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5.1.

Introduction

Following the definition of Linham and Nicholls, 2010, “adaptation technologies” can be defined as the
equipment, techniques, practical knowledge, skills or institutional instruments required to reduce the
impacts of coastal hazards. An overview of typical hazards in coastal areas is presented in the knowledge
note “Coastal Processes and Problems”. The framework for the implementation of a coastal zone
management plan is presented in the knowledge note “Adaptive Approaches to Coastal Zone
Management”. In this knowledge note, we will focus especially on technologies and approaches which can
be used to deal with adaptation to natural hazards caused by coastal erosion and flooding.
Three approaches for adaptation can be distinguished (IPCC CZMS, 1990), see Figure 5.1:
1.

Protection: defending vulnerable areas using soft or hard measures. Soft measures are
described in Section 5.2, and hard measures in Section 5.3.
2. Accommodation: continue to occupy vulnerable areas, but accept the greater degree of flooding
by changing land use, construction methods and/or improving preparedness. This approach is
described in Section 5.4.
3. Retreat: abandon structures in currently developed areas, resettle inhabitants and require that
new development be set back from the shore, as appropriate. This approach is described in
Section 5.5.
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Figure 5.1
Schematic illustrations of the protect, accommodate and (planned) retreat responses
to SLR (Linham and Nicholls, 2010)
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5.2.

Soft protection approaches

A soft solution uses natural processes and materials for protection. Examples of soft protection
approaches are sand (or gravel) nourishments, vegetation planting and coral reef restoration. Application
of soft defenses helps to maintain the natural landscape and habitat function of the coast. By working with
natural processes, the environmental impact can be minimized and new environmental opportunities can
be created. However, a key consideration when applying soft engineered measures is that these solutions
require ongoing and regular monitoring, maintenance and engineering.

5.2.1.

Sand nourishments

With this measure, sand is mechanically placed at the coast to advance the shoreline or restore the
amount of sand in the littoral system. This measure leaves the beach in a natural state and preserves its
recreational value. Nourished beaches need regular maintenance (replenishment) of sand; otherwise the
beach nourishment will gradually disappear due to erosion. The lifetime of a beach nourishment can be
calculated using the tool Beach nourishment.xls.
Sand nourishment can be carried out at various locations in the profile, see Figure 5.2:




Dune reinforcements; dune is reinforced/protected against breaching during storms.
Beach nourishments; sand is dumped as high as possible on the beach to obtain a recreational
beach.
Shoreface nourishments; nearshore berms or mounds are constructed from dredged material.

Sand nourishments are often applied in areas where suitable beach sand for regular replenishment is
available at a relatively short distance and/or where unacceptable leeside erosion is expected if the option
of hard coastal protection would be applied. Moreover, in order to make regular sand nourishment costeffective, there should be dredging capacity locally or a sand stockpile available in the near region.
The creation of a stockpile of material to be used over time is especially very important for small islands,
where required sediment volumes are generally limited . By dredging larger volumes of material at once
and creating a sediment deposit on the island, dredging costs can be reduced (e.g. by using larger
vessels). Moreover, nourishments could also be implemented at islands at which local dredging capacity
is not available. This, by involving large international contractors, for which dredging operations of small
entities of one single beaches would not be financially interesting due to the large mobilization costs.

Sand deposit in São Tomé.
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Preferably, beach nourishments should have a relatively ﬂat initial slope (1:20 or ﬂatter), also depending
on the sediment size. If possible, an underwater berm at about 1 m should be included to minimise the
initial sand losses. Ideally, the beach ﬁll material should be slightly coarser than the native beach material
in the beach/swash zone. Fine ﬁll materials will require a relatively large overﬁll volume to compensate
for the losses during construction. The sand size largely depends on economically available sand in the
borrow area. The life-time of the of beachﬁlls increases with increasing the sediment size; this life time
increases considerably especially for sand larger than 0.3 mm (Van Rijn, 2011; Giardino, 2014).

Figure 5.2

Dune, beach and shoreface nourishments (Van Rijn, 2010).

