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1.
Introduction

1.1
Background

This guide is based on discussions, which took place during and following two Dutch Governmental Missions to Tamil Nadu in November - December 1999. Issues affecting the Indian coast generally and the coastal zone of Tamil Nadu in particular were identified during the missions and during an international workshop entitled “From river to coast” (Chennai, 1 and 2 December 1999).

During the missions, the members of the Dutch delegations were approached by representatives of several Indian governmental and non-governmental institutions requesting assistance and co-operation with regard to research on and management of the Indian coastal zone or parts of it. In particular, the Director of the Indian Coastal Erosion Directorate (Central Water Commission / Ministry of Water Resources) made an approach during the international workshop, requesting assistance in drafting an Indian national coastal policy document.

The Indian Netherlands “Coastal and Water management  Co-operative Programme 2000-2002” provides a framework for a number of Indian-Dutch collateral activities in the field of integrated coastal zone management. One such activity is a survey of Indian coastal strategies. This guide serves as a first draft report in the frame of this Co-operative Programme. 

1.2
Why this guide

At present, the usual approach to tackling coastal erosion in India is to construct seawalls. These often prove to be effective from an engineering point of view, as an immediate short-term solution to an urgent problem. There are, however, various drawbacks, especially in the ecological, economic and social context. In many cases, the construction of seawalls has led to the complete disappearance of beaches through severely steepening the upper part of the coastal profile and has made it impossible for fishermen to draw their boats up onto beaches (a widespread custom). There is therefore a perceived need for more information on other types of coastal protection.

The purpose of this guide is to supply that information. The document is general in character and could be used in relation to sandy coasts anywhere in the world. It discusses the entire spectrum of (hard and soft) coastal protection measures and highlights the relationship between integrated management and the various coastal protection options. The guide also contains technical documentation on the maintenance and protection of eroding coasts. This should be helpful to coastline managers who want to know what measures they can take to reduce or arrest coastal erosion.

1.3
How to use this guide

The guide focuses primarily on the protection of sandy coasts against erosion. This means that at least part of the coast under consideration should consist of material that is subject to erosion. This will normally (though not necessarily) be sandy material, and the main type of coastline will be a beach. The guide is not relevant to coasts that do not meet this general specification.

The coastal zone is not only important to protect the hinterland, it also accommodates various human uses, such as fisheries, recreation, housing and transportation. Integrated Coastal Zone Management is therefore extremely important. This is why the guide starts by discussing Integrated Coastal Zone Management (part 1). This section places the fight against erosion in a broader context and discusses how anti-erosion measures can be integrated into a general - and, of course, sustainable - approach to coastal development.

Part 2 starts by defining coastal features and the elements of coastal processes that cause erosion. It then introduces three strategies for coping with erosion and describes the measures that can be taken for each strategy. The structure of this guide is shown in figure 1.

                   Figure 1: Relationship between the different parts of this guide
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The guide adopts the usual approach employed in Integrated Coastal Zone Management, i.e.:

· Analyse the problem

· Define alternative solutions

· Determine the cost and benefits of the alternatives

Select the most appropriate alternative solution. For the sake of clarity, it focuses exclusively on the erosion problem and avoids detailed discussion of other problems in the coastal area.

Because the selection of the most appropriate alternative often proves particularly difficult in practice, this point is discussed in particular detail.

In view of the close focus on erosion problems, these guidelines should not be regarded as a general manual for Integrated Coastal Zone Management. They do not, for example, include any discussion of the important institutional aspect of ICZM or of administrative regulations (e.g. the boundaries of the coastal zone).

FIRST PART 

                                                                                                                INTEGRATED COASTAL ZONE MANAGEMENT

2.
Introduction to Integrated Coastal Zone Management

2.1 
What is integrated Coastal Zone Management

Coastal areas contain some of the world’s most diverse and productive resources. They often accommodate complex ecosystems, but they are also the sites of a significant proportion of global food production. Moreover, they support a variety of economic activities. 

For this reason, coastal zones face a range of interrelated biophysical and human problems. As a complex, dynamic natural system, the coastal zone is subject to the forces of water currents, sediment flows and frequent storms. It is also particularly vulnerable to inappropriate or excessive human uses. The pressure to develop coastal areas for housing, industry, tourism, fisheries and other uses will intensify conflicts.

The challenge facing policymakers in coastal areas today is to facilitate economic development while at the same time ensuring sustainability and protecting natural values. They find themselves confronted with a host of management issues, such as how to cope with coastal erosion. Given the number of issues and of different activities, it is wise to integrate these sector-approach considerations. One way to do this is Integrated Coastal Zone Management (ICZM).

Integrated Coastal Zone Management involves the comprehensive assessment, planning and management of coastal systems and resources, setting objectives and taking into account traditional, cultural and historical perspectives and all conflicting interests and uses; it is a continuous and evolutionary process for achieving sustainable development (IPCC, 1994). It requires a legal and institutional framework for assuring integrated planning with the participation of those involved (World Bank, 1993). Moreover, it covers the full cycle of information collection, planning (in its broadest sense), decision making, management and monitoring (see figure 2). ICZM uses the informed participation and co-operation of all stakeholders to assess societal goals in a given coastal area, and to take action to meet those objectives. In the long term it seeks to balance environmental, economic, social, cultural and recreational objectives, all within the limits set by natural dynamics (Commission of the European Union, 2000b).

Figure 2: Element of Integrated Coastal Zone Management
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2.2 
Triggers for coastal zone management

Coastal zone management is always issues-driven. This means that there has to be a reason for embarking on ICZM. Usually the reason is a conflict about the use of resources, which have become scarce as a result of population pressure (see next section). 

