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Abstract: Barrier reefs dissipate most incoming wind-generated waves and, as a consequence,
regulate the morphodynamics of its inbounded shorelines. The coastal protective capacity of reefs
may nevertheless be compromised by climate change effects, such as reef degradation and sea-level
rise. To assess the magnitude of these climate change effects, an analysis of the waves propagating
across the barrier reef is carried out in Flic-en-Flac beach, Mauritius, based on scenarios of future
sea levels and predicted coral reef condition. In the study, both the mean wave climate and extreme
event conditions are considered. The results show that lower coral structure complexity jointly with
higher water levels allow for higher waves to pass over the reef and, therefore, to reach the shoreline.
In addition, modeling for cyclonic conditions showed that nearshore waves would also increase in
height, which could lead to major coastal morphodynamic changes. Measures aimed at preserving
the coral reef may allow the system to accommodate for the gradual climatic changes forecasted while
keeping its coastal protective function.
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1. Introduction

Coral reefs are important elements in tropical and subtropical shores. They are among the most
diverse and productive ecosystems of the oceans since they provide a large number of goods and
services such as food, habitat, biodiversity, tourism, recreation, shoreline protection, and erosion
regulation [1]. In particular, coral reefs play an important role in coastal areas acting as natural
breakwaters that can dissipate up to 97% incident wave energy [2] controlling the shoreline evolution
in their lee [3]. In addition, taking into account that low-crested detached breakwaters generate a wave
height reduction of 30%–70% [4–6], the wave dissipation effect of coral reefs is generally similar or
even larger than conventional structures.

Barrier reefs are typically characterized by a steep slope from deep water to the reef crest,
which is followed by a shallow platform between this crest and the shoreline. This particular
morphology enhances wave breaking at the reef crest and protects the coastline from severe storm
waves [7]. Bottom friction takes place over the reef flat and may dissipate as much energy as wave
breaking [8]. The most critical factors for wave dissipation in coral reef environments are the depth
of reefs, in particular at the shallowest points [2,9,10] and bottom friction, which depends on bottom
roughness [8,11].
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This natural protection is of critical socioeconomic importance in many countries, such as
Mauritius, where coastal activities play a key role. Nevertheless, the development and the
consequent reorganization of the coastal fringe have generated a strong anthropogenic pressure
(e.g., tourist resorts, urbanization, occupied shorelines) that have made it prone to risks such as flooding
and undermining infrastructure. In this fringe, the existing infrastructure, such as resorts and coastal
roads, prevents setbacks as an adaptation measure to counteract the potential risks.

On the other hand, large storms as tropical cyclones (TC) and hurricanes may damage coral
reefs [12–14], due to the combination of the intensity of the waves and duration [15]. The physical
damage to coral reefs from TCs ranges from broken branches to the removal of parts of the reef
structure [15] and it is highly patchy [16].

In addition to natural and anthropogenic impacts, these unique ecosystems are threatened by
diverse processes derived from climate change, as sea-level rise (SLR) and changes in pH and water
temperature. For example, coral bleaching events and ocean acidification threaten reef ecosystems
reducing bottom friction [17]. Reef degradation reduces their ability to mitigate the effects of coastal
hazards and modifies nearshore dynamics, increasing the vulnerability of the coast to erosion and
flooding events [18–20].

The study of the impact of climate change on coral reefs has been focused on ocean acidification
and rising water sea temperature [21,22], while less attention has been paid to the impact of SLR [23–25].
Increases in reef depth due to SLR diminish its potential wave dissipation and as a consequence, the
beach protection service could be reduced or even eliminated [1]. For example, Wegner and Ellis [26]
estimated that 0.4 m of SLR would increase transmitted wave-energy over a Caribbean coral reef by
20%–30%, enhancing shoreline erosion. Hence, the consequences derived from SLR coupled with the
loss of reefs’ properties should be taken into account when considering the coastal activities that can
exist. In tropical insular states such as Mauritius, where a significant share of revenue depends on
foreign beach tourism, this is a major issue in coastal planning.

Coastal erosion and flooding are closely related to the wave energy reaching the shoreline.
Therefore, a good description of wave patterns in the nearshore area under different scenarios
is needed to assess the impacts of those changes on beaches and consequently to select the best
management strategy.