5.2.2.

Gravel nourishments

For eroding gravel beaches, nourishments with gravel may be considered, see for example Figure 5.3.
Gravel nourishments are not suitable to mitigate erosion of sandy beaches (and vice versa), since
problems should be expected at the transitions between sandy and gravel sections.
If beaches consisting of gravel/shingle are mixed with relatively large quantities (20%) of sand present in
the dump loads from offshore sources, the beach properties may change resulting in less infiltration of the
wave uprush and more wave reflection. Furthermore, local cliffing may occur, which is the generation of
steep erosion fronts at the beach. The intermixing of sand at gravel beaches can be prevented by dumping
the sand/gravel mixture only at the lower beach, where natural processes will separate the sand from the
gravel. If gravel without sand is easily available, the upper beach should be nourished using this material
only (Van Rijn, 2105; Giardino et al., 2015).
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Figure 5.3 Example of a gravel nourishment (Van Rijn, 2015).

Timber groynes are often used to counteract coastal erosion of gravel beaches, possibly in combination
with gravel nourishments (Figure 5.4). The advantage of using wooden groynes with respect to standard
rocky groynes is that they can be constructed with local material (i.e. also available at small islands), if
damaged they can be repaired locally, their construction costs are lower and they are general attractive in
terms of appearance. However, their life expectancy is shorter (not more than 25 years) and maintenance
costs are higher than for standard groynes.

Figure 5.4 Example of timber groynes.

Although rather expensive, in case of insufficient availability of natural sand or gravel, gravel
nourishments can also be carried out by using crushed rocks (Figure 5.5).
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Figure 5.5 Example of gravel nourishments built with crushed rocks (left picture: Mauritius (Grand
Sable), right picture: Italy (Marina di Pisa, Tuscany).

5.2.3.

Coastal restoration using vegetation

Vegetation such as saltmarshes, mangroves and sea grasses in the coastal zone attenuates wave energy
and may reduce the impact of storm surges. In addition it stabilizes the bed against erosion and may
induce sedimentation. Moreover, it provides habitats for fish, birds and insects, see Figure 5.6. Especially
in muddy areas vegetation can be an effective coastal measure, since in such areas potential large volumes
of sediment can be trapped. Hard structures may enhance erosion in such areas and collapse, which
results in high construction and maintenance costs. The natural structure becomes part of the dynamic
behaving systems induced by natural cycles such as seasons and succession and dynamic forcing of the
boundary conditions such as sea level, wave energy and sediment availability. Van Wesenbeeck et al
(2014) initiated the development of an integrated ecosystem based vision on maintaining flood safety,
with the aim of preserving natural functions and utilizing the services that nature can provide in nature
based flood defense solutions.
Saltmarshes are areas of land covered principally by salt-tolerant, grass-like vegetation and inundated by
the tides. Mangroves are woody trees or shrubs that occur naturally in brackish waters or estuarine
wetlands along sheltered tropical and subtropical shores and estuaries. Sea grasses are flowering,
underwater plants that are typically found in marine or estuarine waters continuously flooded by the sea.
Vegetation dissipates wave attack, but some wave energy may still reach the coast and during high water
levels flooding may still occur. The effectiveness of vegetation as coastal defense depends largely on the
type, height and density of the vegetation, the underlying topography, the height and period of the
incoming waves, and the water depth (Figure 5.7) (World Bank, 2016). In Möller et al. (2014) the wave
attenuation properties of a saltmarsh is analyzed under extreme wave conditions.
A comprehensive overview of wave attenuation studies through mangroves at a number of locations
around the world is provided, among others, by studies from The World Bank (2016) and Horstman et al.
(2014). The studies suggest that mangroves can reduce the height of wind and swell waves over relatively
short distances. Measured rates of wave height reduction vary between 13 and 66 percent over 100 meter
of mangroves, or 50 and 100 percent over 500 meters of mangroves, based on data in Mazda et al. (2006)
and Quartel et al. (2007). In the Netherlands a willow tree forest was designed and planted to provide
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wave reduction performance in a ‘hybrid’ forest-dike flood defense solution (see Wave reducing Forest
Dike).
An estimate of wave dissipation due to vegetation can be computed within the tool Vegetation.xls or with
more complex open software tools such as SWA-VEG (SWAN-VEG) and XBEACH (XBeach-VEG).