In this respect, there is a clear relationship with erosion. On most coasts, erosion is not a problem. People can simply move inland to escape it. However, intense population pressure may prevent this. In that case, there are only two options:

· Stop the erosion (usually at a high cost)

· Allow the erosion, but minimise its drawbacks.[image: image2.wmf]
It is often technically possible to stop erosion at one point, but the consequence may be that it will occur somewhere else along the coast. If erosion there is not a problem, the solution may be perfectly acceptable. But in most cases such a simple alternative will not be available and other choices will have to be made. An integrated approach to coastal zone management enables such choices to be made in a balanced and sensible way.

ICZM is the most appropriate way to address current and long-term coastal management issues, including habitat loss, degradation of water quality, coastal erosion and adaptation to sea level rise. The process can provide an opportunity to move towards sustainable development. Integrated management of conflicting uses and activities is essential in this respect. Furthermore, ICZM enables both current and future interests to be taken into account. It can stimulate economic development while reducing the degradation of natural systems. It can also provide a framework within which flexible responses can be developed to uncertain developments, such as erosion resulting from sea level rise.

An important phase in the ICZM process is the implementation of a Coastal Zone Management Plan. This can address problems like erosion, habitat protection, coastal pollution, economic development and archaeological, historical and scenic protection.

The main objective of any government policy is basically to encourage changes in human beha​viour in order to achieve desired goals. Within this context, the main purpose of ICZM is to provide the conditions that will facilitate development and stimulate progress. To be successful, it requires broad support from all stakeholders and constituencies. A good ICZM plan should there​fore include detailed steps to create broad public support.

Essentially, the main benefit of a good ICZM plan is that all choices can be made in a balanced way before they result in irreversible effects. Once erosion has taken place, there are usually few options left. 

2.3
Pressure on the coastal zone from human use

The intensification of human use is placing increasing pressure on coastal areas. For example, current levels of population growth and economic development are resulting in competing demands for space and resources in coastal zones.

Population growth is one of the most significant driving forces in coastal management. The coasts of India are among the most densely populated in the world (see figure 3). Two of the largest cities in the world are located on them: Calcutta and Bombay, each with about 16 million people in the year 2000. For that reason alone, coping with erosion is very important.

Figure 3: Schematic world map of population densities in coastal areas
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In addition to population growth, coastal areas are also facing pressure from the economic development of their resources (e.g. tourism). Erosion can pose a threat to housing (including tourist accommodation) and infrastructure (like roads and railroads) and cause economic loss.

In many cases, physical and biological problems in coastal areas have created or compounded 

human problems facing coastal zones as the number and intensity of human uses increase. These human problems are:
· Competition between users for resources

· Unemployment and social instability resulting from the decline of traditional or environmentally-compatible sectors, such as small-scale coastal fisheries

· Destruction of cultural heritage and weakening of the social fabric following uncontrolled development (especially of tourism)

· Loss of property and development options as the coast erodes; for instance, in many areas that live off tourism coastal erosion is perceived locally as the most significant threat to maintaining income.

3.
Principles of Integrated Coastal Zone Management

There are a number of general principles of good coastal zone management (see for instance Commission of the European Communities, 2000 a and b). For good results, coastal zone management should be based on the following principles:

1.  A broad perspective (thematic and geographical)

2.  A long-term perspective

3.  A gradual process involving adaptive management

4.  Local specificity, taking account of the particular local situation

5.  Working with natural processes

6.  Participatory planning

7.  Support and involvement of all relevant administrative bodies

8.  Use of a combination of instruments.

3.1
A broad perspective

Coastal zones are complex; they are influenced by a huge number of inter-related forces arising from hydrological, geomorphologic, socio-economic, institutional and cultural systems.

Successful planning and management of the coastal zone must avoid piecemeal decision making in favour of more strategic approaches that consider the bigger picture, including indirect and cumulative causes and effects; there is a need to accept the inalienable long-term interdependence between maintaining the integrity of natural and cultural systems and providing economic and social options.

The close links (created by both human and physical processes) between the marine and terrestrial components of the coastal zone imply that coastal zone management should always consider both these components, as well as the river basins draining into the coastal zone. Since the extent of the zone over which the land and sea interact varies from one place to another, it is not appropriate to offer a general a priori geographical definition of the “coastal zone”. 

3.2
A long-term perspective

The needs of both present and future generations can be considered concurrently and equally, ensuring that decisions respect the “precautionary principle”, and do not foreclose options for the future. Successful planning and management of the coastal zone must acknowledge the inherent uncertainty of the future, and must be set in an institutional framework that looks beyond the present political cycle.

	Intermezzo 1: Precautionary principle, from UNCED, Agenda 21, chapter 17:

17.21.  A precautionary and anticipatory rather than a reactive approach is necessary to prevent the degradation of the marine environment. This requires, inter alia, the adoption of precautionary measures, environmental impact assessments, clean production techniques, recycling, waste audits and minimisation, construction and/or improvement of sewage treatment facilities, quality management criteria for the proper handling of hazardous substances, and a comprehensive approach to damaging impacts from air, land and water. Any management framework must include the improvement of coastal human settlements and the integrated management and development of coastal areas.

17.29.  As concerns physical destruction of coastal and marine areas causing degradation of the marine environment, priority actions should include control and prevention of coastal erosion and siltation due to anthropogenic factors related to, inter alia, land-use and construction techniques and practices. Watershed management practices should be promoted so as to prevent, control and reduce degradation of the marine environment.



