. Wind set-up of more than 0.15 m is not uncommon along the south easterly coast of South Africa. This phenomenon is amplified if the wind blows into a semi-enclosed bay such as False Bay, which is a large bay of about 35 km by 35 km in size, situated near Cape Town. For an onshore wind of 25 m/s (which is likely to occur a few times every year in the South-western Cape), a wind set-up of 0.5 m was predicted at the shore of False Bay (CSIR, 1983). Along the SA east coast, maximum onshore wind speeds (with sufficiently long durations) could perhaps exceed 20 m/s. Thus, wind set-up in the order of 0.2 to 0.3 m is considered likely for this region. Wind set-up is usually a smaller component of combined extreme inshore sea water levels, and along open coasts it can be insignificant (the amount is dependent on the shape of the coast).

Relatively large waves often cause significant elevation of the local seawater level (Jury et al., 1986). (Wave set-up is defined as the super elevation of the water surface over normal water elevation due to onshore mass transport of the water by wave action alone.) Similar to wind set-up, this phenomenon is also amplified if the wind blows into a semi-enclosed bay such as False Bay. For the 1 in 50 year wave height the wave set-up was calculated to be 1 m in False Bay (CSIR, 1987).  It is difficult to separate out the wind set-up from the usually more dominant wave set-up and especially the wave run-up. Various authors do not clearly distinguish between the wind set-up and other wave related set-ups and some assume that the combined determination/calculation of wave set-up and wave run-up includes the often smaller component of wind set-up. If specific additional allowance is made for wind set-up, the combined total set-up tends to be somewhat over estimated. In addition, as discussed in Section 4.2.1, wind set-up is also included to a limited degree in the recorded sea-level data. For these reasons the wind set-up is included in the calculation of wave run-up as discussed further in this section.

Various guidelines are provided in the literature to estimate the amount of wave set-up at the coast. According to FEMA (2000) the set-up is 10-20% of the breaker wave height. Karsten (2008) puts the set-up at 20% of the offshore wave height (Hmo). The World Meteorological Organisation (WMO, 1988) states that: "As a general rule of thumb, wave set-up at the coast is about fifteen to twenty per cent of the incident root-mean square wave height." The wave set-up factor (Ws), which is a function of the wave height, period and direction, can also be estimated using an approach presented by Goda (2000) for the following wave period range:

			Ws	= 0.13  			for Tp ≤ 11 s		
			= 0.15  			for 11 s < Tp ≤ 12 s
			= 0.16	  		for Tp > 12 s
		Where Tp 			= Wave period




Thus, based on these published guidelines and the distribution of wave periods versus wave heights off SA (Section 3), the wave set-up factor is taken as 0.16.


To estimate the increase in the water level as a result of wave set-up, the following relationship is proposed:

	wave set-up		= H’0 * Ws
where	H’0 		= “equivalent” unrefracted off-shore significant wave height
Ws 			= Wave set-up factor (according to Goda)



For the purposes of this estimation, the “equivalent” unrefracted off-shore significant wave height (H’0) is related to the observed off-shore wave height through the following relationship:

			H’0		= Kr * Hsoffshore		
where	Kr		= refraction coefficient
Hsoffshore		= the off-shore significant wave height 
(from e.g. NCEP or cyclone  modelling)



The refraction coefficient is mainly a function of wave direction, wave period and the orientation of the coastline. A simplified matrix of refraction coefficients for delineated regions around the South African coast is presented in Table 4.5.




Table 4.5: Simplified refraction coefficients (Kr) for regions around South African coast
	Wave direction
	Coastal region

	
	West
	South-west
	South
	South-east
	East

	
	Port Nolloth to Cape Town
	Cape Town to Cape Agulhas
	Cape Agulhas to Cape St Francis
	Cape St Francis to East London
	East London to Ponta do Ouro

	NW
	(315.0°)
	0.74
	-
	-
	-
	-

	WNW
	(292.5°)
	0.88
	0.74
	-
	-
	-

	W
	(270.0°)
	0.95
	0.78
	0.50
	-
	-

	WSW
	(247.5°)
	0.98
	0.88
	0.74
	-
	-

	SW
	(225.0°)
	0.95
	0.96
	0.88
	0.74
	-

	SSW
	(202.5°)
	0.83
	0.96
	0.95
	0.83
	0.74

	S
	(180.0°)
	0.74
	0.93
	0.97
	0.93
	0.83

	SSE
	(157.5°)
	-
	0.83
	0.95
	0.97
	0.93

	SE
	(135.0°)
	-
	0.74
	0.88
	0.96
	0.97

	ESE
	(112.5°)
	-
	-
	0.74
	0.88
	0.95

	E
	(90.0°)
	-
	-
	0.50
	0.78
	0.88

	ENE
	(67.5°)
	-
	-
	-
	0.50
	0.83

	NE
	(45.0°)
	-
	-
	-
	-
	0.50




Simplified refraction coefficients (Kr) for regions around the SA coast thus almost all fall within the range of 0.5 to 0.98. The extreme wave conditions (all directions and locations) off SA have been determined to range from 7.9 m to 11.1 m for 1-in-10 year, and from 9.3 m to 12.6 m for 1-in-50 year events respectively (Section 4). Thus, the “equivalent” unrefracted off-shore significant wave height (H’0), range from approximately 4.0 m to 10.9 m for 1-in-10 year events, and from 4.6 m to 12.3 m for 1-in-50 year events respectively. By application of Goda’s wave set-up factor, the wave set-up is therefore estimated to range from approximately 1.2 m to 1.7 m, for 1-in-10 year events, and from 1.5 m to 2.0 m for 1-in-50 year events respectively. In terms of regional differences, the highest wave set-ups occur in the Cape Columbine to Cape Agulhas area, while the lowest wave set-ups occur in the Orange River Mouth to Groen River Mouth and Bashee Mouth to Ponta du Uoro (SA border) areas. Overall, the regional differences are not large, with the highest and lowest values differing by only about 0.5 m. The largest differences in wave set-up indicated above (c.a. 0.5 m), are due to local wave exposure/sheltering effects (i.e. the refraction coefficients mentioned above). (Differences in SLR scenarios and wave run-up (Section 4.3) are larger and thus more significant.) More accurate location specific wave set-ups can only be determined by means of detailed numerical wave modelling requiring detail bathymetry data at each site, which is beyond the scope of this phase (Phase 1) of the investigation.  

It should be noted that within estuaries and harbours or very sheltered areas (deep into the lee of significant headlands or capes, behind islands) the wave set-up phenomenon is mostly severely reduced.


[bookmark: _Toc351978740]Sea-level rise (SLR)

Global average eustatic or absolute sea-level rise is mainly due to a combination of an increase in ocean volume due to lower seawater density, arising from a warmer ocean temperature and lower salinity, and an increase in ocean mass due to a re-distribution of fresh water from land-based storage (e.g., glaciers, ice sheets, dams, lakes, rivers and groundwater) to the oceans (Ministry for the Environment 2008). Thus, sea-level rises when melt-water from land-based masses of ice, such as glaciers, flows into the ocean, but sea-level also increases when heat from the atmosphere gets mixed into the upper layers of the ocean, causing that water to expand. In recent decades, this thermal expansion has provided, on average, only about one-quarter of the sea-level rise seen each year, but its contribution is increasing (Gillett et al., 2011). Researchers are now pointing towards an even bigger threat from warm ocean waters: the floating ice shelves that ring Antarctica could melt, and so could the seaward end of land-based ice streams, which would lead to a long-term, catastrophic rise in sea-level (Gillett et al., 2011). In combination with other factors, like subsidence and glacial isostatic adjustment, sea-level rise relative to the land will be highly localized (PIANC 2008). At mid-latitudes the mean sea-level rise will be generally higher than in the equatorial area (IPCC, 2007) due to changes in ocean density distribution (steric sea-level rise).

Recent observations from satellites, very carefully calibrated, are that global sea-level rise over the last decade has been 3.3 +/- 0.4 mm/y (Rahmstorf et al. 2007, and Figure 4.8). The IPCC AR4 Report (IPCC 2007) concludes that anthropogenic warming and sea-level rise would continue for centuries due to the timescales associated with climate processes and feedbacks, even if greenhouse gas concentrations were to be stabilised. Comparisons between about 30 years of South African tide gauge records and the longer term records elsewhere, show substantial agreement. A recent analysis of sea water levels recorded at Durban confirms that the local rate of sea-level rise falls within the range of global trends (Mather 2008). Present South African SLR rates for the east coast are +2.74 mm.yr-1 (Mather et al. 2009).
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[bookmark: _Toc311491115]Figure 4.8: 	Measured and projecedt sea-level rise (Nicholls and Cazenave 2010).
(The blue, green and red bars are projections from different authors.)

The probability of sudden large rises in sea-level (possibly several metres) due to catastrophic failure of large ice-shelves (e.g. Church and White 2006) is still considered unlikely this century, but events in Greenland (e.g. Carlson 2011, Gregory 2004, Overland, 2011) and Antarctica (e.g. Bentley 1997; Thomas et al. 2004) may soon force a re-evaluation of that assessment. In the longer term the large-scale melting of large ice masses is inevitable. Recent literature (since IPCC 2007) gives a wide range of SLR scenarios, as indicated in Figure 4.9. 
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[bookmark: _Toc311491114][bookmark: _Toc351977058]Figure 4.9: 	Comparison of minimum and maximum estimates of global SLR by year 2100 (USACE, 2011)
(Note, the post 2007 studies give an overall range of about 0.5 m to 2 m.)

Some projections and scenarios are even higher, but most “physics/process based” projections (e.g. Church et al 2011; Nicholls and Cazenave 2010; Pfeffer et al. 2008; Milne et al. 2009; SWIPA 2011) for 2100 are in the 0.5 m to 2 m range, as also concluded in various reviews (e.g. Rossouw and Theron 2009; Theron 2011; Fletcher 2009). It is concluded that the best estimate (or “central” estimate/”mid” scenario) of SLR by 2100 is around 1m, with a plausible worst case scenario of 2m, and a best case scenario (low estimate) of 0.5 m (Theron et al 2012). The corresponding best estimate (“mid scenario”) projections for 2030 and 2050 are 0.15 m and 0.35 m respectively.

The problem with SLR is not just the vertical rise, but its interaction with changing storm intensities and wind fields to produce sea conditions which will progressively overwhelm existing infrastructure (e.g. Battjes 2003; Houghton 2005). This is a particularly important risk in the case of the highly exposed South African coastline, and a subject that up to now has been little explored (Theron & Rossouw, 2008). Although we are not able to reliably estimate at this time changes in storm patterns, windiness, wave energy or direction, the increase in storm activity and severity will probably be the most visible impact and the first to be noticed. For example, higher sea-levels will require smaller storm events to overtop existing storm protection measures (see Figure 4.10 below - example of an existing problem area).

 
[image: Figure4 vdMerwe]
[bookmark: _Toc351977059]Figure 4.10: An existing overtopping & flooding problem (Table Bay, SA), likely to worsen due to climate change (Photo: L van der Merwe)


[bookmark: _Toc351978741]SA storm surge levels

In this section, estimates are made of extreme values for realistic combinations of the inshore sea water level components described in Sections 4.2.1 to 4.2.4, as applicable to each SA coastal region. Based on these calculations and the wave conditions as described in Chapter 3, estimates are made of the regional storm surge levels around the SA coast for the main offshore wave conditions. This provides a robust first order coarse storm surge levels assessment for the SA coastal regions. This would feed into coastal flooding hazard assessments, which will also indicate the relative hazard level of the different SA coastal regions. However, modelling of accurate coastal flooding elevation levels are not part of Phase 1 of the work (this investigation).