Numerical modeling is a suitable tool to determine the spatial distribution of hydrodynamic
conditions over the coral reef and the attached beaches. It has been applied to reproduce the nearshore
wave fields in a number of studies. In this way, Hoeke et al. [9] and Filipot and Cheung [27] used the
SWAN model [28] to investigate its performance over fringing reef bays, showing that it is capable of
estimating the wavefield in such environments. Sheremet et al. [10] tested both phase-resolving and
phase-averaged models to assess model performance in steep slopes characteristic of reef environments.
Van Dongeren et al. [29] and Lashley et al. [30] used the XBeach model [31] to investigate wave
hydrodynamics on a fringing reef, obtaining a good skill to predict all key processes in such systems.
McCabe et al. [32], Fang et al. [33] and Shimizono et al. [34] used Boussinesq-type models to analyze
the wave transformation over fringing reef profiles. Buckley et al. [35] compared SWAN, XBeach, and
SWASH [36] models to assess their ability to predict wave heights on a reef profile, finding that all of
them are capable of predicting it with reasonable accuracy. They also found that phase-averaged models
require a lower grid resolution and are significantly less computationally demanding. Pearson et al. [37]
also used the XBeach model to assess wave-driven flooding hazards on coral-reef coasts.

These wave models have also been used in a few studies to evaluate the potential effects of SLR on
wave propagation over coral reefs. For example, Storlazzi et al. [24] modeled the impact of SLR on a
fringing coral reef hydrodynamics, finding that greater water depths over the reef would reduce bottom
friction, resulting in higher waves that could propagate over the reef without breaking. Quataert et
al. [19] used the XBeach model to examine how climate change may affect coral reef characteristics,
altering wave-driven coastal run-up.
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Within this context, the aim of this paper is to quantify the impact of changing hydrodynamic
conditions induced by climate change at a coral reef located on the island of Mauritius. The study
focusses on the amount of wave energy that reaches the beach attached to the reef. Such impacts
are analyzed considering three factors of change induced by climate change: SLR, wave climate,
and health state of the reef; the latter having a primary role in dissipating wave energy by bottom
friction. The analysis is realized considering the climate projections presented in the Fifth Assessment
Report (AR5) climate projections of the Intergovernmental Panel on Climate Change (IPCC) [38].
The study is focused on the Flic-en-Flac beach, located in Mauritius. The analysis is performed for mean
and extreme wave regimes taking into account present and future reef quality conditions. The paper
does not intend to assess the impact of waves in the coral reef itself, as done by other authors [12–16],
but to quantify how different conditions associated with climate change modify the wave energy
passing over the reef and reaching the beach. This is very important for coastal managers to design the
necessary adaptation measures to protect the beach.

Based on these previous studies the SWAN model was selected to carry out this study because it
solves the wave action balance equation. Therefore, it reproduces the main physical processes taking
place in this specific area: nearshore wave propagation, bottom friction, and depth induced breaking.
In addition, since it is a phase-averaged model, it requires a coarser grid resolution and a considerably
lower computational cost.

2. Materials and Methods

2.1. Study Area

Flic-en-Flac beach, located on the west coast of the island of Mauritius (Figure 1), is one of the
most visited beaches in Mauritius and it is of socio-economic relevance for the country. Over the last
years, the beach has experienced events of recurring erosion and it has been classified as a beach of
high management priority in terms of erosion risks [39]. It extends approximately 5 km from north to
south in a slightly convex shape. The morphology of Flic-en-Flac represents a typical sandy beach in
Mauritius; such that it is bounded by a lagoon extending a few hundred meters and surrounded by
a barrier reef. The contour of the shoreline mirrors the contour of the barrier reef, which lays about
250–400 m apart. A shallow lagoon is comprised between the barrier reef and the shoreline, as seen in
Figure 1.
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The volcanic origins of the Island, formed from the eruption of a hot spot located under the
oceanic shelf, explain the steep bathymetry on the west of the barrier reef [40]. Around 12 km from
shore, depths of around 4000 m are observed and at 2.5 km depths are around 500 m. The reef flat is
typically found to be 0.3 m below local mean sea water level [41,42] and stretches between 40 and 180 m
cross-shore. The buttress zone extends from the reef flat to a range of depths typically around 5 to 20 m
below sea water level. The depths of the lagoon vary around 0.5 and 2 m. A typical cross-section of the
study area from west to east is shown in Figure S1 (supplementary material).

The fore reef and reef flat were noted to have a poor coral cover, with a patchy structure and an
estimated live coral on the fore reef to be between 5 and 50% [43]. On average about half of these corals
are of the ‘massive coral species’, and less than 25% are of the branching coral type. The bottom surface
of the lagoon is colonized with variable disposition and concentration of patchy branching corals and
seagrass. The seabed present at the majority of the lagoon is comprised of sand veneer laying over
calcareous substrate from past reef growth.