3.3
 A gradual process involving adaptive management 

Integrated planning and management is a process that develops and evolves over the course of years or decades, responding to new information and conditions. ICZM does not guarantee the immediate resolution of all coastal zone problems, but rather works towards the integration of policies, programmes and activities for management of the coastal zone, as a basis for resolving or avoiding specific problems. Good information provision is a basis for building understanding, which develops motivation and mutual trust. These in turn lead to co-operation and collaboration, and eventually to shared responsibilities and true integration. The ICZM process requires monitoring so that it can be modified through adaptive management as problems and knowledge evolve.

3.4
Reflect local specificity 

There is wide diversity among coastal zones, including variations in physical, ecological, social, cultural, institutional and economic characteristics. ICZM must be rooted in a thorough understanding of the specific characteristics of the area in question, including an appreciation of the specific pressures and driving forces that influence its dynamics.

Specific solutions to coastal zone problems must address specific needs. This principle also implies a need to ensure the collection and availability to decision makers of appropriate data and relevant information, including informal traditional knowledge, concerning both the terrestrial and marine components of the coastal zone in question.

3.5
Work with natural processes 

The natural processes and dynamics of coastal systems are in continual, and sometimes sudden, flux. By working with these natural processes rather than against them and by respecting the limits (or ‘carrying capacity’) imposed by natural processes, we can make our activities more environmentally sustainable and more economically profitable in the long run.

Intermezzo 2: Resilience

Resilience is the ability of a system to react to changing circumstances and disturbances (e.g. cyclone surges, erosion, sea level rise) in such a way that its essential properties are restored. In combating erosion, it is worth considering natural processes as well as hard engineering options. It may be better to guide the forces of nature rather than fight them. For example, it may be possible to use a less intensive type of coastal protection, e.g. wide dune systems. In this respect, space is essential. This will need to be reserved by government in advance during spatial development planning. 

3.6
 Participatory planning 

Participatory planning works to incorporate the perspectives of all of the relevant stakeholders (including maritime interests, recreational users and fishing communities) into the planning process. Collaborative involvement helps to ensure identification of real issues, harnesses local knowledge, and builds commitment and shared responsibility. It can reduce conflict among stakeholders and generate more practically feasible solutions. However, extensive information campaigns may be necessary to convince certain stakeholders of their personal interest in participation. The time and effort involved in participatory planning should not be underestimated.

3.7
Support and involvement of all relevant administrative bodies

Administrative policies, programmes and plans (land-use, energy, tourism, regional development, etc.) set the context for the management of coastal areas and their natural resources. For this reason, a strictly voluntary, non-governmental approach to ICZM will tend to encounter serious limitations, particularly when the process moves into the phase of implementing consensual decisions.

3.8
Use of a combination of instruments

Coastal zone management requires the use of multiple instruments, including a mix of law, economic instruments, voluntary agreements, information provision, technological solutions, research and education. Regulations and economic interventions can be important tools for resolving conflicts between activities, but the correct mix in any specific area will depend on the particular problems and the institutional and cultural context. In all cases, however, coastal zone management should work to ensure coherence between legal instruments and administrative objectives, and between planning, management and implementation.

4.
Putting erosion in a broader context of ICZM

4.1
Assessing vulnerability of coastal areas to erosion

This method of vulnerability assessment was originally developed to assess the vulnerability of an area or region to sea level rise (IPCC, 1991), but can also be used in relation to more limited problems of erosion. 

The methodology outlines the analytical steps, which must be taken in order to decide the necessary action to cope with sea level rise or erosion. In that sense, its purpose is simply to help policymakers to make informed decisions. It is an operational procedure designed to provide a consistent quantitative description of a nation’s or region’s vulnerability to erosion. Figure 4 shows the vulnerability assessment approach in an overall context (IPCC, 1991 and 1992). It focuses on the assessment of the impact on the natural and socio-economic system of the direct physical effects of sea level rise. These include erosion. Erosion has an impact on the natural system and can also have an effect on population, economic activities and infrastructure. The ‘protection’, ‘accommodation’ and ‘retreat’ response strategies can be compared on this basis. These strategies are discussed in chapter 8.

Basically the same approach can be adopted in relation to the vulnerability of coastal areas to erosion. The outside effect is erosion. This process will influence both the natural and the socio-economic system. A number of response strategies can be developed. For each strategy the impacts can be determined and a standard policy analysis approach can be used to choose between the various strategies.

It should not be forgotten that erosion might in fact be caused by human interference rather than sea level rise. So one of the options to be considered is to change local human interference with the coast.

4.2
Assessing hot spots, alternative measures and considerations

A number of steps can be defined to provide an operational, step-by-step approach to assessing the vulnerability of specific areas or hot spots: 

1. Delineate case study area and specify the boundary conditions

2. Delineate the case study (define boundaries of the natural system and the socio-economic system)

3. Identify relevant development factors

4. Assess physical changes and natural system responses

5. Formulate response strategies

6. Assess vulnerability and interpret the results

7. Identify needs and actions.

The first step is to delineate the area under study. It may be a specific region within a country or an entire country. The inland extension of the area should at least encompass the areas, which are physically affected by erosion. The second step is to collect all relevant data, such as physical characteristics (coast types, sediment loads), habitats and species, socio-economic information and land use and values. Based on relevant differences in natural system characteristics, resources and uses, a decision must then be made on whether (and how) the study area should be divided into different impact zones. The third step is to identify relevant development factors (both human-induced and natural). These may include the number of people present (or population density), land use and level of production activities, capital investment levels, natural values, morphological changes and human-induced subsidence. The fourth step is the real start of the vulnerability assessment: it is to identify the physical changes and natural system responses. Depending on its location and extent, shoreline erosion may result in three different types of natural system response: direct loss of values through loss of land, increased flood risk to human life and capital, and other damage related to changes in water management. Step five is to choose a response strategy. 