The joint probability would be extremely low of all of the considered events driving extreme inshore sea water levels occurring simultaneously. To accurately determine the elevations for different return periods and account for joint probabilities would require an in depth investigation beyond the scope of the present study.  In South Africa spring tides occur every two weeks, which means that the chances of storm waves coinciding with spring high tides are relatively high. Therefore, the input water level is set at spring high in the storm surge determination. A probable scenario would thus be to add the three set-up effects, namely hydrostatic -, wind - and wave set-up (which are not independent and do sometimes occur simultaneously to some degree), to the mean high water spring tide. If the three sea-level rise forecasts of 0.15 m , 0.35 m and 1 m by 2030, 2050 and 2100 respectively (“best/mid SLR scenario predictions”, Section 4.2.4) are then added, probable maximum present (2013) and progressive future storm surge levels are predicted. (Similar results are obtained if HAT (highest astronomical tide in an 18.6 year cycle), is combined with only two of the three set-up effects, and sea-level rise is added.)

To illustrate the severity of different return period events, the 1-in-10 year and 1-in-50 year return period wave conditions along each coastal region are considered in combination with the other sea level set-up effects as described above. The results are summarised in Figures 4.11 to 4.16 below. The storm surge scenarios shown in Figures 4.11 to 4.16 are as follows:

· Figure 4.11:  mean high-water spring (MHWS) + wind, wave and atmospheric set-up for 1-in-10 year wave height + 0 m SLR (no SLR assumed at present day 2013).
· Figures 4.12 and 4.13:  similar to Figure 4.11, but including progressive SLR scenarios of 0.35 m and 1 m by 2050 and 2100 respectively (“best/mid SLR scenario predictions”, Section 4.2.4)
· Figure 4.14:  mean high-water spring (MHWS) + wind, wave and atmospheric set-up for 1-in-50 year wave height + 0 m SLR (no SLR assumed at present day 2013).
· Figure 4.15 and 4.16:  similar to Figure 4.14, but including progressive SLR scenarios of 0.35 m and 1 m by 2050 and 2100 respectively (“best/mid SLR scenario predictions”, Section 4.2.4)
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Figure 4.11: 		SA regional coastal storm surge levels for 1-in-10 yr wave return period and 0 m SLR scenario
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Figure 4.12: 		SA regional coastal storm surge levels for 1-in-10 yr wave return period and 0.35 m SLR scenario
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Figure 4.13: 		SA regional coastal storm surge levels for 1-in-10 yr wave return period and 1 m SLR scenario
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Figure 4.14: 		SA regional coastal storm surge levels for 1-in-50 yr wave return period and 0 m SLR scenario
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Figure 4.15: 		SA regional coastal storm surge levels for 1-in-50 yr wave return period and 0.35 m SLR scenario
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Figure 4.16: 		SA regional coastal storm surge levels for 1-in-50 yr wave return period and 1 m SLR scenario



Note, that the above results are coastal “storm surge” levels and do not include wave runup effects, as discussed in Section 4.3. 
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Wave run-up prediction and the combined impact of waves, tides and SLR/climate change effects are addressed in this section.


[bookmark: _Toc351978743]Wave run-up prediction methods

An important step in quantifying coastal flooding hazards (and, for example, in calculating setback lines, i.e. adequate development setback distances) is the determination of wave run-up, i.e. the maximum point that storm waves can reach (Figure 2.3). The wave run-up is mainly a function of parameters such as wave height, direction and period, the surf zone width, type of wave breaking, the roughness, slope and permeability of the near and inshore profile (e.g. rocks or sand), the shape of the beach profile and the wave height distribution (Battjes, 1974). A steeper beach slope, for example, leads to more severe wave run-up. In a literature review of wave run-up prediction methods, 15 such methods were considered of which 7 were evaluated in more detail. These were: Battjes (1971); Nielsen & Hanslow (1991); three formulations by Ahrens and Seelig (2001); two formulations by Ruggiero et al. (2001); Guza and Thornton (1982); and Stockdon et al. (2006). (Most recently a promising formulation for SA has been proposed by Mather et al. (2011), but the general validity and applicability for SA conditions needs to be investigated further.) Of the more empirical formulations, Nielsen and Hanslow (1991) and Ruggiero et al. (2001) appear to be most suitable; with the former being easier to apply. The Nielsen and Hanslow (1991) model requires the wave height (Hs) and period (T), beach slope (tan α), the gravitational acceleration constant (g = 9.81m.s-1), and water level (WL). Two different formulae are derived for the wave run-up height using this method, depending on whether tan (α) is greater or less than 0.1.
 
For tan (α) greater than 0.1:

           		                     	   		
 
And for tan(α) less than or equal to 0.1:

          		                      			
 
            Where: 

						


Nielsen and Hanslow’s set of formulations was therefore used in the compilation of a computer routine, which was then verified and tested against an available set of southern African field data. The results are considered surprisingly good (R2 = 0.79) if the relatively few parameters included in the formulation are kept in mind (Figure 4.17).

[image: ]

Figure 4.17: Verification of wave run-up model: predicted vs. measured run-up elevations
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Having found the Nielsen and Hanslow (1991) model to be sufficiently valid and applicable to local conditions, the same methodology was applied to calculate the wave run-up at various locations along the SA coast. The 1-in-10 year wave height was used in the calculations and these were determined from measured wave conditions along the South African coast as described in Section 3.  In South Africa spring tides occur every two weeks, which means that the chances of storm waves coinciding with spring high tides are relatively high. Therefore, the input water level was set at spring high in the run-up modelling. Two general beach slope categories were selected, namely mild slopes (1 in 18, c.a 0.056) and steep slopes (1 in 9, c.a 0.11) typical of the South African coast. The present day wave run-up levels for these two slopes with the present day 1-in-10 year measured wave data are presented in Figure 4.18 for various open coast (exposed) locations along the coast. The possible effects of climate change were included in these calculations by assuming that the wave heights may increase by 10% due to stronger winds over the ocean (caused by climate change effects). Another effect that was considered was SLR and for this a value of only 0.5 metres was selected (low estimate); these two effects were also combined.





Figure 4.18: General run-up levels predicted for different locations along the South African coast. Also included are potential effects of climate change (higher waves and/or sea-level rise (SLR)).


It should be noted that within estuaries and harbours or very sheltered areas (e.g. deep into the lee of significant headlands or capes, behind islands) the wave set-up phenomenon is mostly severely reduced (similar to wave set-up).


[bookmark: _Toc351978745]Further climate change (SLR) effects on wave run-up 

The same methodology was again applied to further investigate the impact of SLR on run-up return periods and occurrences. One of the impacts of sea-level rise is that waves will reach further inland than at present which implies that present coastal development setback lines (of which few exist) have to be adapted. A coastal development setback line should be a line landward of which fixed structures (e.g. houses, roads, etc.) may be built with reasonable safety against the physical impacts of the coastal processes (e.g. sea storms, wave erosion and run-up). Factors which co-determine the location of setback lines are storm wave run-up elevations and how far the shoreline will retreat due to erosion, which are in turn affected by the amount of sea-level rise that is expected and the projected increases in storminess. Therefore, realistic scenarios of sea-level rise and potential increases in wave heights were determined, as well as calculations to estimate the resulting effects on wave run-up. 

Application of prediction methodology for extreme water levels, sea storms, and wave run-up, Durban, KZN case study:

To clearly illustrate the large effect that SLR has, a low SLR value is first applied. The mean value of the IPCC Fourth Assessment Report SLR predictions is about 0.4 m by 2100 (AR4 Report, IPCC 2007). Using this prediction of future sea-levels it was found that the same extreme wave run-up elevations as occurred during the extreme 2007 KZN storm in South Africa, would be reached by waves 10% lower (Hm0) than those recorded during the peak of the 2007 storm. This means that, based on the calculated return period of the 2007 storm (and assuming that the statistical distribution of extreme waves remains about the same over the next 100 years), the return period for the same extreme run-up heights is effectively halved. In other words, the probability of such extreme conditions occurring again is basically doubled, or statistically, such situations are likely to occur about twice as often over the long term for a SLR of only 0.4 m. (Note, that as discussed in the next paragraph, SLR of 0.4 m is not considered to be a suitable scenario for planning in this report.)

In Section 4.2.4 it was concluded that the best estimate (or “central” estimate) of SLR by 2100 is around 1m (with a plausible worst case scenario of 2m, and a best case scenario (low estimate) of 0.5 m).  Therefore, in view of the newer SLR predictions (post IPCC 2007), the effects of a 1 m SLR (best estimate) on run-up levels were also quantified.  It was thus calculated that a wave height of 24% less than the 2007 KZN storm would result in similar run-up elevations if sea-level rose by 1 m. The results are alarming, in that the return period of the 2007 event (i.t.o. of high run-up elevations) would effectively be subject to a six-fold reduction. In other words, the probability of such extreme events (i.t.o. of high run-up elevations) as those experienced during 2007 happening again would be six times greater, or statistically, such impacts are likely to occur six times as often in the long run due to SLR of 1 m. The 2007 storm should at least serve as a timely warning of the potential impacts (Figure 4.19) that could be incurred much more frequently in future due to CC effects.
	 
[image: Figure3 Phelp KZN]
Figure 4.19: Example of impact of March 2007 Kwazulu-Natal sea storm
 (Photo: D Phelp)


Application of prediction methodology for extreme water levels, sea storms, and wave run-up, Table Bay case study:

Coastal areas within Table Bay (Bloubergstrand to Melkbosstrand) near Cape Town were selected to illustrate how such run-up calculations may be used to highlight present and future vulnerable areas. The Western and Southern Cape, including the study areas, part of which are illustrated in Figure 4.8, were subject to significant storm impacts as recently as 01 September 2008. Run-up data was collected by the CSIR following the 2008 storm and part of these run-up lines are presented in Figure 4.8. Although this storm had a return period of about 1-in-10 years, the impact on the coast was not as severe as that of the 2007 storm on the KwaZulu-Natal coast. It may be noted again that the storm of March 2007 had run-up levels in the vicinity of Durban that reached higher than 8.5 meters above MSL. One of the main reasons why the KwaZulu-Natal coast is more severely impacted by storms of a similar nature is the greater level of density in coastal development close to the high water line in this area. 

The Geographical Information System (GIS) used in the mapping of areas which are susceptible to wave run-up requires coastal topographical data as input. This data was provided by the Cape Metropolitan Council and the beach slopes that were used in the calculation of the run-up levels for the two sites were obtained from beach profiles surveyed by the CSIR. As before, the range of appropriate SLR scenarios, for 2100 are given as 0.5 m to 2 m (Section 4.2.4). Accordingly, this is the SLR range selected for use in the example shown in Figure 4.20. The impacts of climate change on wave run-up at these two sites are illustrated by calculating the run-up levels with increased sea-levels of 0.5m, 1m and 2m. The most severe impact is, as is to be expected, observed when a SLR of 2 m and 10% increase in the storm wave heights coincide.

The run-up mapped for the 2008 storm does not indicate significant impacts in this area, which is borne out by observations during the storm. However, according to the predicted run-up mapped in Figure 4.8, even a 1-in-20 year storm (without adding any sea-level rise effects) will start causing problems for existing developments. As progressively higher sea-levels are added and the scenarios become more severe (as they may well over time), the predicted run-up increases and the vulnerable areas become increasingly larger. Clearly, once sea-level rise exceeds about 1 m, a mere 1-in-20 year sea storm could cause major problems in the highly built up areas near Blouberg. In addition, major transport infrastructure (the coastal trunk road) is also at risk due to an increased sea-level; all the more so were sea storm occurrence also to heighten.
[image: SouthRunup1]
Figure 4.20: Illustration of predicted effects of climate change on coastal run-up lines near Blouberg.
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	Accretion
	The accumulation of (beach) sediment, deposited by natural fluid flow processes

	Alongshore
	Parallel to and near the shoreline; same as longshore

	Astronomical tide
	The tidal levels and character which would result from gravitational effects, e.g. of the earth, sun and moon, without any atmospheric influences.

	Bar
	An offshore ridge or mound of sand, gravel, or other unconsolidated material which is submerged (at least at high tide), especially at the mouth of a river or estuary, or lying parallel to, and a short distance from, the beach.

	Bathymetry
	The measurement of depths of water in oceans, seas and lakes; also the information derived from such measurements.