The coral degradation over the last decades has a clear anthropogenic origin [43]. The major causes
are the physical coral damage from fisheries, recreational, intentional coral removal for commercial
and touristic use of the lagoon, coral clearing for bathing improvement, effluent discharge including
fertilizers, siltation and increased freshwater input into the lagoon due to coastal wetlands filling [39,41].
The southwest of Mauritius is exposed to waves driven from the low-pressure systems south of Africa
which travel from west to east. Unobstructed by land, the fetch over which the storms blow results
in waves of high peak period and wave height. Swell reaching the island from these storms comes
from south to southwesterly directions. Other swells susceptible to impacting the Flic-en-Flac coast
originate from episodic extreme swell events generated during summer cyclonic storms. Waves from
these episodic events generally have a northerly direction, but may also arrive from the easterly or
westerly sectors, depending on the cyclone’s trajectory.

The tide on the island is of relatively small amplitude (micro-tidal) and is mainly semi-diurnal.
The average neap range and spring range are 0.3 m and 0.5 m, respectively. The range from the lowest
to highest astronomical tide is 0.8 m [39].

2.2. Modeling Approach and Input Parameters

As indicated in the Introduction, the SWAN model [28] is chosen to compute the wave dissipation
over the Flic-en-Flac barrier reef by propagating waves from offshore locations, over the barrier reef,
and into the lagoon. This code has successfully been used for modeling wave dissipation in fringing
reef environments [9,27,44]. The numerical wave height outputs from the SWAN model allow assessing
the effects of varying SLR and coral complexity conditions from different scenarios. Comparison of the
wave height evolution over energy dissipating seabed features indicates their relative effects in the
different scenario conditions selected. The required input parameters in SWAN for this work have
been: (i) the wave parameters; (ii) the water level; (iii) the friction factor of the coral reef seabed; and (iv)
the bathymetry of the area of study.

There is no available recorded data in this area for obtaining the wave climate. Because of
this, the mean and extreme wave regimes have been derived from the 39 years (1979–2017) publicly
available Era-Interim data set [45]. Era-Interim is a global atmospheric reanalysis product created by
the European Centre for Medium-Range Weather Forecast (ECMWF) [46] that provides information
on wave fields (among many other variables) at six-hourly intervals. Since the available data include
a directional average and mean wave height, the waves of interest have been frequently found to
be overshadowed by the yearlong trade wind-generated waves [47]. To overcome this limitation,
the coordinate of extraction for the mean wave climate analysis has been chosen at 56.25◦ E and 22.5◦ S
(node 1), while for the extreme wave climate, the trade wind effects have little influence on the data
of interest and the most accurate data is therefore closer to the island, at 57◦ E and 20.25◦ S (node 2).
Figure S2 (supplementary material) shows the wave rose diagrams for both node positions.



Water 2020, 12, 1681 5 of 21

The mean wave climate has been built by choosing the mean of the wave height bins (1 m interval),
the wave period bins (2 s interval) and directional bins (11.25◦ interval), which occur at a frequency
greater than 0.02% (64 cases in total). Furthermore, conditions that occur less than 2 h per year have
not been considered for the model due to the expected very low impact. Waves of mean direction
smaller than 163◦ have also been discarded, due to the limited effect that these conditions would
have on the study area. A weighted output is generated by multiplying the model outputs of each
wave condition by its frequency of occurrence. The cumulative frequency of occurrence for all the
conditions modeled in the analysis amounts to 45.39% of the total waves recorded in the wave climate
data. Table S1 (supplementary material) presents the 64 considered combinations of significant wave
height (Hs), peak period (Tp), and wave directions representative of a mean year.

The extreme regime has been derived by fitting a Weibull probability distribution function to
a subset of extremes obtained using the peak over threshold method with Hs threshold value of
4 m, which extracts approximately the 5% of the highest waves, close to the values suggested by
Sterl and Caires [48].