Figure 4: Step-by-step approach
An explicit assessment of the costs and effects of such options should be included. The final assessment of the vulnerability of a coastal region (steps 6 and 7) is done in two stages. The first is a consideration of the susceptibility of the area to the physical changes imposed by erosion and the related adverse socio-economic and/or ecological impacts. The second stage is an assessment of the practical feasibility of response options.

It is wise to put measures for coping with erosion into the broader perspective of Integrated Coastal Zone Management by producing a National Coastal Zone Plan. But even if no ICZM plan is yet available, it is still possible in the short run to weigh up measures for coping with erosion against other interests in the coastal zone. This can be done by following steps five to seven of the process described above (choosing a response strategy and identifying needs and actions). This is an aid to making decisions about erosion when there is no ICZM plan available. It can give insight into the likely impact of an intended measure. The added value of an ICZM plan is that it allows a balanced consideration of anti-erosion measures in the context of other interests and ensures attention to the coherence of the different activities in the coastal zone. 

Before proceeding to a final consideration of the choices available and decision making on the measures to be taken to cope with erosion (steps 6 and 7), it is important carefully to identify the alternatives to such measures (see chapter 8). The information required will usually include a rough description of the ways being envisaged to cope with erosion, further details (types of materials, transport movements, etc.) and a specification of the space required for them. 

The alternative measures being envisaged can be examined in the light of current national and regional legislation and regulations. Are they legally permissible or appropriate in the proposed location? Under what conditions? And do they accord with current national and regional policies as recorded in the relevant policy documents? Do these policy documents contain any form of guidance in relation to the measures under consideration? The relevant policy documents will generally be those relating to the environment, fisheries, coastal protection, recreation, wildlife and culture. An examination of the statutory and policy frameworks will reveal whether the measures under consideration are permissible and, if so, on what conditions. It will help to indicate the potential technical, organisational and topographical scope for alternative measures. Given that scope for each of the proposed measures, it will then be possible to seek to identify the most suitable location and method for its possible implementation. Issues which will arise in this respect are the extent to which a measure will produce synergy or may conflict with existing functions in the area, such as housing, employment (ports and shipping, industrial estates, fishing) and recreation (hotels, etc.) and to what extent it is appropriate in the context of the local geomorphology, landscape and ecology of the coastal system.

The vulnerability assessment has been used in many case studies. One of these was in the large Mahanadi and Ganges deltas in the coastal areas of Orissa and West Bengal (IPCC, 1992). Under the retreat strategy, a one-metre rise in sea level would inundate about 1,700 km2 of land, 1,500 km2 of which was highly productive agricultural ground. In addition, over 700,000 people would be displaced, and valuable educational and medical infrastructure would be lost. Under a protection strategy, it would be necessary to upgrade existing structures and build an additional 4,000 km of new dikes and seawalls. An excerpt case study has been included as Appendix G (Suriname VA project).

SECOND PART

    STRATEGIES FOR COPING WITH EROSION

5.
From erosion problem to solution

The method of vulnerability assessment explained in chapter 4 can be used to find out whether an area or region has serious problems with erosion. It is a good way to translate an erosion problem into a solution.

The following table shows which parts of the vulnerability assessment are discussed in part 2 of this guide and how to proceed from problem to solution. 

Table 1 How to proceed from an erosion problem to a solution

	STEPS IN VULNERABILITY ASSESSMENT
	ANSWERS, FOLLOWING QUESTIONS AND ACTIONS
	WHERE IN THIS GUIDE?

	
	
	
	
	
	

	Steps 1 and 2

Delineation and collecting data
	Definition of coastal features
	
	
	 6

	
	Special focus on coral coasts

Special focus on mangroves and muddy coasts
	APPENDIX F

11

	Steps 3 and 4

Relevant development factors
	Coastal processes responsible for erosion

Human use of the coastal zone; human-induced erosion
	7.1 and 7.2

	
	
	
	
	
	

	Step 4

What do I know about my coast?
	Are long-term coastal measurements available?
	

	
	NO:
	Start measuring today!
	How can I measure beach profiles and waves at low cost?
	8.2.1 + [APP. A]

	
	
	
	
	
	

	
	YES:
	Analyse data and determine problem
	Do I understand the processes causing the erosion on my coast?
	8.2.2

	
	
	
	¯
	
	

	
	
	
	NO:
	Study data, Chapter 6 and 7 and literature


	

	
	
	
	YES:
	Do I have acute erosion or chronic erosion?
	

	Steps 5 and 6
	
	
	
	
	

	How can I preserve my coast and what solution to choose?
	
	
	
	Study several alternative strategies and the different measures that can be taken
	8 

[APP. B+D+E]

	
	
	
	
	
	

	
	
	
	
	Weigh alternatives in light of social-economic-environmental issues; choose most promising 
	9

	
	
	
	
	
	

	Step 7 

Needs and actions
	
	
	
	Carry out maintenance and monitoring


	10

	
	
	
	
	Evaluation
	


6.
Coastal features

6.1
Definitions

A coast with all its different features can basically be defined as the transitional zone between land and sea. The land can be defined as the area where people expect to live and work without danger of being washed away by the action of the sea. The sea is the place controlled by natural forces like tides, waves and ocean currents that may constitute a danger to the people living on the land and a risk to property.

There is a difference between the coastline and the coastal zone. The coastline is the actual transitional zone between land and sea: the beach and its landward dunes or dikes. The coastal zone is the whole area in which the influence of the sea extends inland and the influence of land-based activities extends into the sea. This area can be several kilometres wide. 

[image: image4.png]



Figure 5: Coastline, view from above

The sea and coast are different from a river and its embankment. A coast and a riverbank may both be subject to erosion or flooding, but the origin of these will be different. In a river system, channel meandering may result in bank erosion and heavy rainfall run-off may cause flooding. On the coast, erosion is caused by wave action and flooding results from storms driving the sea water level up above the land level. This guide focuses exclusively on coasts. Riverbank erosion and flooding are not discussed.