Figure 5.6
Conventional coastal engineering compared with new ecosystem-based defence
(Temmerman et al. 2013).

Figure 5.7 Factors attenuating wave height through mangroves (World Bank, 2016).

The status of a saltmarsh in relation to flood protection can be observed from space. In the European
funded research projects FAST (Foreshore Assessment Using Space Technology) and RISC-KIT this
functionality is used to quantify the effect a vegetated foreshore on dike overtopping and inundation of
the hinterland (Figure 5.8).
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Figure 5.8 Remote sensing of foreshore status and quantifying impact on flood risk.

5.2.4.

Coral reef restoration

A reef is a shallow strip along the coast that rises to or near the water surface, consisting of corals and
sands. Reefs dissipate wave energy and can therefore act as natural coastal defenses, see Figure 5.9.
Healthy coral reefs have rough surfaces and complex structures that reduce incoming wave energy. Wave
attenuation over the reef mainly depends on:




The depth of water above the reef
The morphology of the reef surface (i.e. shape and slope of the outer fore reef, dimensions of the
outermost reef crest and reef flat (length, width)
The reef rugosity or surface roughness

An analysis of main parameters influencing wave dissipation and the effects on potential coastal hazards
can be found for example in Quataert et al., (2015).
World-wide coral reefs have been under severe pressure from dredging and landfill operations, oil
pollution, trawl fisheries and bleaching events. Coral reef restoration can thus potentially be used as
adaptation measure in coastal management. Following the distinction from World Bank (2016),
restoration can be implemented following:



Active biological restoration
Physical restoration

The most common active biological restoration method is the transplantation of stony corals from
donor reefs sites to degraded reef sites.
On the other hand, a common physical restoration method for coral reefs is the use of artificial reefs.
An artificial reef is a man-made underwater structure, typically built for increasing marine life, but it may
be multi-purpose and provide some protection to the coast. Artificial reefs may be made of concrete, steel
or geo-textile. Examples are reefballs, eco reefs, geo-textile tubes and bio rock
(https://publicwiki.deltares.nl/display/BWN1). An example of reefballs is presented in Figure 5.10. These
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concrete shapes with holes provide good habitat for plants and coral as well as shelter for fish and
mammals and, at the same time, reduce the waves to some extent. Eco reefs consist of ceramic shapes
with multiple branches, thus increasing suitable hard substrate surface. Geotextile structures may also
form a good foundation for a broad diversity of marine species. A different concept consists in the use of
the so-called “biorocks”, referring to a method where electricity is used to speed up limestone
development on a steel structure.
Though artificial reefs cause some dissipation of wave energy, they are usually submerged or low-crested
and relatively permeable and, as a result, their effectiveness as coastal protection is limited. In most cases,
sediment transport landward of the reef will continue, though with a reduced rate. Also during high water
levels (extreme events), the effect of these submerged structures will be limited.
Also, it should be emphasized that coral restoration actions are typically focusing on restoring coral reefs
at a relative small scale. In general, it is advised that these activities will be coupled to actions aiming at
improving reef management strategies (for example: water quality, overfishing, and habitat and reef
protection).

Figure 5.9
Global map of a) wave height reduction in natural defenses and b) Coastal protection
benefits from restoration projects. (Narayan et al. 2016)

9

Simple assessments of Coastal Problems, Adaptation and Disaster Risk Management Solutions

Figure 5.10

Example of artificial reef made of reef balls (left) and underwater detail (right)

(https://publicwiki.deltares.nl/display/BWN1).

5.3.

Hard protection approaches

Hard coastal protection structures are applied with the objective to:





interrupt the longshore sediment transport;
dissipate the energy of waves and currents and associated sand transport;
protect the shore against erosion and flooding;
protect the shore against sliding (bluffs, cliffs, dunes).