	Bay
	A recess or inlet in the shore of a sea or lake between two capes or headlands, not as large as a gulf but larger than a cove.

	Beach
	(1) a deposit of non-cohesive material (e.g. sand, gavel) situated on the interface between dry land and the sea (or large expanse of water) and actively “worked” by present-day hydrodynamics processes (i.e. waves, tides and currents) and sometimes by winds.  (2) the zone of unconsolidated material that extends landward from the low water line to the place where there is marked change in material or physiographic form, or to the line of permanent vegetation.  The seaward limit of a beach – unless otherwise specified – is the mean low water line.  A beach includes foreshore and backshore.  (3)  (smp) the zone of unconsolidated material that is moved by waves, wind and tidal currents, extending landward to the coastline.

	Beach erosion
	The carrying away of beach materials by wave action, tidal currents, littoral currents or wind.

	Beach profile
	A cross-section taken perpendicular to a given beach contour, the profile may include the face of a dune or seawall, extend over the backshore, across the foreshore, and seaward underwater into the nearshore zone.

	Bed
	The bottom of a watercourse, or any body of water.

	Benefits
	The economic value of a scheme, usually measured in terms of the cost of damages avoided by the scheme, or the valuation of perceived amenity or environmental improvements.

	Buffer area
	A parcel or strip of land that is designed and designated to permanently remain vegetated in an undisturbed and natural condition to protect an adjacent aquatic or wetland site from upland impacts, to provide habitat for wildlife and to afford limited access.

	Cay
	A small, low island composed largely or coral or sand.

	CD
	Chart Datum

	Cliff
	A high steep face of rock.

	Climate change
	Refers to any long-term trend in mean sea-level, wave height, wind speed, drift rate etc.

	Coast
	A strip of land of indefinite length and width (may be tens of kilometres) that extends from the seashore inland to the first major change in terrain features.

	Coastal management
	The development of a strategic, long-term and sustainable land use policy, sometimes also called shoreline management.

	Coastal processes
	Collective term covering the action of natural forces on the shoreline, and the nearshore seabed.

	Coastal zone
	The land-sea air interface zone around continents and islands extending from the landward edge or a barrier or shoreline of coastal bay to the outer extent of the continental shelf. In its wider meaning it is often taken as extending landward up to where littoral processes are active or could have an effect (which could be some kilometres inland in certain areas).

	Coastline
	(1) technically, the line that forms the boundary between the coast and the shore. (2) commonly, the line that forms the boundary between land and water.  (3) (smp) the line where terrestrial processes give way to marine processes, tidal currents, wind waves, etc.

	Conservation
	The protection of an area, or particular element within an area, accepting the dynamic nature of the environment and therefore allowing change.

	Continental shelf
	The zone bordering a continent extending from the line of permanent immersion to the depth, usually about 100 m to 200 m, where there is a marked or rather steep descent toward the great depths.

	Contour line
	A line connecting points, on a land surface or sea bottom, which have equal elevation.  It is called an isobaths when connecting points of equal depth below a datum.

	Cross-shore
	Perpendicular to the shoreline.

	CSIR
	Council for Scientific and Industrial Research

	Debris line
	A line near the limit of storm wave up-rush marking the landward limit of debris deposits.

	Deep water
	In regard to waves, where depth is greater than one-half the wave length.  Deep-water conditions are said to exist when the surf waves are not affected by conditions on the bottom.

	Deep water waves
	A wave in water the depth of which is greater than one-half the wave length.

	Depth
	Vertical distance from still-water level (or datum as specified) to the bottom.

	Design storm
	Coastal protection structures will often be designed to withstand wave attack by the extreme design storm.  The severity of the storm (i.e. return period) is chosen in view of the acceptable level of risk of damage or failure.  A design storm consists of a design wave condition, a design water level and a duration.

	Design wave
	In the design of harbours, harbour works, etc. the type or types of waves selected as having the characteristics against which protection is desired.

	Direction of waves
	Direction from which waves are coming.

	Direction of wind
	Direction from which wind is blowing.

	Dunes
	(1)  Accumulations of windblown sand on the backshore, usually in the form of small hills or ridges, stabilized by vegetation or control structures.  (2)  a type of bed form indicating significant sediment transport over a sandy seabed.

	Duration
	In forecasting waves, the length of time the wind blows in essentially the same.

	Ecosystem
	The living organisms and the non-living environment interacting in a given area. 

	Erosion
	Wearing away of the land by natural forces.  (1) On a beach, the carrying away of beach material by wave action, tidal currents or by deflation.  (2)  The wearing away of land by the action of natural forces.

	Estuary
	(1) a semi-enclosed coastal body of water which has a free connection with the open sea.  The seawater is usually measurably diluted with freshwater.  (2) the part of the river that is affected by tides.

	Event
	An occurrence meeting specified conditions, e.g. damage, a threshold wave height or a threshold water level.

	Fetch
	The length of unobstructed open sea surface across which the wind can generate waves (generating area).

	Fetch length
	(1)  the horizontal distance (in the direction of the wind) over which a wind generates seas or creates wind setup.  (2)  the horizontal distance along open water over which the wind blows and generates waves.

	Gabion
	(1)  steel wire-mesh basket to hold stones or crushed rock to protect a bank or bottom from erosion.

	Geology
	The science which treats of the original, history and structure of the earth, as recorded in rocks, together with the forces and processes now operating to modify rocks.

	Georeferencing
	The process of scaling, rotating, translating and de-skewing the image to match a particular size and position (2) establishing the location of an image in terms of map projections or coordinate systems.

	High water (HW)
	Maximum height reached by a rising tide.  The height may be solely due to the periodic tidal forces or it may have superimposed upon it the effects of prevailing meteorological conditions.  Non-technically, also called the high tide.

	High water mark
	A reference mark on a structure or natural object, indicating the maximum stage of tide or flood.

	Mean high water springs (MHWS)
	The average height of the high water occurring at the time of spring tides.

	Mean sea-level (MSL)
	The average height of the surface of the sea for all stages of the tide over a 19-year period, usually determined from hourly height readings.

	Ocean
	The great body of salt water which occupies two-thirds of the surface of the earth, or one of its major subdivisions.

	Offshore
	(1)  in beach terminology, the comparatively flat zone of variable width, extending from the shoreface to the edge of the continental shelf.  It is continually submerged.  (2) the direction seaward from the shore.  (3) the zone beyond the nearshore zone where sediment motion induced by wave alone effectively ceases and where the influence of the sea bed on wave action is small in comparison with the effect of wind.  (4)  the breaker directly seaward of the low tide line.

	Offshore wind
	A wind blowing seaward from the land in the coastal area.

	Outcrop
	A surface exposure of bare rock, not covered by soil or vegetation.

	Overtopping
	Water carried over the top of a coastal defence due to wave run-up or surge action exceeding the crest height.

	Peak period
	The wave period determined by the inverse of the frequency at which the wave energy spectrum reaches it’s maximum.

	Photogrammetry
	The science of deducing the physical dimensions of objects from measurements on images (usually photographs) of the objects.

	Port
	A place where vessels may discharge or receive cargo.

	Reach
	(1)  an arm of the ocean extending into the land.  (2)  a straight section of restricted waterway of considerable extent; may be similar to a narrows, except much longer in extent.

	Recession
	(a)  a continuing landward movement of the shoreline.  (2) a net landward movement of the shoreline over a specified time.

	Refraction
	The process by which the direction of a wave moving in shallow water at an angle to the bottom contours is changed.  The part of the wave moving shoreward in shallower water travels more slowly than that portion in deeper water, causing the wave to turn or bend to become parallel to the contours.

	Retum period
	Average period of time between occurrences of a given event.

	Revetment
	(1)  a facing of stone, concrete, etc., to protect an embankment, or shore structure, against erosion by wave action or currents.  (2)  a retaining wall.  (3)  (smp) facing of stone, concrete, etc., built to protect a scarp, embankment or shore structure against erosion by waves of currents.

	Rocks
	An aggregate of one or more minerals rather large in area.  The three classes of rocks are the following: (1) igeneous rock – crystalline rocks formed from molten material.  Examples are granite and basalt.  (2)  sedimentary rock – a rock resulting from the consolidation of loose sediment that has accumulated in layers.  Examples are sandstone, shale and limestone.  (3)  metamorphic rock – rock that has formed from pre-existing rock as a result of heat or pressure.

	Run-up
	The rush of water up a structure or beach on the breaking of a wave.  The amount of run-up is the vertical height above still-water level that the rush of water reaches.

	Sand
	An unconsolidated (geologically) mixture of inorganic soil (that may include disintegrated shells and coral) consisting of small but easily distinguishable grains ranging in size from about .062 mm to 2.0 mm.

	Scour protection
	Protection against erosion of the seabed in front of the toe.

	Sea defences
	Works to prevent or alleviate flooding by the sea.

	Sea-level rise
	The long-term trend in mean sea-level.

	Seawall
	(1)  a structure built along a portion of a coast primarily to prevent erosion and other damage by wave action.  It retains earth against its shoreward face.  (2) (smp) a structure separating land and water areas primarily to prevent erosion and other damage by wave action.  Generally more massive and capable of resisting greater wave forces than a bulkhead.

	Sediment transport
	The main agencies by which sedimentary materials are moved are: gravity (gravity transport); running water (rivers and streams); ice (glaciers); wind; the sea (currents and longshore drift).  Running water and wind are the most widespread transporting agents.  In both cases, three mechanisms operate, although the particle size of the transported material involved is very different, owing to the differences in density and viscosity of air and water.  The three processes are: rolling or traction, in which the particle moves along the bed but is too heavy to be lifted from it; saltation and suspension, in which particles remain permanently above the bed, sustained there by the turbulent flow of the air or water.

	Setback
	(smp) a required open space, specified in shoreline master programs, measured horizontally upland from a perpendicular to the ordinary high water mark. More commonly used in CZM and coastal engineering terms as a required distance landward of a selected contour line (or the shoreline) to safeguard e.g. infrastructure from marine impacts (such as storm waves or esosion).

	Shallow water
	Water of such depth that surface waves are noticeably affected by bottom topography.  Typically this implies a water depth equivalent to less than half the wave length.

	Shoal
	(1)  (noun) a detached area of any material except rock or coral.  The depths over it are a danger to surface navigation.  Similar continental or insular shelf features of greater depths are usually termed banks.  (2)  (verb) to become shallow gradually.  (3)  to cause to become shallow.  (4)  to proceed from a greater to a lesser depth of water.

	Shore
	That strip of ground bordering any body of water which is alternatively exposed, or covered by tides and/or waves.  A shore of unconsolidated material is usually called a beach. The shoreline is often used as the term for delineating between the land and the sea (e.g. selected as the 0 m to MSL contour line).

	Significant wave height
	Average height of the highest one-third of the waves for a stated interval of time.

	Significant wave period
	Average period of the highest one-third of the waves for a stated interval of time.

	Soft defences
	Usually refers to beaches (natural or designed) but may also relate to energy –absorbing beach-control structures, including those constructed of rock, where these are used to control or redirect coastal processes rather than opposing or preventing them.

	Spring tide
	A tide that occurs at or near the time of new or full moon, and which rises highest and falls lowest from the mean sea-level (msl).

	Stillwater level (SWL)
	The surface of the water if all wave and wind action were to cease.  In deep water this level approximates the midpoint of the wave height.  In shallow water it is nearer to the trough than the crest.  Also called the undisturbed water level.

	Surf zone
	The nearshore zone along which the waves become breakers as the approach the shore.

	Surf zone
	The zone of wave action extending from the water line (which varies with tide, surge, set-up, etc).  Out to the most seaward of the zone (breaker zone) at which waves approaching the coastline commence breaking, typically in water depths of between 5 m and 10 m.  