It is important to know which parts of the coastal zone contribute to the protection of the hinterland. There are several. Firstly, there is the fundament beneath the water, an area in front of the beach where sand contributes to the protection of the coast. The sand supply should be preserved in this section. Secondly, there is the beach, and thirdly the dunes or other sand buffers and dikes. In each of these sections, certain human activities (e.g. sand extraction) may have to be forbidden or limited in order to halt erosion.

6.2
Wind and waves

There are various natural forces that cause coastal changes; they include waves, tides and ocean currents. Waves are formed when the wind blows over the sea surface and the wind energy is transferred to the water. As waves move towards the shoreline, they break and the turbulent energy released stirs up and moves the beach sand. The higher the waves, the more energy will be available for sand movement.

In the case of the Indian coastline, the existence of a monsoon system and the occurrence of cyclones are important factors. The monsoon means that the overall wave action changes twice a year. This causes a seasonal fluctuation of the beaches. 

Cyclones cause big waves, but also raise the water level in the sea. The combination of big waves and a raised water level usually causes acute erosion of the coast. Sand is transported from the dry shore to a point just below the waterline. Whether this sand will be transported back to the beach or away along the coastline depends on many other parameters.

Figure 6: Coastline, cross section
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Tides are another factor influencing beaches. Tides are the periodic rise and fall of large bodies of water resulting from the gravitational pull of the moon and sun on the rotating earth. In most places in the world there are two high tides and two low tides every day, with about six hours between high tide and low tide. In some places there is only one high water and low water each day. The average tidal range may vary between a few decimetres and 10 metres, or even more. Tides generate currents, which flow in one direction as the tide rises and in the opposite direction as it falls. These tidal currents can move sand and are particularly significant in passages between islands and near river mouths and inlets. Ocean currents due to prevailing winds also help to shape coastal areas. India is located in a trade wind zone with a south‑west monsoon from April to September and a north‑east monsoon from October to March. 

Waves formed where the wind is blowing are often irregular and are called wind waves. As these waves move away from the area where the wind is blowing, they sort themselves out into groups with similar speeds and form a regular pattern known as swell. Swell waves are most often experienced in the southwest monsoon period.

Swell waves may travel thousands of kilometres to affect the west and east coasts of India. Thus, severe storms in the southern Indian Ocean may indirectly affect the Indian coast through these swell waves. As a result of swell, large waves may be seen breaking on the coast even on calm, sunny days.

Tropical cyclones may also have a major impact on the coast. Storms and cyclones are divided into seven categories based on wind speed (see table).

Table 2 Tropical storms and cyclone categories

	Category
	Wind speed (km/hr)
	Wind speed (knots)

	1 Low pressure areas
	   32 
	  <17

	2 Depression
	   32 – 50
	  17 - 27

	3 Deep depression
	   51 – 61
	  28 – 33

	4 Cyclonic storm
	   62 – 87
	  34 – 47

	5 Severe cyclonic storm
	   88 – 117
	  48 - 63 

	6 Very severe cyclonic storm
	   118 and above
	  64 and above

	7 Super cyclone
	   222 and above
	  120 and above


The categories are based on sustained wind speeds. Actual gusts may be much higher. While the higher category storms cause the most damage, even a depression or category four cyclone may do considerable damage, depending on its particular characteristics.

Indeed, lesser storms also have the potential to cause serious beach erosion, especially when the waves approach from an unusual direction.
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Figure 7: Acute erosion during a cyclone

Tropical storms and cyclones are such intense, well-organised systems that they generate waves which move out of the immediate vicinity of the cyclone to affect other coastal sections as swell waves. Thus, waves from a particular cyclone can affect coasts several hundred kilometres away from its immediate path. Tropical storms and cyclones may cause catastrophic damage to beach systems as a result of high seas, raised water level (known as a storm surge), high winds and heavy rainfall.

Strong winds generate high seas. Cyclone waves erode beaches and penetrate farther inland behind the beach causing flooding, erosion of sand dunes and destruction of coastal highways and buildings.

Within a cyclone in the northern hemisphere, wind circulates counter-clockwise around a central eye. The high winds associated with cyclones cause considerable damage to infrastructure and vegetation in both coastal and inland areas, while the heavy rainfall often associated with these systems causes flooding of low-lying areas.

High rainfall often results in rivers cutting new channels through the beach. After a cyclone, beaches are littered with debris, which may include mounds of dead sea grass, rubble torn from the coral reefs and huge tree trunks that sometimes come from other places.

In India, most cyclones occur on the east side of the subcontinent. They develop in the Bay of Bengal and hit the coasts of Orissa, Andhra Pradesh and Tamil Nadu. On the west coast (Arabian Sea), the shores of Maharashtra and Gujarat are also hit by cyclones, but about 2.5 times less frequently than the east coast. In both systems, the peak months are May and November. In the January - March period the occurrence is lowest, but even then there is still a risk.

Cyclones and tropical storms also affect offshore systems, such as sea grass beds and coral reefs. In these environments, damage often goes unseen and its effects may not become apparent for several years. Coral reefs provide protection for beaches by acting as natural breakwaters. They also produce sand for many beaches. Thus, cyclone damage to a coral reef may result in beach erosion several years after the actual cyclone. More information on coral reefs and how to preserve them as natural coast defences can be found in Appendix F.

7.
Problem analysis: erosion of sandy coasts

This booklet is not an engineering manual. It merely offers a method of identifying appropriate coastal protection measures. The technical design process (like determining the rock size for a revetment) can only start once this has been done. For engineering computations of this kind, the reader is referred to separate engineering handbooks (see bibliography).