Examples of hard defenses are groynes, detached breakwaters, seawalls, seadikes and revetments (see for
example Williams et al., 2016).

5.3.1.

Groynes

Groynes are narrow structures perpendicular or slightly oblique to the shoreline extending into (or
beyond) the surf zone. The objective of a groyne scheme is to trap sand and to allow the shoreline in the
groyne sections to re-orientate more normal to the incoming waves and thus reduce the littoral drift
(Figure 5.11). This will increase beach volume, and it can therefore be constructed to protect a stretch of
coast against erosion. However, by reducing the littoral drift, groynes in most cases cause erosion in the
area downdrift of the groyne scheme (‘leeside erosion’). The erosion problem will thus be transferred
along the coast.
Groynes may be considered as an adaptation measure in areas where no leeside erosion is expected, or in
areas where downdrift erosion is considered acceptable or where measures against downdrift erosion can
be taken. Nowadays, the design of groyne fields along open coasts is nearly always combined with the
placement of beach fills inside the cells to widen the beaches and to reduce downdrift impacts (see Kana
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et al, 2004). Groynes are potentially effective at sites with a predominant longshore current. Groynes are
not effective at sites with almost normal wave incidence.

Figure 5.11 Example of groynes and re-orientation of shoreline in groyne sections (Courtesy of
Google Earth).

5.3.2.

Detached breakwaters

Detached breakwaters are offshore structures parallel to the shore protecting a section of the shoreline by
forming wave-shielded areas (reduction of incident wave energy). There can be many variants in the
design of detached breakwaters, including single or segmented, emerged (crest above high water surface)
or submerged (crest below water surface), narrow or broad-crested, etc. The crest elevation determines
the amount of wave energy transmitted over the top of the breakwater.
The coastal response depends on the spacing between the structures, the ratio between the breakwater
lengths and their distance to the shore, and the level of the breakwater crests. For relatively short emerged
breakwaters at a considerable distance from the shore ‘salients’ (slight protrusions of the coastline behind
the breakwater) will develop, see Figure 5.12 (left box). This type of scheme may bypass part of the
longshore transport, and therefore leeside erosion may remain limited. If relatively long breakwaters are
constructed close to the shore ‘tombolos’ may develop, see Figure 5.12 (right box). In this case, sand
accumulates behind the structure until the shoreline and structure become connected. This type of
scheme tends to interrupt the longshore transport, thus resulting in leeside erosion similar to a groyne
system.
In general, if sufficient sediment is available, the beach will develop to a salient shape for L/D < 1, or to a
tombolo shape for L/D > 1, being L the breakwater length and D the distance between the breakwater and
the original shoreline.
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Figure 5.12 Example of a ‘salient’ (left) and a series of ‘tombolos’ (right) (Courtesy of Google Earth)

Detached breakwaters are often applied if – in addition to local beach widening – wave height reduction
in the nearshore zone is desired. The response of the coast to detached breakwaters is more difficult to
predict than for groynes, and therefore this type of structures have a higher risk of being ineffective (or of
creating unforeseen adverse effects).
For the dimensioning of rock breakwaters (low-crested and high-crested) the tool Armour.xls can be used.

5.3.3.

Seawalls, seadikes and revetments

Seawalls, seadikes and revetments are shore-parallel structures armoring the shore to protect the land
behind it against episodic storm-induced erosion and/or long-term chronic erosion by the sea, see Figure
5.13.





A seawall is a vertical (or almost) retaining wall (massive structure) with the purpose of coastal
protection against erosion and/or flooding.
A seadike is a clay or sand dike (artificial sand dune) protected on both sides by armour layers
and filter layers. These structures have a high volume which helps to resist water pressure,
sloping sides to reduce wave loadings and crest heights sufficient to prevent overtopping by flood
waters.
A revetment is an armour protection layer (consisting of light to heavy armour layer, underlying
filter layer and toe protection) on a slope to protect the adjacent upland against scour by current
and wave action.