	Surge
	(1) long-interval variations in velocity and pressure in fluid flow, not necessarily periodic, perhaps even transient in nature.  (2)  the name applied to wave motion with a period intermediate between that of an ordinary wind and that of a tide. (3)  changes in water level as a result of meteorological forcing (wind, high or low barometric pressure) causing a difference between the recorded water level and that predicted using harmonic analysis, may be positive or negative.
(2) NOAA: Storm surge: ”A rise or piling-up of water against shore, produced by strong winds blowing onshore. A storm surge is most severe when it occurs in conjunction with a high tide.”
(3) Expansion by the authors:In southern Africa, sea storms (i.e. high waves with run-up, impacts and scouring) are also a big risk; these can be exacerbated by strong winds and high tides.

	Survey, control
	A survey that provides coordinates (horizontal or vertical) of point to which supplementary surveys are adjusted.

	Survey, hydrographic
	A survey that has as its principal purpose the determination of geometric and dynamic characteristics of bodies of water.

	Survey, photogrammetric
	A survey in which monuments are placed at points that have been determined photogrammetrically.

	Survey, topographic
	A survey which has, for its major purpose, the determination of the configuration (relief) of the surface of the land and the location of natural and artificial objects thereon.

	Swash zone
	The zone of wave action on the beach, which moves as water levels vary, extending from the limit of run-down to the limit of run-up.

	Swell
	Waves that have travelled a long distance from their generating area and have been sorted out by travel into long waves of the same approximate period.

	Toe
	(1)  lowest part of sea- and portside breakwater slope, generally forming the transition to the seabed.  (2)  the point of break in slope between a dune and a beach face.

	Topographic map
	A map on which elevations are shown by means of contour lines.

	Updrift
	The direction to which the predominant longshore movement of beach material approaches.

	Wave crest
	(1)  the highest part of the wave.  (2)  that part of the wave above still water level.

	Wave direction
	The direction from which the waves are coming.

	Wave height
	The vertical distance between the crest (the high point of the wave) and the trough (the low point).

	Wave hindcast
	The calculation from historic synoptic weather charts of the wave characteristics that probably occurred at some past time.

	Wave length
	The distance, in meters, between equivalent points (crests or troughs) on waves.  Wave period: (1) the time required for two successive wave crests to pass a fixed point.  (2)  the time, in seconds, required for a wave crest to traverse a distance equal to one wave length.

	Wave rose
	Diagram showing the long-term distribution of wave height and direction.

	Wave set-up
	Elevation of the still-water level due to breaking waves.

	Wave steepness
	The ratio of wave height to its length.  Not the same thing as the slope between a wave crest and its adjacent trough.

	Wave train
	A series of waves from the same direction.

	Wave trough
	The lowest part of the wave form between crests.  Also that part of a wave below still water level.

	Wave variability
	(1)  the variation of heights and periods between individual waves within a wave train.  Wave trains are not composed of waves of equal heights and periods which vary in a statistical manner.  (2)  the variability in direction of wave travel when leaving the generating area.  (3)  the variation in height along the crest.

	Wind rose
	Diagram showing the long-term distribution of wind speed and direction.

	Wind setup
	(1)  the vertical rise in the stillwater level on the leeward side of a body of water caused by wind stresses on the surface of the water.  (2)  the difference in stillwater levels on the windward and the leeward sides of a body of water caused by wind stresses on the surface of the water.  (3)  synonymous with wind, tide and storm surge.  (Storm surge is sometimes reserved for use on the ocean and large bodies of water.  Wind setup is sometimes reserved for use on reservoirs and smaller bodies of water. This “incorrect” distinction is not employed in this report.)

	Wind waves
	(1)  waves formed and growing in height under the influence of wind.  (2)  loosely, any wave generated by wind.

	World Geodetic System, 1984 (revised 2004)
	An earth fixed global reference frame used for defining coordinates when surveying and by GPS systems.






Appendix 3.1:  Wave Mechanics

A1.  Introduction

This section provides a brief overview of the definition of ocean waves as well as the wave generation mechanisms.  A brief discussion on the general wave-current interaction is also given.

A2.  Definition of a Wave

The ocean waves of interest to this particular study, are mainly generated by winds.  Since the wind, and its effect, is a global characteristic, waves can be considered a feature of all the oceans.  A wave is generally described in terms of wave height, wave period and direction. 

It its simplest form, a wave is defined in terms of a sinusoidal wave profile by:

[image: ]

 

This wave profile, as defined by “η” is shown in Figure 1 below.  Note that this profile represents a regular sinusoidal wave.
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Figure 1:  Definition of a sinusoidal wave (USACE, 2001)


In general, the natural sea state does not comprise regular waves, but is rather described as a three-dimensional irregular wave field.  One way of recording this wave field is to use an instrument such as a Directional Waverider (Figure 2).  The wave buoy follows the free surface profile and records the motion in the three basic directions.  An example of the heave (vertical) motion signal is given in Figure 3.  This signal or time-series duration is normally 20 minutes and samples are recorded at an interval of 0.5 s.
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Figure 2:  The Directional Waverider buoy floating on the water surface





[image: ]

Figure 3:  Example of wave record – vertical motion

The data from the buoy measurements can be analysed to provide the necessary wave parameters to be used for engineering and scientific purposes.  The two main approaches to analysing these wave records are the Wave-train (time-domian) analysis and the Spectral (frequency domain) analysis.  

In the time-domain analysis, the following main wave parameters are determined directly from the time-series:

(i) H1/3: the average wave height based on the third-highest of the individual waves of the time-series record.
(ii) Hs:  the significant wave height based on the standard deviation of the water-level samples – practically the same as H1/3
(iii) Tz:  the average wave period of the individual waves of the time-series record.  The wave is defined when the surface elevation crosses the mean water level upward and continues until the next upward-crossing point.

In the frequency domain analysis, the wave energy spectrum is normally determined.  The wave energy spectral density function, E(f), or simply the wave spectrum may be obtained directly from the time-series by means of a Fourier analysis.

This time-series of the surface η(t) can be defined as the infinite sum of sinusoidal components by the following equation.  Note that this formulation does not include the directional component.


[image: ]



where	An =	amplitude of the nth wave component
	ωn =	frequency of the nth wave component
	εn =	relative phase of the nth wave component

The sum of these wave components describes the visual irregular sea-state.  The composition of this summation process is illustrated in Figure 4. 


The wave energy spectrum can be defined by the following equation, which is basically the summation of N wave components:
[image: ]







where	Tr =	record lenght
	Δt =	sampling interval
	f =	the frequency of the wave component
[image: structure of random seas]
































Figure 4:  The structure of the random or irregular sea-state (A van Tonder, 1994)



The process of the determining the wave energy (density) spectrum is illustrated in Figure 5.  The difference in the time-domain and frequency-domain approaches is also indicated.  In this illustration, the time-series is shown from which the wave components are then determined using the Fourier analysis.  The wave energy density spectrum is then based on these components.  This wave spectrum provides information on the energy level of a finite range of wave components, each with its own amplitude and frequency.
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Figure 5:  Schematic layout of spectral analysis of wave time-series (EAK, 1993)




Once the wave energy spectrum is obtained, the nth moment of the spectrum can be determined by:
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The following wave parameters can now be determined.

(i)  The significant wave height (calculated in the frequency domain):

[image: ]



where m0 is the zeroth moment of the wave energy spectrum


(ii)  The mean wave period:

[image: ]




where m0 and m1  is the zeroth and first moments of the wave energy spectrum


(iii)  The peak wave period:

The spectral peak wave period (Tp) is obtained as the inverse of the spectral frequency, which corresponds to the maximum energy of the wave energy spectrum (see Figure 5). Therefore, the peak wave period refers to the wave period where most of the wave energy is concentrated.

A more detail description of the all the wave parameters and the terminology can be found in IAHR (1986).


[bookmark: _Toc195504384](iv) Wave Power Equations

The wave power (or wave energy flux), as determined in this report is given as the wave power per unit width along the wave crest, and is defined as:


						        


where :		=  wave power (W/m)

			=  density of sea water (1 025 kg/m3)

			=  acceleration due to gravity (9,81 m/s2)

			=  significant wave height, defined as 4.mo½  (m)
		mo	=  zeroth moment of the wave spectrum  (m2)

			=  group velocity of the waves (m/s)


A3.  Wave Processes

A number of processes are of importance, especially in the nearshore zone. The most important processes, with regard to this study is refraction and shoaling.  Both these two are considered in the main report.  Therefore, only a summary is given in this section.

Waves propagating through shallow water are strongly influenced by the bathymetry and the currents. A variation in the bathymetry, such as a sub-surface mound or a decrease in depth, can cause changes in wave height and direction as a result of a change in the propagation speed.

· Refraction

Furthermore, a mound or shoal may also cause a focusing effect, which in some cases results in the more than doubling of the wave height.  The magnitude or extent of these changes is particularly sensitive to the wave period and direction.  This process is referred to as refraction and is illustrated in Figure 6.  The process of refraction is also clear in the Google image shown in Figure 7, where the waves are refracting or “bending” around the corner of Green Point, Cape Town.  Therefore, through the process of refraction the offshore wave is transformed to a nearshore wave, which is generally reduced in magnitude, and propagate in a “bent” direction.



Smoothly sloped bathymetry
Ridge
Trough/Channel


Figure 6:  Examples of the refraction process (USACE, 2001)



· Shoaling

Shoaling refers to waves moving progressively into shallow water.  Since the propagation of a wave is described by the dispersion relationship, its wave length (L) will decrease with a decrease in water depth.

Therefore, as a train of wave move into shallower water, i.e. shoaling, the propagation speed of these waves will decrease.  As a result, the first wave will slow down first, followed by the waves behind it.  Thus, the waves will begin to “bunch up” similar to a traffic jam.  
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Figure 7:  Waves refracting around Green Point, Cape Town (Google, 2007)




Apart from a decrease in the wave length (L), there is also an increase of the wave height (H).  This increase in wave height can be attributed to the conservation of the Total Wave Energy (TWE).  TWE consists of two components namely the Kinetic Wave Energy (KWE), which is a function of the phase speed or celerity, and the Potential Wave Energy (PWE), which is a function of the wave height.

As the waves slow down during shoaling, so KWE decreases, since KWE is function of the wave speed.  In conserving the TWE, PWE will increase which leads to an increase in the wave height.

When taking the decrease in wave length also into account, it is clear the wave steepness (H/L) will increase.  This ratio of H/L is referred to as the wave steepness.  When the general breaking index is exceeded (H/L > 1/7) the waves will break.  The process of shoaling is illustrated in Figure 8.
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(Source:  http://piru.alexandria.ucsb.edu/~tierney/TRS/lab7.htm)

Figure 8:  Diagram showing the waves steepening as they approach the shore



· Diffraction

Another important process is diffraction, where wave energy is transferred lateral to the wave crest due a structure that interrupts the wave propagation, e.g. the head of a breakwater.  The energy is transferred along the wave height gradient, i.e. from a point of greater to lesser wave height.

An example of this process is illustrated in Figure 9 by the output of the numerical wave model, Pharos.  The approaching wave encounters a breakwater.  The wave diffracts around the tip of the breakwater but with less energy (into the shadow zone at the lee of the breakwater).
 
Diffraction has a significant effect on wave conditions inside a harbour where calm conditions are required.  However, outside harbours, refraction would be the dominant process.




A4.  Generation of Waves

The main generating force of waves is the wind acting on the air-water interface on the ocean.  This process is illustrated in Figure 10 which shows the generation of small waves referred to as the capillary waves.  As indicated in Figure 10, the winds first generate smaller waves, referred to as the capillary waves.  With time, these waves will grow into larger waves.  Note that the area over which wind generates waves, is referred to as the fetch.  The wind is assumed to be constant over the fetch.