7.1
Coastal processes

Before undertaking any action to combat coastal erosion, it is important to understand the processes that produce the problem. This section explains some of the basic mechanisms. It deals only with sandy coasts. Muddy coasts (e.g. with mangroves) behave completely differently and require a different approach. Some brief comments on muddy coasts are given in chapter 11.

7.1.1
Sand transport

Sand is transported along a coast by a combination of current and waves. Waves approaching a coastline at an oblique angle cause sediment to be transported in a longshore direction. The breaking waves create a current parallel to the coastline, and this transports sediment along the coast. It is local differences in longshore transportation that cause erosion and sedimentation. In order to assess the stability of a coastline, it is therefore important to understand the longshore sediment transport. 

In some places along a coast there may also be a strong tidal current. Note that such tidal currents may also transport sediment along the coast. In most cases, however, the effect of tidal longshore transport is less important than the longshore transport caused by breaking waves. Tidal currents only become an important factor in coastal stability in the neighbourhood of large estuaries and tidal inlets. This is a special situation and will therefore be discussed separately.

The maximum longshore velocity occurs where waves break, at the so-called breaker line. Between the breaker line and the shoreline, the longshore velocity decreases more or less linearly (where there is a straight beach slope). However, the distribution of the sediment transport is not linear, but peaks just inside the breaker line. The longshore velocity is usually in the order of 0.5 – 1.0 m/s. Inside a wave, the water particles move in a circle (the orbital movement). In shallow water this circle becomes an ellipse, and near the bed the ellipse results in a to-and-fro sweeping movement over the bed. This brings a lot of sand into suspension. The longshore current is then able to transport this sand. Because of the combined action of longshore current and waves, the sediment transport capacity of the longshore current is much more than the transport capacity of a current in a river.

7.1.2 Longshore transport does not cause erosion

It is important to note that longshore transport as such does not cause erosion. Erosion is caused by the presence of a local gradient in the longshore transport. So where the sediment
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Figure 8: S1 < S2 means erosion, S1 > S2 means accretion

transport (S2) exceeds the sediment transport (S1) there will be a deficit of sand in the coastal section between profile 1 and profile 2, and this coastal section will erode. So, erosion is caused by a gradient in longshore transport. There has to be a difference in magnitude of longshore transport between two profiles. 

7.1.4
Why does longshore transport vary along a coastline?

Longshore transport can be computed using, for example, the Queens formula
. This calculates sediment transport as a function of:

· The incoming wave height

· The period of the incoming waves

· The direction of the incoming waves

· The beach slope

· The diameter of the sand grains on the beach.

Accordingly, any change in the orientation of the coastline will modify the approach angle of the waves and consequently the sediment transport. It follows that accretion or erosion may be expected to occur wherever there is a change in the orientation of the coastline. 

But there will also be a change in sediment transport whenever the wave height changes, for example because one part of the coastline is more protected than another.

7.1.5
Where does erosion occur?

As already mentioned, the bulk of the sediment transport takes place just inside the breaker line. This means that erosion caused by any change in sediment transport will also occur at that location. 

Because of the gradient in longshore transport, the area just inside the breaker line will become shallower (in case of accretion) or deeper (in case of erosion).

It follows that gradients in longshore transport do not have a direct influence on the width of the beach or the position of the waterline. 

Erosion due to a gradient in the longshore transport takes place under the waterline.

7.1.6
Cross-shore transport

Under normal conditions there will be hardly any cross-shore transport (i.e. transport in a direction perpendicular to the coastline) because a normal, stable beach displays a fixed relationship between the beach profile and the average wave condition and sand-grain diameter. As soon as this is disrupted, the system will try to return to the original profile. 

However, because average waves are different in the wet and the dry season, the stable beach profile differs at these two times of year. So the change of the seasons brings a change in the beach profile (and usually also in the width of the dry beach).

The return to a stable situation usually occurs during periods with high waves (during storms). 
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Figure 9: Erosion during storms

In order to restore the equilibrium profile, the storm will erode sand from the upper part of the beach and the dunes and transport this to a position just below the (normal) waterline. 

This is part of the normal dynamics of the coast and usually nothing to worry about. During a storm there will be some erosion of the upper beach and in the following calm season the eroded sand will be carried back from deeper water onto the upper beach.

7.1.8
Combination of longshore erosion and cross-shore transport

However, where there is a gradient in longshore transport, the area just inside the breaker line will become constantly deeper. The consequence is that sand eroded from the upper beach during storms will be deposited in the scouring hole created by the longshore current gradient and therefore not transported back during the following calm season. This means that the erosion of the upper beach will not be repaired by nature.

In most cases, therefore, observed erosion of the upper beach is the result of erosion in deeper water caused by a gradient in longshore transport. So, the storm erosion of the upper beach is not really the cause of the problem, but only the mechanism to restore the equilibrium profile.

In practical engineering terms, this means that coastal erosion problems have to be solved by influencing erosion in the breaker zone. Preventing the erosion of the uppermost part of the beach will not always be a solution. The scouring in the breaker zone will continue, and the sand in front of the protection will be washed away during minor storms and transported to scouring holes. This will remove the foundation of the protection and ultimately allow the protection to be washed away too.

7.1.9
The effect of sea level rise

Apart from erosion due to gradients in longshore transport, rising sea levels will also cause erosion. If the average slope of the upper part of the beach is 1:100, and the sea level rise is 20 cm per century, it is clear that the waterline will recede by 20 metres (or 0.2 m/year). But this is not the complete story. 
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Figure 10: Change in beach profile due to sea level rise.