These structures are usually not very effective in reducing long-term erosion processes, since these types
of structures hardly change the longshore transport gradients. The rate of erosion of the beach and
shoreface in front of the structure is often increased, particularly when the waves can reach the structures
(resulting in local scour). Moreover, lee-side erosion is usually induced by this type of structure. The
beach and shoreface erosion will ultimately lead to an increased wave attack intensifying the transport
capacity and hence intensified erosion (negative feed-back system).
For the dimensioning of seadikes and revetments the tool Armour.xls can be used.
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Figure 5.13 Seawall, seadike and revetment (Van Rijn, 2010).

5.3.4.

Discussion of hard versus soft protection and costs

While there has been a widespread move to soft defences, both types of technology will most likely
continue to be applied in the future. Hard defences are likely to be particularly important in protecting
coastal urban areas against erosion and flooding in regions where sand is scarce. Soft defences are more
suitable for application to sedimentary coasts composed of beaches, in areas where sufficient sand is
available at a short distance from the area to be protected, and at muddy coasts. Combinations of soft and
hard defences may in many cases be the most economic measure.
Hard coastal protection is designed for typical local wave and water level conditions and as such it is
potentially less flexible than soft protection in terms of adaptation to (uncertainties in) climate change.
Sand nourishment schedules can be adjusted more easily to changing (or unexpected) conditions than a
scheme of structures.
Sand nourishment may be relatively cheap if the borrow area is not too far away (say less than 10 km) and
the sediment is placed at the seaward flank of the outer bar (shoreface nourishment) where the
navigational depth is sufficient for hopper dredgers. However, only part of the sand in the shoreface will
contribute to a seaward shift of the shoreline. Beach nourishment is about twice as expensive as shoreface
nourishment and possibly even more if lifetimes are very short (1 to 2 years).
Generally, groynes, detached breakwaters and artificial reefs are built in urban areas to significantly
reduce coastal beach erosion and to maintain a minimum beach for recreation. Preferably, structures
should be built at transition locations from increasing to decreasing longshore transport to prevent leeside erosion. Groynes and breakwaters are, however, no remedy for dune erosion during conditions with
relatively high surge levels (above the dune toe level). Seawalls and revetments are sometimes applied to
stop dune erosion completely for reasons of coastal defense in urban areas.
Hard structures require relatively high capital investments plus the continuous costs of maintenance
works (storm damage, subsidence, scour problems, redesign, etc.) and costs of supplementary beach
nourishments to deal with local erosion problems (for example opposite to gaps and along the downdrift
side). Indicative figures for coastal protection works are given in Table 1.
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However, costs for coastal protection works on small remote islands can also be much higher, especially
when all the aggregate for construction needs to be imported. Typical costs for local material specifically
derived for Pacific islands can be found for example in Tonkin & Tailor (2016). The resulting costs of
coastal protection measures can be at least 3-4 times than the ones reporting in Table 1 (See for example,
Deltares, 2016).
Table 1 Investment cost of shoreline protection measures (Van Rijn, 2011).

Type of structure

Construction + maintenance costs over 50 years
(in Euro per m coastline per year)

Straight rock groynes
Rock revetments
Shoreface nourishments (every 5 years)
Sea walls
Beach fills (every 3 years)
Submerged breakwaters
Emerged breakwaters

50 to 150
100 to 200
100 to 200 (if sand is easily available)
150 to 300
200 to 300 (if sand is easily available)
200 to 400
250 to 500

5.4.

Accommodation approaches

The accommodation approach involves the continued occupancy and use of vulnerable zones by
increasing society’s ability to cope with the effects of extreme events (IPCC CZMS, 1990), see Figure 5.14.
A distinction can be made between two technologies:
1.

Apply physical changes to accommodate the flooding and/or erosion, e.g. flood-proofing and
wetland restoration.
2. Create awareness of coastal risks using information systems so impacts of events can be
minimized, e.g. flood hazard mapping and early warning systems.

5.4.1.