An example of the fetch area is outlined on a synoptic weather chart as illustrated in Figure 11.  The fetch is outlined on the isobars of a low pressure system where the wind is blowing more-or-less constant in the same direction.
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Figure 9:  Pharos simulation showing the diffraction processes around the tip of a breakwater
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Figure 10:  Illustration of wind generated waves (Source: Naval Meteorology and Oceanography Command  - Ocean Quest website)

[image: ]
Figure 11:  Synoptic weather chart with an illustration of the fetch area in a low pressure system (Source: South African Weather Service)


There are a number of factors that will influence the evolution of waves.  The main factors in the open sea are:

(i)	The strength of the winds, i.e. the wind speed
(ii)	The size of the fetch
(iii)	The duration of the wind over the fetch area
(iv)	The existing wave energy at the boundary of the fetch area

Given a short fetch, the waves will grow rapidly.  The growth will however, gradually slow down until there is no more growth in the wave height.  This state is referred to as a fully developed sea-state.  It is also worth noting that during this process, waves of different periods will be generated, i.e. short period wind chop to longer period waves.  At a fully developed state, the longest period waves will propagate with a speed which is approaching the prevailing wind speed (Holthuijsen, 2007).

It is also important to recognise that the generation of wave energy is balanced with the dissipation of energy.  The main processes contributing to this are:

(i) Turbulence, in the form of heat
(ii) White-capping – wave breaking in the deep sea
(iii) Depth-induced wave breaking
(iv) Bottom-friction

When the generated waves leave the area of generation (the fetch), these waves are referred to as “swell”.   In general, these waves will have wave periods longer than 10 s.  In the area of generation, the waves are referred to as “sea” with wave periods between 2 s and approximately 10 s. 

A simplistic approach for describing the evolution or the generation of wave energy as a function of the wind is given by theoretical spectral functions.  One of the most widely used functions is the Pierson-Moskowitz spectral form as given in USACE (2001):  
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Where	α =	dimensionless constant (=0.0081)
	f =	frequency of wave component
fu = 	the limiting frequency for a fully developed wave spectrum.
fu is also assumed to be a function only of wind speed. 


As described in Section A2, the relevant wave parameters can be determined from this wave energy spectrum.

A5.  Wave-Current Interaction

Ocean currents may have a significant impact on waves interacting with the current.  The current may have an effect on the amplitude, the frequency (or period) and the direction of the approaching waves (Holthuijsen, 2007).

The change in amplitude may be a result of a type of shoaling effect, current-induced refraction, or due to a transfer of energy between the current and the waves.  The change in frequency is similar to the Doppler-effect.  The change in wave direction can be attributed to the refraction process.  In this case the change in propagation speed is not related to the bathymetry as such, but to the current.

The type of current interacting with waves include tidal driven currents, e.g. over shallow areas near the shore, long-shore wave induced currents and larger-scale currents such as the Agulhas Current, which flows in a general South-westerly direction along the South African coast.

It is beyond the scope of this study to present a mathematical description of the current-wave interaction.  Furthermore, it is also clear that this interaction would be area specific, especially in the shallow water areas.

The effect of the Agulhas Current on the prevailing waves has been clearly illustrated by Gründlingh (1994).   By correlating Geosat satellite wave height data with the location of the Agulhas current, it was found that some form of enhancement and attenuation of the wave occurred under certain condition inside the current.  The general meandering current is schematised in Figure 12.  The satellite tracks, from which wave height information was derived, are also shown. 
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Figure 12:  Position of the Agulhas Current with the satellite track cutting across the current (Gründlingh, 1994).


The wave height data, as a function of latitude along these satellite tracks are given in Figure 13.  The offshore and inshore boundaries of the Agulhas current are also given.  From these graphs it is clear that some form of enhancement or amplification is present.  It is worth noting that the waves are generally opposing the main southward flowing current.  





[image: marius1]































Figure 13:  The enhancement of the waves inside the Agulhas Current, as based on the Geosat satellite (Gründlingh, 1994).



Based on the results of the study, some enhancement was found for 60 % of the time.  An enhancement of over 40 % was found for 17 % of the analysed data.  Furthermore, the larger magnitudes of enhancement were found northwards of Port Elizabeth, while smaller but more frequent enhancements were found southwards of Port Elizabeth.  

The study indicated that an opposing current (to the waves) results in some form of enhancement.  In these cases, the general wave direction was Southerly to South-westerly.  However, some form of attenuation was also found, when the waves and the current were moving generally in the same direction.






Appendix 3.2:  NCEP Wave Roses

This appendix presents the wave roses based on the NCEP offshore wave data.  Note that the NCEP data are based on numerical forecast model data.  The locations of the NCEP grid-points are presented in Figure 3.2.1.
The wave roses presented in this appendix is listed in the table below.

	No
	Location reference
	Figure no

	1
	Port Nolloth
	3.2.2

	2
	Elands Bay
	3.2.3

	3
	Cape Town
	3.2.4

	4
	Agulhas Bank
	3.2.5

	5
	East London
	3.2.6

	6
	Richards Bay
	3.2.7
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Figure 3.2.1:  Location map of NCEP grid-points
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	Period
	 1997-01-30 to 2008-12-01

	Station
	 Port Nolloth (NCEP)

	Position
	 -29.00000 S, 16.25000 E

	Instrument Depth
	 0 m

	Water Depth
	  0.0 m

	Instrument Type
	 WaveWatch III

	Records
	 34588
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	Port Nolloth (NCEP)
Wave Height (Hmo) vs Wave Direction
1997-01-30 to 2008-12-01
	Figure
3.2.2
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	Period
	 1997-01-30 to 2008-12-01

	Station
	 Lamberts Bay (NCEP)

	Position
	 -32.00000 S, 17.50000 E

	Instrument Depth
	 0 m

	Water Depth
	  0.0 m

	Instrument Type
	 WaveWatch III

	Records
	 34387
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	Lamberts Bay (NCEP)
Wave Height (Hmo) vs Wave Direction
1997-01-30 to 2008-12-01
	Figure
3.2.3
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	Period
	 1997-01-30 to 2008-12-01

	Station
	 Slangkop (NCEP)

	Position
	 -34.00000 S, 17.50000 E

	Instrument Depth
	 0 m

	Water Depth
	  0.0 m

	Instrument Type
	 WaveWatch III

	Records
	 34588
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	Cape Town (NCEP)
Wave Height (Hmo) vs Wave Direction
1997-01-30 to 2008-12-01
	Figure
3.2.4
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	Period
	 1997-01-30 to 2008-12-01

	Station
	 FA Platform 2 (NCEP)

	Position
	 -35.00000 S, 22.50000 E

	Instrument Depth
	 0 m

	Water Depth
	  0.0 m

	Instrument Type
	 WaveWatch III

	Records
	 34588
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	Agulhas Bank (NCEP)
Wave Height (Hmo) vs Wave Direction
1997-01-30 to 2008-12-01
	Figure
3.2.5
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	Period
	 1997-01-30 to 2008-12-01

	Station
	 East London (NCEP)

	Position
	 -33.00000 S, 28.75000 E

	Instrument Depth
	 0 m

	Water Depth
	  0.0 m

	Instrument Type
	 WaveWatch III

	Records
	 34588
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	East London (NCEP)
Wave Height (Hmo) vs Wave Direction
1997-01-30 to 2008-12-01
	Figure
3.2.6
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	Period
	 1997-01-30 to 2008-12-01

	Station
	Richards Bay (NCEP)

	Position
	 -29.00000 S, 16.25000 E

	Instrument Depth
	 0 m

	Water Depth
	  0.0 m

	Instrument Type
	 WaveWatch III

	Records
	 34588
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	Richards Bay (NCEP)
Wave Height (Hmo) vs Wave Direction
1997-01-30 to 2008-12-01
	Figure
3.2.7




APPENDIX 3.3
Development of a Virtual Wave Buoy System for the Port of Cape Town,
South Africa 




The paper on the development of the Virtual buoy system is presented in this Appendix.  The paper was included in the proceedings of the Fifth International Symposium on Ocean Wave Measurement and Analysis, held in Madrid, Spain in July 2005.





Appendix 3.4:  General Wave Statistics of Measured Data



The tables and figures included in this appendix are listed in the table below.

	Location
	Joint occurrence:  Hmo vs Tp (Table)
	Exceedance graphs
(Figure)
	Wave roses
(Figure)

	Port Nolloth
	3.4.1
	3.4.1
	n/a

	Saldanha  Bay
	3.4.2
	3.4.2
	n/a

	Table Bay
	3.4.3
	3.4.3a
	3.4.3b

	Slangkop
	3.4.4
	3.4.4a
	3.4.4b

	Mossel Bay
	3.4.5
	3.4.5
	n/a

	Gouritz
	3.4.6
	3.4.6
	n/a

	Algoa Bay (off Ngqura Port)
	3.4.7
	3.4.7a
	3.4.7b

	East London
	3.4.8
	3.4.8a
	3.4.8b

	Durban
	3.4.9
	3.4.9a
	3.4.9b

	Richards Bay
	3.4.10
	3.4.10a
	3.4.10b






Table 3.4.1		: Percentage Occurrence for Wave height vs Period - All Data: Port Nolltoh

Period			: 1900-01-01 to 2013-01-01
Station			: PORT NOLLOTH
Position			: 29.78 S, 16.76667 E
Instrument Depth	: 0 m
Water Depth		: 100 m
Instrument Type	: All Instruments
Records		: 18452

	Hmo (m)
	Period (Tp) (s)               

	
	0-2
	2-4
	4-6
	6-8
	8-10
	10-12
	12-14
	14-16
	16-18
	18-20
	20-22
	22-24
	24-26
	26-28
	28-30
	30-32
	Total

	0.0 - 0.5
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	0.00

	0.5 - 1.0
	
	0.02
	0.08
	0.10
	1.06
	1.60
	0.29
	0.17
	
	0.04
	
	
	
	
	
	
	3.35

	1.0 - 1.5
	
	0.02
	0.45
	1.21
	4.42
	10.11
	2.52
	0.88
	
	0.10
	
	0.01
	
	
	
	
	19.73

	1.5 - 2.0
	
	
	0.22
	1.70
	4.66
	15.39
	4.92
	1.34
	
	0.17
	
	0.01
	
	
	
	
	28.41

	2.0 - 2.5
	
	
	0.06
	0.75
	3.11
	12.23
	5.47
	1.11
	
	0.19
	
	
	
	
	
	
	22.91

	2.5 - 3.0
	
	
	0.01
	0.19
	1.39
	6.44
	4.23
	1.09
	
	0.16
	
	0.01
	
	
	
	
	13.52

	3.0 - 3.5
	
	
	
	0.06
	0.46
	2.39
	2.84
	1.11
	
	0.11
	
	0.01
	
	
	
	
	6.97

	3.5 - 4.0
	
	
	
	0.01
	0.11
	0.66
	1.35
	0.80
	
	0.06
	
	
	
	
	
	
	2.98

	4.0 - 4.5
	
	
	
	
	
	0.18
	0.54
	0.50
	
	0.03
	
	
	
	
	
	
	1.26

	4.5 - 5.0
	
	
	
	
	
	0.03
	0.20
	0.28
	
	0.04
	
	0.01
	
	
	
	
	0.55

	5.0 - 5.5
	
	
	
	
	
	0.01
	0.02
	0.13
	
	0.01
	
	0.01
	
	
	
	
	0.17

	5.5 - 6.0
	
	
	
	
	
	
	0.03
	0.08
	
	0.01
	
	
	
	
	
	
	0.11

	6.0 - 6.5
	
	
	
	
	
	
	0.01
	0.03
	
	
	
	
	
	
	
	
	0.03

	Total
	0.00
	0.04
	0.81
	4.01
	15.20
	49.04
	22.41
	7.52
	0.00
	0.92
	0.00
	0.05
	0.00
	0.00
	0.00
	0.00
	100.