Beach profiles are a func​tion of grain size, wave acti​on, tides, etc. In principle, these para​me​ters do not change. So the average beach profile now and in 100 years' time should be the same. As already indi​cat​ed, this profile can be described using the parabolic formula. The zero-point of the para​bo​la is the water​line. Thus, when the sea level rises, the whole parabola has to rise with it. This means that extra sand is needed to build up the profile. This sand has to come from the coast. This is called the Bruun rule (see also figure 10).

Climate change is expected to cause an accelerated sea level rise. The IPCC uses three scenarios for this:

1. Minimum scenario, 20 cm/century

2. Middle scenario, 60 cm/century

3. Maximum scenario, 85 cm/century + 10% increase in wind.

The first scenario is used for decisions with a short life span, i.e. low investments with a high level of flexibility (e.g. beach nourishment, temporary structures, etc.). The second is used for decisions with a long life span, i.e. large, irreversible investments with little flexibility (e.g. the construction of barriers). The third is used where areas are to be reserved to prevent undesirable developments or activities in them. It is important to realise that a change in wind direction may often have a greater impact on the position of the coastline than the rise in the water level on its own.

Apart from its direct impact on the coast, climate change will also influence flooding fre​quency and river discharges. Indirectly, these phenomena will also influence the coast and therefore have to be incorporated into any ICZM plan.

7.1.10
The difference between sediment transport and sediment transport capacity

Sediment transport formulae like the Queens formula in fact only describe the ability of the waves to transport sediment. Whether they actually do so will depend on the availability of sediment. Waves breaking on a rocky coastline at an oblique angle will create a sediment transport capacity, but actual sediment transport will be zero because there will be no sand to be carried.

This point is crucial to the understanding of coastal behaviour, and consequently to decision making on coastal protection measures. It is therefore illustrated by the following two examples.

Example 1

This concerns a straight stretch of coastline, illustrated diagrammatically in figure 11-I. The coast consists of two rocky sections, A and C, separated by sandy sections. Waves approach at a given constant angle. This implies that the sediment transport capacity (So) along the whole coast will be constant. However, in section A there is no real sediment transport, because there is no sediment available. To use a metaphor, the trucks that are available to move the sand from 1 to 2 drive empty. In front of section B, sand is available so the actual sediment transport will be equal to the sediment transport capacity. Because there is a change in actual sediment transport (a gradient in transport) the effect will be erosion of the coastline. In other words, the trucks are loaded at the left-hand side of section B, leaving an erosion gap on the beach (figure 11-III).
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Figure 11

At point 3 there is another change in the type of coast. But on both sides of point 3 the sediment transport capacity is equal. To the left of point 3 the sediment transport equals the sediment transport capacity. All this sand will also be transported to section C. The trucks full of sediment move here from a sandy road onto a paved road, but this does not change the amount of sand transported by them. 

Consequently, in front of section C there is sand transport So, although a visitor to the coast will not be aware of it. To the casual visitor, there is no difference between section A and section C. However, in front of section A the transport is zero, while in front of section C the transport is So.

At point 4 there is yet another change in the type of coast. As at point 3, the sediment transport capacity is equal on both sides. The full trucks move from the paved road onto a sandy road, but they are already full, so there will be no erosion. The coastal visitor will not see any erosion to the right of point 4, but will observe significant erosion to the right of point 2.

 It is clear from the above example that is it very important to recognise the difference between sediment transport capacity and the resulting actual sediment transport. So, simply applying a formula will not tell you whether transport will actually occur in a given situation. The geomorphology of the coastline also has to be taken into consideration. In some cases this may lead to highly unexpected morphological changes. This can be explained using the following example. 


Example 2

Suppose that a township in section C (see previous example) wants to construct a temple. Because space is limited, the temple is constructed projecting slightly into the sea (see figure). 

Figure 12
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From the previous example we may conclude that sediment transport capacity in sections B and D is So. Because sections C1, C3, and C5 are parallel to the original section C, the sediment transport capacity will also be So. Because of the different orientation of the coastline, the sediment capacity in C2 will be less than So, and in C4 more than So (it will be S+). This is indicated in figure 12-II (in other words, fewer trucks are driving in section C2 and more in section C4). 

Let's now analyse the actual transport. In section C1 sediment transport is So, as explained in the previous example. At point 2a the transport capacity suddenly decreases. (fewer trucks are available). Because the sediment transport capacity is only S-, this is the maximum amount of sand that can be transported. So the supply of sand is more than the discharge of sand. Consequently, there will be a deposition of sand (those trucks not allowed to continue to section C2 have to dump their sand). So just to the right of point 2a, deposition can be observed. 

At point 2b there is an increase in sediment transport capacity (from S- to So). (The number of trucks increases again.) But because there is no sand available, the actual sediment transport in section C3 will be S-. 

This means that the extra trucks will drive empty. At point 2c the transport capacity increases again, but there is still no sand available to feed the transport capacity. There are more trucks but no sand to fill them, so these extra trucks will also drive empty. 

At point 2d the sediment transport capacity decreases from S+ to So. This is still more than the actual transport (which is still S-). So the coast could potentially erode. However, since there is no sand available, no erosion will occur, and consequently the actual transport in section C5 is S-.

At point 3 there is no change in sediment transport capacity. (It is still So ). But now the coast becomes erodible. This means that sand is available to load the trucks. The effect is that the coast starts to erode, just to the right of point 3.

Anyone looking at this example without knowing the difference between sediment transport and sediment transport capacity will find it very odd. Erecting a building at a rocky, sand-free point on a fully stable coastline B-C-D leads to erosion some kilometres away from the construction site. It is a total mystery.