Flood-proofing

The impacts of flooding on some type of structures can be reduced by means of flood-proofing. Floodproofing can be done by elevating structures (see Figure 5.14), applying materials which make structures
more resilient to damage by flooding and prevention of water entering the structures. These measures
may be less expensive than constructing coastal protection (e.g. seawalls and dikes) and avoid relocating
or demolition of the structures (Powel and Ringler, 2009).

Figure 5.14
Elevated houses on the island of Majuro to prevent damage from waves and flooding
(Hess et al. 2015).
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5.4.2.

Flood hazard mapping

Flood hazard maps are easily-read charts and maps identifying coastal areas which are at risk of flooding
under extreme conditions. It acts as an information system to enhance the understanding and awareness
of coastal risks. It also facilitates administrators and planners to identify areas of risk and prioritize their
mitigation/ response efforts.
Flood hazard mapping is often carried out by means of numerical models, since records on extreme
coastal events and flooding extents are sparse. An example of a flood hazard map is shown in Figure 5.15.

Figure 5.15
Example of a flood hazard mapping for the island of Ebeye (Marshall Islands;
Deltares, 2016).

5.4.3.

Early warning systems

Storm and hurricane induced surges are a continuous threat to coastal areas across the globe, and they are
likely to increase due to climate change. Numerical tide-surge models can be applied to assess the
impacts and effectiveness of proposed coastal flood protection, before any events occur, and provide
timely and reliable early warnings before a storm landfall, based on wind and pressure forecasts. This
enables the public to be alerted in advance and undertake actions to limit the impact of a storm. An
example of such an early warning system for Mauritius is shown in Figure 5.16.
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Figure 5.16
HTML bulletin issued every forecast, one for each island, for easy dissemination /
interpretation between Mauritian organizations (Bogaard et al. 2016)

5.5.

Retreat Approaches

Processes such as sea level rise, coastal erosion and flood risk can cause hazards to life and property. A
possible solution is to relocate the populations at risk away from the at-risk area. The retreat approaches
refer to planned actions to move away from the hazard area, instead of forced retreat due to extreme
events or sea level rise.
This can be done by means of a ‘setback’ area, which creates a buffer between the hazard origin and
buildings and infrastructure. This setback area dictates a minimum distance or elevation with respect the
coastline for planned new infrastructure.
Another retreat approach is deliberately reshaping existing flood defences in order to set back the
coastline; this is called ‘managed realignment’. By managing the flooding of a currently defended area
negative impacts are avoided and an intertidal habitat between the old and new defence is created (see
Figure 5.17).
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Figure 5.17

Managed realignment (Linham and Nicholls, 2010).

As an example of the retreat approach, São Tomé and Príncipe has recently designed a strategy to help
coastal communities better adapt to climate change and become more climate resilient (Koskinen-Lewis
et al., 2016). The essence of this strategy, which the government is currently piloting, is to effectively
manage voluntary population retreat from coastal areas at risk to safer, higher ground. This relocation to
safer grounds was requested by coastal populations themselves after they experienced unusually heavy
and damaging flooding in the early 2010s. The first step of the strategy was to determine the patterns of
coastline change. This was done by comparing topographic maps from the 1950s with high-resolution
satellite imagery of the current situation, highlighting changes in settlement expansion and the actual rate
of coastline retreat. For one of the communities, it became clear that the coast had been receding by more
than 100 meters in 60 years, and that a significant proportion of the houses were currently at risk. By
incorporating future projections of flood patterns, the maps also helped identify which areas would be
most at risk. These projections were shared and discussed with the communities to ensure common
understanding of the risks and to canvass the options for relocation as a way of preventing future damages
and losses. At the same time as vulnerable households were mapped, the communities were involved in
the identification of the poorest households. The results of both of these exercises were validated jointly
with the community so that there was general agreement on who is vulnerable and should therefore get
priority in terms of assistance in relocation to safer areas.

Figure 5.18
Stakeholder consultation and participatory risk analysis with a local community in
São Tomé (UNESCO-IHE and Deltares, 2011).
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