Table 3.4.2		: Percentage Occurrence for Wave height vs Period - All Data: Saldanha Bay

Period			: 2002-01-01 to 2013-02-28
Station			: SALDANHA BAY
Position			: 33.05 S, 17.978 E
Instrument Depth	: 0 m
Water Depth		: 23 m
Instrument Type	: All Instruments
Records		: 30692

	Hmo (m)
	Period (Tp) (s)               

	
	0-2
	2-4
	4-6
	6-8
	8-10
	10-12
	12-14
	14-16
	16-18
	18-20
	20-22
	22-24
	24-26
	26-28
	28-30
	30-32
	Total

	0.0 - 0.5
	
	0.01
	0.05
	0.11
	0.74
	1.35
	0.29
	0.16
	0.01
	0.05
	0.01
	
	
	
	
	
	2.77

	0.5 - 1.0
	0.00
	0.01
	0.36
	1.14
	5.83
	20.75
	5.69
	1.77
	0.22
	0.34
	0.05
	0.07
	
	
	
	
	36.23

	1.0 - 1.5
	
	0.01
	0.04
	0.79
	3.33
	19.88
	9.86
	2.61
	0.25
	0.32
	0.04
	0.09
	
	
	
	
	37.23

	1.5 - 2.0
	
	
	
	0.13
	0.89
	6.14
	5.58
	2.51
	0.20
	0.21
	0.02
	0.02
	
	
	
	
	15.69

	2.0 - 2.5
	
	
	
	0.02
	0.20
	1.75
	2.08
	1.31
	0.11
	0.10
	0.00
	0.00
	
	
	
	
	5.56

	2.5 - 3.0
	
	
	
	0.00
	0.04
	0.33
	0.56
	0.55
	0.12
	0.07
	0.00
	
	
	
	
	
	1.67

	3.0 - 3.5
	
	
	
	
	
	0.04
	0.14
	0.24
	0.03
	0.06
	0.01
	
	
	
	
	
	0.51

	3.5 - 4.0
	
	
	
	
	
	0.02
	0.05
	0.07
	0.03
	0.02
	
	
	
	
	
	
	0.19

	4.0 - 4.5
	
	
	
	
	
	0.00
	0.01
	0.03
	0.01
	0.01
	0.00
	
	
	
	
	
	0.07

	4.5 - 5.0
	
	
	
	
	
	
	0.00
	0.02
	0.01
	0.01
	
	
	
	
	
	
	0.05

	5.0 - 5.5
	
	
	
	
	
	
	
	0.01
	0.01
	0.00
	
	
	
	
	
	
	0.02

	5.5 - 6.0
	
	
	
	
	
	
	
	0.00
	0.00
	
	
	
	
	
	
	
	0.01

	6.0 - 6.5
	
	
	
	
	
	
	
	
	0.00
	
	
	
	
	
	
	
	0.00

	Total
	0.00
	0.03
	0.45
	2.19
	11.03
	50.26
	24.26
	9.28
	0.99
	1.19
	0.12
	0.18
	0.00
	0.00
	0.00
	0.00
	100.










Table 3.4.3		: Percentage Occurrence for Wave height vs Period - All Data: Table Bay

Period			: 2004-12-14 to 2013-02-28
Station			: VBT:Anchor4
Position			: 33.838 S, 18.44383 E
Instrument Depth	: 0 m
Water Depth		: 21 m
Instrument Type	: All Instruments
Records		: 111670

	Hmo (m)
	Period (Tp) (s)               

	
	0-2
	2-4
	4-6
	6-8
	8-10
	10-12
	12-14
	14-16
	16-18
	18-20
	20-22
	22-24
	24-26
	26-28
	28-30
	30-32
	Total

	0.0 - 0.5
	
	0.00
	0.05
	0.17
	1.38
	2.75
	0.79
	0.36
	0.22
	0.03
	0.01
	
	
	
	
	
	5.75

	0.5 - 1.0
	
	
	0.71
	1.81
	5.85
	21.63
	7.90
	2.66
	1.41
	0.12
	0.01
	
	0.00
	0.00
	
	
	42.11

	1.0 - 1.5
	
	
	0.19
	2.22
	3.21
	12.61
	8.56
	3.85
	1.45
	0.06
	0.01
	
	
	
	
	
	32.17

	1.5 - 2.0
	
	
	0.00
	0.44
	1.33
	4.47
	3.76
	2.66
	1.12
	0.04
	0.00
	
	0.00
	
	
	
	13.83

	2.0 - 2.5
	
	
	
	0.02
	0.24
	1.17
	1.17
	1.17
	0.78
	0.01
	
	
	
	
	
	
	4.56

	2.5 - 3.0
	
	
	
	
	0.02
	0.19
	0.25
	0.33
	0.36
	0.01
	0.00
	
	
	
	
	
	1.15

	3.0 - 3.5
	
	
	
	
	
	0.02
	0.04
	0.06
	0.16
	0.00
	
	
	
	
	
	
	0.27

	3.5 - 4.0
	
	
	
	
	
	
	0.01
	0.02
	0.06
	0.01
	
	
	
	
	
	
	0.10

	4.0 - 4.5
	
	
	
	
	
	
	0.00
	0.01
	0.04
	0.00
	
	
	
	
	
	
	0.05

	4.5 - 5.0
	
	
	
	
	
	
	
	0.00
	0.01
	
	
	
	
	
	
	
	0.01

	Total
	0.00
	0.00
	0.95
	4.66
	12.02
	42.84
	22.48
	11.13
	5.62
	0.27
	0.04
	0.00
	0.00
	0.00
	0.00
	0.00
	100.





Table 3.4.4 		: Percentage Occurrence for Wave height vs Period - All Data: Slangkop

Period			: 2001-01-01 to 2013-02-28
Station			: SLANGKOP
Position			: 34.204 S, 18.28667 E
Instrument Depth	: 0 m
Water Depth		: 70 m
Instrument Type	: All Instruments
Records		: 33513

	Hmo (m)
	Period (Tp) (s)               

	
	0-2
	2-4
	4-6
	6-8
	8-10
	10-12
	12-14
	14-16
	16-18
	18-20
	20-22
	22-24
	24-26
	26-28
	28-30
	30-32
	Total

	0.0 - 0.5
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	0.00

	0.5 - 1.0
	
	
	0.01
	0.04
	0.21
	0.48
	0.12
	0.06
	0.04
	0.01
	
	
	
	
	
	
	0.96

	1.0 - 1.5
	
	
	0.25
	0.38
	1.45
	6.92
	1.37
	0.54
	0.11
	0.03
	0.02
	0.00
	
	
	
	
	11.08

	1.5 - 2.0
	
	
	0.41
	1.23
	1.64
	14.77
	4.41
	1.22
	0.29
	0.13
	0.04
	0.00
	
	
	
	
	24.15

	2.0 - 2.5
	
	
	0.10
	1.33
	1.09
	12.90
	6.82
	1.95
	0.27
	0.13
	0.01
	0.01
	
	
	
	
	24.59

	2.5 - 3.0
	
	
	0.01
	0.45
	0.71
	6.74
	5.76
	2.22
	0.26
	0.07
	0.01
	
	
	
	
	
	16.24

	3.0 - 3.5
	
	
	
	0.10
	0.32
	3.54
	3.49
	1.92
	0.18
	0.03
	0.01
	0.00
	
	
	
	
	9.59

	3.5 - 4.0
	
	
	
	0.04
	0.15
	1.91
	2.05
	1.52
	0.19
	0.04
	0.00
	
	
	
	
	
	5.89

	4.0 - 4.5
	
	
	
	0.01
	0.05
	1.01
	1.13
	0.97
	0.15
	0.02
	
	
	
	
	
	
	3.34

	4.5 - 5.0
	
	
	
	
	0.02
	0.52
	0.65
	0.61
	0.13
	0.01
	0.01
	
	
	
	
	
	1.95

	5.0 - 5.5
	
	
	
	
	0.00
	0.17
	0.31
	0.38
	0.09
	0.01
	
	
	
	
	
	
	0.96

	5.5 - 6.0
	
	
	
	
	
	0.06
	0.21
	0.25
	0.06
	0.02
	
	
	
	
	
	
	0.61

	6.0 - 6.5
	
	
	
	
	
	0.02
	0.08
	0.11
	0.04
	0.01
	
	
	
	
	
	
	0.27

	6.5 - 7.0
	
	
	
	
	
	0.01
	0.03
	0.05
	0.04
	0.01
	
	
	
	
	
	
	0.15

	7.0 - 7.5
	
	
	
	
	
	0.00
	0.01
	0.03
	0.02
	0.01
	
	
	
	
	
	
	0.07

	7.5 - 8.0
	
	
	
	
	
	
	
	0.02
	0.00
	0.00
	
	
	
	
	
	
	0.03

	8.0 - 8.5
	
	
	
	
	
	
	0.00
	0.01
	0.02
	0.01
	0.00
	
	
	
	
	
	0.04

	8.5 - 9.0
	
	
	
	
	
	
	0.01
	0.01
	0.01
	0.01
	
	
	
	
	
	
	0.03

	9.0 - 9.5
	
	
	
	
	
	
	
	0.00
	0.01
	
	
	
	
	
	
	
	0.02

	9.5 - 10.0
	
	
	
	
	
	
	
	
	
	0.01
	0.00
	
	
	
	
	
	0.01

	Total
	0.00
	0.00
	0.77
	3.59
	5.65
	49.05
	26.44
	11.88
	1.92
	0.56
	0.12
	0.01
	0.00
	0.00
	0.00
	0.00
	100.













Table 3.4.5		: Percentage Occurrence for Wave height vs Period - All Data: Mossel Bay

Period			: 2002-01-01 to 2013-02-28
Station			: MOSSEL BAY
Position			: 34.12467 S, 22.1535 E
Instrument Depth	: 0 m
Water Depth		: 24 m
Instrument Type	: All Instruments
Records		: 16412

	Hmo (m)
	Period (Tp) (s)               

	
	0-2
	2-4
	4-6
	6-8
	8-10
	10-12
	12-14
	14-16
	16-18
	18-20
	20-22
	22-24
	24-26
	26-28
	28-30
	30-32
	Total

	0.0 - 0.5
	
	
	
	
	0.02
	0.23
	0.05
	0.02
	
	
	
	
	
	
	
	
	0.32

	0.5 - 1.0
	
	0.01
	0.32
	1.43
	2.50
	18.34
	9.47
	3.50
	0.46
	0.22
	0.08
	0.01
	
	
	
	
	36.33

	1.0 - 1.5
	
	0.02
	0.82
	3.21
	2.55
	12.81
	12.26
	6.50
	0.93
	0.34
	0.05
	0.01
	
	
	
	
	39.48

	1.5 - 2.0
	
	
	0.48
	2.67
	1.57
	3.49
	4.12
	3.61
	0.48
	0.15
	0.01
	
	
	
	
	
	16.56

	2.0 - 2.5
	
	
	0.06
	1.15
	0.97
	0.86
	0.80
	1.23
	0.21
	0.11
	0.01
	
	
	
	
	
	5.40

	2.5 - 3.0
	
	
	
	0.29
	0.35
	0.26
	0.18
	0.19
	0.08
	0.04
	0.01
	
	
	
	
	
	1.39

	3.0 - 3.5
	
	
	
	0.02
	0.10
	0.09
	
	0.04
	0.04
	0.04
	0.01
	
	
	
	
	
	0.33

	3.5 - 4.0
	
	
	
	
	0.03
	0.08
	0.01
	
	
	
	0.02
	
	
	
	
	
	0.13

	4.0 - 4.5
	
	
	
	
	0.01
	0.02
	0.01
	
	
	
	
	
	
	
	
	
	0.04

	4.5 - 5.0
	
	
	
	
	
	0.01
	
	
	
	
	
	
	
	
	
	
	0.01

	5.0 - 5.5
	
	
	
	
	
	0.01
	
	
	
	
	
	
	
	
	
	
	0.01

	Total
	0.00
	0.03
	1.67
	8.76
	8.11
	36.19
	26.89
	15.09
	2.19
	0.88
	0.17
	0.01
	0.00
	0.00
	0.00
	0.00
	100.