7.2
Causes of erosion

7.2.1
Gradients in longshore transport

As already explained in the section on important elements of coastal processes, most erosion is caused by gradients in longshore transport. Sometimes the erosion becomes apparent after a storm, but the effect of the storm is only to modify the new equilibrium profile. Gradients in longshore transport may occur:

· as a gradient in the longshore transport capacity (due to changes in coastline orientation and changes in wave heights along the coast), or

· as a change in the actual longshore transport (due to the fact that the supply of sand from upstream is blocked in some way).

Coasts that have not suffered from coastal erosion in the past but are suddenly confronted with it are often suffering from a change in the supply of sand. In some cases, however, (long-term average) coastal erosion has in fact been occurring for many years but was not a problem in the past (because of less population pressure on the coastal strip). 

One of the first things to investigate is always whether there has been a change in sediment supply from upstream. A decline in sediment supply can be caused by blocking of the longshore transport upstream (e.g. because of the construction of a harbour, dredging out an access channel, construction of a groyne field, sand extraction activities, or changes in a river, see below). 

Having discovered the cause of the erosion, a decision may be taken to eliminate it (e.g. remove groynes upstream), to deal with its effect (e.g. start bypassing sediment from upstream of a port to downstream of the port), or to accept that the decreased sediment transport cannot be brought back to the original level and that other solutions will have to be found. 

7.2.1
River mouth problems due to seasonal run-off and river works

As already stated, the supply of sediment to a given section of the coast depends both on the sediment transport capacity and on the available supply of sand. A major source of sand for longshore sediment transport along the coast is the input from rivers. 

To understand the processes involved, it is important to know that river sediment transport is a function of the current velocity in the river. However, this is not a linear relationship, but a power function. It may be a relationship to the third or fourth power. For example, if velocity increases by 50% from 0.5 m/s to 0.75 m/s, the sediment transport will increase by a factor of 1.53 = 3.4 (an increase of 240%). 

This works in the opposite direction too. Hydropower dams, reservoirs for irrigation and irrigation intakes, may reduce the velocities in rivers. This is illustrated in the drawing below. This will reduce the amount of sediment being transported to the sea. The sediment that originally fed the beaches is now trapped in the reservoirs or settling basins and on the fields. The only fundamental solution is not to construct dams and irrigation intakes. However, this is not feasible, so other solutions have to be found. For example, the sand trapped in the reservoirs might be artificially transported to the coast to be used in beach nourishment. Of course, this is only possible if the distance between the reservoirs and the coast is relatively short and this is usually not the case. 

If less sand is transported to the coast, the sediment balance will be fundamentally disturbed and a sustainable solution will not be possible without constant investment. 

[image: image12.wmf]
Figure 13: Impact of river works on discharge and sediment transport

Another important point is that, in a country like India with a monsoon climate, many rivers only discharge freely into the sea in the wet season. During the dry season, the river mouth is closed, because at that moment the river discharge is too small compared with the longshore transport capacity. In the past, high river discharges in the wet season opened the mouths of the rivers and for a couple of months the sediment could be transported to the sea. Changes in river hydrographs have now reduced the number of days during which river mouths are open. During the “closed” period, some water is still discharged into the sea, but that water flows as groundwater through the sand ridge that closes the lagoon and there is therefore no supply of sediment to the sea. All the sediment will be trapped in the lagoon. If this happens, a solution could be to dredge out the lagoon and use the dredged material for beach nourishment. 

7.2.3
Sand extraction

In many places in the world, beach sand is used for construction purposes (for landfill, to construct road foundations, or to make concrete and building blocks for housing). Sand extraction may aggravate erosion considerably, and therefore should not be allowed unless it takes place at a location experiencing long-term, sustainable accretion. 

7.2.4
Aeolian transport

Especially in the dry season, sand can easily be blown away by the wind. This process may decrease the amount of sand available in the coastal strip, and consequently cause coastal erosion. It is important to see if this process is relevant to a given coastal section. If so, it is relatively easy to take precautions against it. 
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Marram grass planted on a beach to prevent aeolian erosion

In most places in the world, planting of vegetation is a good solution. In non-tropical countries many beach grasses are available, notably Marram grass. This is planted on the dry beaches and in the dune areas. It can cope with large amounts of sand blown by the wind. A local botanist should be consulted to determine which species will grow in the particular locality. Some of the species that will grow on tropical beaches are Spinifex litoreus, Ipomoea pes-Caprae, Cyperus arenariuis, Periploca sp., Urochondria sp. and Ischemum muticum.
At the landward end of the backshore region, cover can be provided by growing trees as a windbreak. The species suggested for this zone is Casurina Equisettifolia, which grows extremely well in Indian conditions. The litter fall of this species forms a dense mat on the surface, which will not only check sand movement, but also create favourable conditions for ground flora. Wood from the trees can be used after a few years for the fabrication of dune fence systems and mattresses to prevent the dune movement further. 

Especially in the period directly after planting, it is important to take care that all plants receive water and are not damaged by goats and other animals. Damage by local people must also be prevented. A nitrogen-based fertiliser will be more effective than phosphate. 

[image: image14.png]



Another way of controlling aeolian erosion is to use artificial structures, like windscreens, etc. These screens are easy to create by placing screens of reed, bamboo or wood in the area to be protected. The main problem with them is that the material of which they are made is often very useful to the local population, and theft will occur. This means that supervision of the area will be needed. Placing reed screens is very easy (see photo). Of course it is important to maintain them. As soon as they are damaged or covered by sand, they must be renewed. This operation is rather labour-intensive, but does not require much investment or skill. Local authorities can easily do it. Placing of sand-tight screens (plastic) is not recommended.

� As stated, no technical design rules are discussed in this booklet; for technical details, the reader is referred to the bibliography and the software downloadable free from www.cress.nl
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