Table 3.4.6		: Percentage Occurrence for Wave height vs Period - All Data: Gourritz

Period			: 1985-06-01 to 1994-03-31
Station			: GOURITZRIVER
Position			: 34.41667 S, 22.0 E
Instrument Depth	: 0 m
Water Depth		: 76 m
Instrument Type	: All Instruments
Records		: 17437

	Hmo (m)
	Period (Tp) (s)               

	
	0-2
	2-4
	4-6
	6-8
	8-10
	10-12
	12-14
	14-16
	16-18
	18-20
	20-22
	22-24
	24-26
	26-28
	28-30
	30-32
	Total

	0.0 - 0.5
	
	
	
	
	
	0.01
	
	
	
	
	
	
	
	
	
	
	0.01

	0.5 - 1.0
	
	
	0.01
	0.03
	0.21
	0.19
	0.03
	
	
	
	
	
	
	
	
	
	0.46

	1.0 - 1.5
	
	0.01
	0.12
	0.55
	3.28
	4.73
	0.88
	0.38
	
	0.05
	
	0.04
	
	
	
	
	10.04

	1.5 - 2.0
	0.01
	0.01
	0.28
	1.37
	5.57
	14.95
	3.43
	0.71
	
	0.19
	
	0.09
	
	
	
	
	26.60

	2.0 - 2.5
	
	
	0.16
	1.15
	3.99
	13.22
	5.15
	1.11
	
	0.15
	
	0.09
	
	
	
	
	25.03

	2.5 - 3.0
	
	
	0.02
	1.04
	2.23
	7.91
	4.89
	1.12
	
	0.07
	
	0.03
	
	
	
	
	17.31

	3.0 - 3.5
	
	
	
	0.24
	1.16
	3.99
	3.46
	1.19
	
	0.07
	
	0.02
	
	
	
	
	10.12

	3.5 - 4.0
	
	
	
	0.08
	0.48
	1.76
	1.90
	0.85
	
	0.06
	
	0.01
	
	
	
	
	5.14

	4.0 - 4.5
	
	
	
	
	0.24
	0.78
	1.11
	0.56
	
	0.09
	
	
	
	
	
	
	2.78

	4.5 - 5.0
	
	
	
	
	0.07
	0.27
	0.50
	0.42
	
	0.03
	
	
	
	
	
	
	1.30

	5.0 - 5.5
	
	
	
	
	0.01
	0.08
	0.24
	0.28
	
	0.03
	
	
	
	
	
	
	0.64

	5.5 - 6.0
	
	
	
	
	0.01
	0.04
	0.10
	0.15
	
	0.02
	
	
	
	
	
	
	0.33

	6.0 - 6.5
	
	
	
	
	0.01
	0.01
	0.04
	0.07
	
	0.01
	
	
	
	
	
	
	0.14

	6.5 - 7.0
	
	
	
	
	
	
	0.03
	0.03
	
	0.01
	
	
	
	
	
	
	0.06

	7.0 - 7.5
	
	
	
	
	
	0.01
	
	0.01
	
	0.01
	
	
	
	
	
	
	0.02

	7.5 - 8.0
	
	
	
	
	
	
	0.01
	
	
	
	
	
	
	
	
	
	0.01

	Total
	0.01
	0.02
	0.60
	4.46
	17.25
	47.94
	21.77
	6.88
	0.00
	0.81
	0.00
	0.28
	0.00
	0.00
	0.00
	0.00
	100.









Table 3.4.7		: Percentage Occurrence for Wave height vs Period - All Data: Algoa Bay (Ngqura)

Period			: 2002-01-01 to 2013-02-28
Station			: NGQURA
Position			: 33.83333 S, 25.71666 E
Instrument Depth	: 0 m
Water Depth		: 21 m
Instrument Type	: All Instruments
Records		: 5666

	Hmo (m)
	Period (Tp) (s)               

	
	0-2
	2-4
	4-6
	6-8
	8-10
	10-12
	12-14
	14-16
	16-18
	18-20
	20-22
	22-24
	24-26
	26-28
	28-30
	30-32
	Total

	0.0 - 0.5
	
	
	
	
	0.05
	0.05
	
	
	0.02
	
	
	
	
	
	
	
	0.12

	0.5 - 1.0
	
	0.25
	0.26
	1.64
	2.72
	13.20
	8.84
	3.79
	0.48
	0.16
	
	
	
	
	
	
	31.34

	1.0 - 1.5
	
	0.32
	1.96
	3.57
	3.51
	14.49
	11.38
	6.18
	1.04
	0.16
	0.07
	0.02
	
	
	
	
	42.69

	1.5 - 2.0
	
	
	0.95
	2.40
	1.55
	4.96
	3.71
	3.07
	0.64
	0.12
	
	
	
	
	
	
	17.40

	2.0 - 2.5
	
	
	0.23
	0.92
	0.88
	1.39
	1.41
	0.72
	0.23
	
	
	
	
	
	
	
	5.79

	2.5 - 3.0
	
	
	
	0.18
	0.25
	0.53
	0.42
	0.30
	0.05
	0.02
	
	
	
	
	
	
	1.75

	3.0 - 3.5
	
	
	
	0.02
	0.23
	0.23
	0.16
	0.05
	
	
	
	
	
	
	
	
	0.69

	3.5 - 4.0
	
	
	
	
	0.05
	0.12
	0.02
	
	
	
	
	
	
	
	
	
	0.19

	4.0 - 4.5
	
	
	
	
	0.02
	
	
	
	
	
	
	
	
	
	
	
	0.02

	Total
	0.00
	0.56
	3.41
	8.72
	9.27
	34.98
	25.94
	14.12
	2.45
	0.46
	0.07
	0.02
	0.00
	0.00
	0.00
	0.00
	100.






Table 3.4.8		: Percentage Occurrence for Wave height vs Period - All Data: East London

Period			: 2004-01-01 to 2013-02-28
Station			: EAST LONDON
Position			: 33.038 S, 27.93083 E
Instrument Depth	: 0 m
Water Depth		: 27 m
Instrument Type	: All Instruments
Records		: 24003

	Hmo (m)
	Period (Tp) (s)               

	
	0-2
	2-4
	4-6
	6-8
	8-10
	10-12
	12-14
	14-16
	16-18
	18-20
	20-22
	22-24
	24-26
	26-28
	28-30
	30-32
	Total

	0.0 - 0.5
	
	
	
	
	
	0.00
	
	0.01
	
	
	
	
	
	
	
	
	0.01

	0.5 - 1.0
	
	0.00
	0.02
	0.17
	0.40
	1.23
	0.30
	0.10
	0.02
	0.00
	
	0.00
	
	
	
	
	2.25

	1.0 - 1.5
	
	
	0.37
	1.75
	4.40
	16.80
	6.18
	2.12
	0.37
	0.07
	
	
	
	
	
	
	32.07

	1.5 - 2.0
	
	
	0.60
	2.38
	4.14
	16.51
	9.77
	3.94
	0.44
	0.13
	0.01
	
	
	
	
	
	37.93

	2.0 - 2.5
	
	
	0.12
	1.25
	1.74
	6.87
	4.81
	2.66
	0.32
	0.06
	0.00
	
	
	
	
	
	17.84

	2.5 - 3.0
	
	
	
	0.25
	0.59
	2.00
	1.94
	1.42
	0.23
	0.05
	0.00
	
	
	
	
	
	6.48

	3.0 - 3.5
	
	
	
	0.02
	0.20
	0.68
	0.67
	0.55
	0.15
	0.02
	0.00
	0.00
	
	
	
	
	2.32

	3.5 - 4.0
	
	
	
	
	0.05
	0.23
	0.20
	0.17
	0.04
	0.02
	0.00
	
	
	
	
	
	0.72

	4.0 - 4.5
	
	
	
	
	0.01
	0.10
	0.06
	0.01
	0.02
	
	
	
	
	
	
	
	0.20

	4.5 - 5.0
	
	
	
	
	
	0.05
	0.05
	0.01
	
	0.01
	
	
	
	
	
	
	0.11

	5.0 - 5.5
	
	
	
	
	
	0.01
	0.01
	0.00
	
	
	
	
	
	
	
	
	0.02

	5.5 - 6.0
	
	
	
	
	
	
	0.02
	
	0.00
	0.00
	
	
	
	
	
	
	0.02

	6.0 - 6.5
	
	
	
	
	
	
	0.01
	
	
	
	
	
	
	
	
	
	0.01

	Total
	0.00
	0.00
	1.11
	5.83
	11.54
	44.49
	24.02
	11.00
	1.59
	0.37
	0.02
	0.01
	0.00
	0.00
	0.00
	0.00
	100.















able 3.4.9		: Percentage Occurrence for Wave height vs Period - All Data: Durban

Period			: 2002-01-01 to 2013-02-28
Station			: DURB BLUFF
Position			: 29.884 S, 31.07067 E
Instrument Depth	: 0 m
Water Depth		: 30 m
Instrument Type	: All Instruments
Records		: 14534

	Hmo (m)
	Period (Tp) (s)               

	
	0-2
	2-4
	4-6
	6-8
	8-10
	10-12
	12-14
	14-16
	16-18
	18-20
	20-22
	22-24
	24-26
	26-28
	28-30
	30-32
	Total

	0.0 - 0.5
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	0.00

	0.5 - 1.0
	
	
	0.16
	0.56
	0.83
	1.63
	0.62
	0.14
	0.01
	0.01
	
	
	
	
	
	
	3.96

	1.0 - 1.5
	
	0.03
	2.26
	6.63
	6.40
	12.61
	5.44
	2.86
	0.33
	0.12
	0.03
	0.01
	
	
	
	
	36.72

	1.5 - 2.0
	
	
	3.08
	8.62
	6.01
	11.98
	4.76
	2.80
	0.36
	0.07
	0.01
	
	
	
	
	
	37.69

	2.0 - 2.5
	
	
	0.80
	4.93
	1.85
	4.62
	1.95
	1.18
	0.11
	0.03
	0.03
	
	
	
	
	
	15.50

	2.5 - 3.0
	
	
	0.02
	1.31
	0.47
	1.44
	0.78
	0.47
	0.06
	0.04
	
	
	
	
	
	
	4.60

	3.0 - 3.5
	
	
	
	0.08
	0.11
	0.44
	0.32
	0.13
	0.06
	0.01
	
	
	
	
	
	
	1.14

	3.5 - 4.0
	
	
	
	0.01
	0.03
	0.16
	0.03
	0.03
	0.01
	
	
	
	
	
	
	
	0.28

	4.0 - 4.5
	
	
	
	
	
	0.06
	0.01
	0.01
	
	
	
	
	
	
	
	
	0.08

	4.5 - 5.0
	
	
	
	
	
	0.01
	
	
	
	
	
	
	
	
	
	
	0.01

	5.0 - 5.5
	
	
	
	
	
	0.03
	
	
	
	
	
	
	
	
	
	
	0.03

	Total
	0.00
	0.03
	6.32
	22.14
	15.70
	32.98
	13.90
	7.63
	0.94
	0.28
	0.06
	0.01
	0.00
	0.00
	0.00
	0.00
	100.







Table 3.4.10		: Percentage Occurrence for Wave height vs Period - All Data: Richards Bay

Period			: 2002-01-01 to 2013-02-28
Station			: RICHARDS BAY
Position			: 28.8265 S, 32.104 E
Instrument Depth	: 0 m
Water Depth		: 22 m
Instrument Type	: All Instruments
Records		: 31203

	Hmo (m)
	Period (Tp) (s)               

	
	0-2
	2-4
	4-6
	6-8
	8-10
	10-12
	12-14
	14-16
	16-18
	18-20
	20-22
	22-24
	24-26
	26-28
	28-30
	30-32
	Total

	0.0 - 0.5
	
	
	0.00
	
	0.00
	0.01
	
	
	
	
	
	
	
	
	
	
	0.01

	0.5 - 1.0
	
	0.01
	0.15
	0.60
	0.96
	2.66
	1.39
	0.51
	0.05
	0.03
	
	
	
	
	
	
	6.35

	1.0 - 1.5
	
	0.02
	1.77
	4.89
	7.32
	15.41
	10.39
	4.93
	0.48
	0.23
	0.04
	0.04
	
	
	
	
	45.51

	1.5 - 2.0
	
	
	1.38
	2.84
	5.61
	10.82
	6.06
	3.66
	0.49
	0.15
	0.01
	0.02
	
	
	
	
	31.05

	2.0 - 2.5
	
	
	0.23
	1.05
	1.70
	3.90
	2.17
	1.78
	0.20
	0.08
	0.01
	0.01
	
	
	
	
	11.12

	2.5 - 3.0
	
	
	0.03
	0.28
	0.45
	1.18
	1.03
	0.65
	0.11
	0.04
	0.01
	
	
	
	
	
	3.77

	3.0 - 3.5
	
	
	
	0.03
	0.08
	0.45
	0.39
	0.33
	0.06
	0.02
	0.01
	
	
	
	
	
	1.37

	3.5 - 4.0
	
	
	
	
	0.02
	0.20
	0.17
	0.13
	0.02
	0.01
	
	
	
	
	
	
	0.55

	4.0 - 4.5
	
	
	
	
	
	0.04
	0.07
	0.03
	0.00
	0.00
	
	
	
	
	
	
	0.15

	4.5 - 5.0
	
	
	
	
	
	0.02
	0.02
	0.01
	
	
	
	
	
	
	
	
	0.05

	5.0 - 5.5
	
	
	
	
	0.01
	0.01
	0.01
	0.01
	
	
	
	
	
	
	
	
	0.03

	5.5 - 6.0
	
	
	
	
	
	0.01
	0.00
	0.01
	
	
	
	
	
	
	
	
	0.02

	6.0 - 6.5
	
	
	
	
	
	
	
	0.01
	
	
	
	
	
	
	
	
	0.01

	6.5 - 7.0
	
	
	
	
	
	
	
	0.00
	
	
	
	
	
	
	
	
	0.00

	7.0 - 7.5
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	0.00

	7.5 - 8.0
	
	
	
	
	
	
	
	0.00
	
	
	
	
	
	
	
	
	0.00

	8.0 - 8.5
	
	
	
	
	
	
	
	
	0.00
	
	
	
	
	
	
	
	0.00

	Total
	0.00
	0.03
	3.56
	9.69
	16.15
	34.71
	21.69
	12.05
	1.41
	0.56
	0.07
	0.07
	0.00
	0.00
	0.00
	0.00
	100.
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	Wave Height Exceeded (m)
	

	
	1.0%
	5%
	10%
	25%
	50%

	Summer
	  3.66
	  3.02
	  2.75
	  2.31
	  1.89

	Autumn
	  4.21
	  3.37
	  2.95
	  2.37
	  1.84

	Winter
	  5.10
	  4.09
	  3.64
	  2.92
	  2.25

	Spring
	  4.05
	  3.38
	  3.09
	  2.56
	  2.01

	All Data
	  4.43
	  3.52
	  3.12
	  2.52
	  1.98
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	PORT NOLLOTH
Wave Height Exceedance
1900-01-01 to 2013-01-01
	Figure
3.4.1
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	Wave Height Exceeded (m)
	

	
	1.0%
	5%
	10%
	25%
	50%

	Summer
	  2.23
	  1.78
	  1.57
	  1.28
	  1.03

	Autumn
	  2.84
	  2.15
	  1.86
	  1.45
	  1.11

	Winter
	  3.47
	  2.56
	  2.21
	  1.72
	  1.29

	Spring
	  2.69
	  2.15
	  1.87
	  1.49
	  1.13

	All Data
	  2.93
	  2.21
	  1.91
	  1.48
	  1.12
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	SALDANHA BAY
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	Figure
3.4.2
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	Wave Height Exceeded (m)

	
	1.0%
	5%
	10%
	25%
	50%

	Summer
	  2.07
	  1.67
	  1.47
	  1.16
	  0.92

	Autumn
	  2.64
	  2.02
	  1.75
	  1.33
	  0.99

	Winter
	  3.00
	  2.37
	  2.09
	  1.63
	  1.21

	Spring
	  2.57
	  2.03
	  1.78
	  1.42
	  1.05

	All Data
	  2.66
	  2.08
	  1.80
	  1.39
	  1.03
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	Period
	 2004-12-14 to 2013-02-28

	Station
	 VBT

	Anchor4
	

	Position
	 33.838 S, 18.44383 E

	Instrument Depth
	 0 m

	Water Depth
	 21 m

	Instrument Type
	 All Instruments

	Records
	 111670
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	VBT:Anchor4
Wave Height (Hmo) vs Wave Direction
2004-12-14 to 2013-02-28
	Figure
3.4.3b
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	Wave Height Exceeded (m)
	

	
	1.0%
	5%
	10%
	25%
	50%

	Summer
	  4.22
	  3.45
	  3.08
	  2.53
	  2.07

	Autumn
	  5.41
	  4.19
	  3.63
	  2.83
	  2.22

	Winter
	  6.66
	  5.04
	  4.36
	  3.45
	  2.62

	Spring
	  5.27
	  4.36
	  3.83
	  3.00
	  2.28

	All Data
	  5.66
	  4.37
	  3.78
	  2.94
	  2.28
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	SLANGKOP
Wave Height Exceedance
2002-01-01 to 2013-02-28
	Figure
3.4.4a
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	Period
	 2001-01-01 to 2013-02-28

	Station
	 SLANGKOP

	Position
	 34.204 S, 18.28667 E

	Instrument Depth
	 0 m

	Water Depth
	 70 m

	Instrument Type
	 All Instruments

	Records
	 32175
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	SLANGKOP
Wave Height (Hmo) vs Wave Direction
2001-01-01 to 2013-02-28
	Figure
3.4.4b
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	Wave Height Exceeded (m)
	

	
	1.0%
	5%
	10%
	25%
	50%

	Summer
	  2.51
	  2.05
	  1.80
	  1.42
	  1.09

	Autumn
	  2.47
	  2.01
	  1.79
	  1.42
	  1.13

	Winter
	  2.86
	  2.16
	  1.92
	  1.54
	  1.18

	Spring
	  3.09
	  2.35
	  2.01
	  1.52
	  1.18

	All Data
	  2.76
	  2.15
	  1.87
	  1.48
	  1.14
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	MOSSEL BAY
Wave Height Exceedance
2002-01-01 to 2013-02-28
	Figure
3.4.5



		[image: NG01-NGQURA3hrly1SummerExcGr]
	[image: NG01-NGQURA3hrly2AutumnExcGr]

	[image: NG01-NGQURA3hrly3WinterExcGr]
	[image: NG01-NGQURA3hrly4SpringExcGr]

	[image: NG01-NGQURA3hrly5AllDataExcGr]
	



	Wave Height Exceeded (m)
	

	
	1.0%
	5%
	10%
	25%
	50%

	Summer
	  2.29
	  1.92
	  1.67
	  1.40
	  1.08

	Autumn
	  2.62
	  1.98
	  1.79
	  1.44
	  1.14

	Winter
	  3.31
	  2.55
	  2.18
	  1.68
	  1.29

	Spring
	  2.97
	  2.42
	  2.04
	  1.66
	  1.25

	All Data
	  2.95
	  2.23
	  1.92
	  1.52
	  1.18












	[image: csir new2]
	NGQURA
Wave Height Exceedance
2011-03-05 to 2013-02-28
	Figure
3.4.7a
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	Period
	 2002-01-01 to 2013-02-28

	Station
	 NGQURA

	Position
	 33.83333 S, 25.71666 E

	Instrument Depth
	 0 m

	Water Depth
	 21 m

	Instrument Type
	 All Instruments

	Records
	 5029
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	NGQURA
Wave Height (Hmo) vs Wave Direction
2002-01-01 to 2013-02-28
	Figure
3.4.7b
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	Wave Height Exceeded (m)

	
	1.0%
	5%
	10%
	25%
	50%

	Summer
	  3.09
	  2.40
	  2.16
	  1.84
	  1.55

	Autumn
	  3.41
	  2.72
	  2.40
	  1.97
	  1.63

	Winter
	  3.75
	  3.14
	  2.80
	  2.27
	  1.83

	Spring
	  3.63
	  2.88
	  2.58
	  2.17
	  1.81

	All Data
	  3.53
	  2.83
	  2.50
	  2.05
	  1.69
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	EAST LONDON
Wave Height Exceedance
2004-01-01 to 2013-02-28
	Figure
3.4.8a
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	Period
	 2004-01-01 to 2013-02-28

	Station
	 EAST LONDON

	Position
	 33.038 S, 27.93083 E

	Instrument Depth
	 0 m

	Water Depth
	 27 m

	Instrument Type
	 All Instruments

	Records
	 22269
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	EAST LONDON
Wave Height (Hmo) vs Wave Direction
2004-01-01 to 2013-02-28
	Figure
3.4.8b
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	Wave Height Exceeded (m)
	

	
	1.0%
	5%
	10%
	25%
	50%

	Summer
	  2.76
	  2.37
	  2.17
	  1.86
	  1.55

	Autumn
	  3.08
	  2.51
	  2.19
	  1.81
	  1.52

	Winter
	  3.54
	  2.85
	  2.48
	  2.04
	  1.66

	Spring
	  3.15
	  2.61
	  2.37
	  2.03
	  1.69

	All Data
	  3.17
	  2.59
	  2.31
	  1.94
	  1.61
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	DURB BLUFF
Wave Height Exceedance
2002-01-01 to 2013-02-28
	Figure
3.4.9a
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	Period
	 2002-01-01 to 2013-02-28

	Station
	 DURB BLUFF

	Position
	 29.884 S, 31.07067 E

	Instrument Depth
	 0 m

	Water Depth
	 30 m

	Instrument Type
	 All Instruments

	Records
	 14534
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	DURB BLUFF
Wave Height (Hmo) vs Wave Direction
2002-01-01 to 2013-02-28
	Figure
3.4.9b
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	Wave Height Exceeded (m)

	
	1.0%
	5%
	10%
	25%
	50%

	Summer
	  2.93
	  2.29
	  2.05
	  1.71
	  1.42

	Autumn
	  3.52
	  2.60
	  2.28
	  1.83
	  1.45

	Winter
	  3.55
	  2.84
	  2.48
	  1.93
	  1.50

	Spring
	  3.41
	  2.52
	  2.23
	  1.86
	  1.56

	All Data
	  3.39
	  2.58
	  2.26
	  1.82
	  1.48
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	RICHARDS BAY
Wave Height Exceedance
2002-01-01 to 2013-02-28
	Figure
3.4.10a
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	Period
	 2002-01-01 to 2013-02-28

	Station
	 SLANGKOP

	Position
	 34.204 S, 18.28667 E

	Instrument Depth
	 0 m

	Water Depth
	 70 m

	Instrument Type
	 All Instruments

	Records
	 19226
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	SLANGKOP
Wave Height (Hmo) vs Wave Direction
2002-01-01 to 2013-02-28
	Figure
3.4.10b



Predicted SA runup elevations on exposed coasts
Spring tide (MHWS) & 1-in10yr wave height (Hs)
Runup on mild slope	Richards Bay	East London	Mossel Bay	Cape Town	Lamberts Bay	Oranjemund	5.3659180193386184	5.5535494082075374	6.2756048599490617	6.2007341777773028	5.9449762715305807	5.3278139060953915	Runup on steep slope	Richards Bay	East London	Mossel Bay	Cape Town	Lamberts Bay	Oranjemund	6.7895573591181577	7.036732544276715	8.0023064799320807	7.9626455703697374	7.6149683620407727	6.8454185414605222	Runup steep slope 	&	 10% wave increase	7.0675021446555757	7.3263023862644365	8.3394197487517054	8.3066330329709572	7.9410099236050362	7.1417086783799411	Runup steep slope 	&	 0.5m SLR	7.2895573591181577	7.536732544276715	8.5023064799320807	8.4626455703697374	8.1149683620407718	7.3454185414605231	Runup steep slope 	&	10% wave 	&	0.5m SLR	7.5675021446555757	7.8263023862644365	8.8394197487517054	8.8066330329709572	8.4410099236050353	7.6417086783799419	Location (East to West)

Runup elevation (m MSL)
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Figure 3.6 Structure of a random sea

It is occasionally more convenient to express the wave profile given in Eq (3.9) in a
vector integral form. This is done through the introduction of the following complex
variables:

- complex wave number k = k(cos 6 + i sin 6)

- position vector x=x+1iy
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