The modeling approaches for the two distinct wave climates are shown in Figure 2. A nesting
strategy has been followed for the mean wave conditions whereas a single grid approach has been
used for the extreme regime (Figure 3). The largest model domains’ (Domain 1) boundaries range
from 20.2◦ S to 21.6◦ S and 55.4◦ E to 57.4◦ E. The southernmost boundary has been chosen to include
Reunion Island, to ensure that the refraction and diffraction of southwesterly waves are included.
A coarse resolution of the computational and bathymetric grid of 0.005◦ by 0.005◦ has been used,
in the longitudinal and latitudinal directions respectively. The second computational grid (Domain
2) has been reduced to 0.00075 by 0.00075◦ length cells, and includes the southwest portion of the
Mauritian coast, to account for wave transformation when the waves are approaching the nearshore
area. The rectangular boundary coordinates are 20.22◦ S to 20.52◦ S and 57.23◦ E to 57.38◦ E. The third
and most refined grid has cell sizes of 0.00016◦ in the longitudinal direction and 0.0002 ◦ in the
latitudinal direction. Such spatial resolution roughly equates to 18 m × 22 m. Domain 3 extends
between 20.265◦ S to 20.325◦ S and 57.340◦ E to 57.38◦ E.
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Added to the existing threats are further increases in the local water temperature and water
acidity as presented in the IPCC AR5. Comparison of climate model projections between year
intervals of 1986 to 2005 and 2081 to 2100 [38], indicates that coral bleaching events will increase,
in frequency and magnitude. If the death rate of coral in Flic-en-Flac persists over the next decades at
the same rate than the last 50 years, a smooth coral pavement is expected to replace the remaining live
coral. This assumption will be used in the modeling step. This is a key factor since reef roughness
and the associated bottom friction are important parameters that govern nearshore hydrodynamics,
wave energy dissipation, wave run-up, wave setup, and coastal flooding [49]).

The friction factor of the seabed has been estimated from measurements performed on other reef
sites, of variable coral characteristics. High variability exists due to differences in the type, density,
structural complexity, and coral distribution of each site. Shepard et al. [50], based on a study carried
out in the Seychelles, estimated a friction factor of 0.1 for a smooth coral pavement and 0.2 for a healthy
coral reef. Quataert et al. [19] and Lowe et al. [51] reported friction coefficients of 0.3 from field data
from reefs in the Marshall Islands and Hawaii respectively. Osorio-Cano et al. [17] claim that friction
factors are within the range of 0.2–0.3 for healthy coral reefs. Nevertheless, some studies report higher
friction coefficients in reefs of higher complexity such as 0.6 and 0.8 at the Ningaloo reef [29] and 1.8 at
the structurally complex forereef at Palmyra Atoll [52]. Estimates have been made by assuming that
alive coral reef has higher structural complexity and, in turn, higher friction factor than a dead coral.
A friction factor similar to smooth coral pavement measured in the Seychelles by Sheppard et al. [50]
has been assigned to the predicted degraded coral seafloors in the future (dead coral). This unhealthy
coral reef in the future is considered by assuming that due to climate change there will be an increase
in water ocean temperature and acidification. Hence, most of the coral would perish. A dead coral
presents less complexity and does not grow, being eroded by the waves and, therefore, becoming
smoother. For live coral (present situation), due to its patchy nature in this area, a limited value of the
friction factor (0.25) has been chosen, in the range indicated by [17,19,50,51]. In the lagoon, the presence
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of sand reduces the friction; then, and the coefficient should be smaller. The selected friction factors are
indicated in Table 1.

The water levels considered include one for present level and three water level projections taken
from the IPCC AR5 [35] corresponding to levels predicted under the representative concentration
pathways (RCP) RCP4.5 and RCP8.5. As a reference basis to the future levels, the year interval of 1986
to 2005 has been considered to correspond to the current levels, and assumed to be at local mean sea
level (LMSL).

Table 1. Friction coefficients assumed in the numerical modeling (adimensional units).

Location
Friction Coefficients

Current Coral Condition Dead Coral

Reef Flat, Fore-reef/Buttress Zone (20 m) 0.25 0.1
Lagoon 0.15 0.1

Deep Fore Reef 0.1 0.1

Different sea levels have been tested to evaluate the magnitude and variability in the wave
dissipation based on the different SLR predictions provided in the IPCC AR5 [38]. One sea water level
percentile has been taken from the RCP4.5 predictions, and two from the RCP8.5 predictive models.
The three levels include: the regional mean water level value of the prediction range for the RCP4.5
and RCP8.5, as well as the upper 5% occurrence of the global predicted water level using the RCP8.5
scenario, as presented in Table 2.

Table 2. Regional mean sea level change considered in the numerical modelling (bold letter). In brackets,
the 95% confidence interval. Based on Wong et al. [53].

Regional Global

RCP4.5 RCP8.5 RCP8.5

Mean Sea Level Change (m) 0.52 [0.30, 0.77] 0.68 0.74 [0.52, 0.98]

Since the joint probability of tide and wave conditions is unknown, to keep consistency in the
SWAN model results, the runs have been performed in a stationary mode at the LMSL for all the
cases corresponding to the mean climate scenarios. This assumption has been considered as feasible
because this area is a semi-diurnal microtidal environment with a tidal range of 0.8 m. In the same
way, for extreme events, due to the lack of correlation between tides and storms, they should be treated
independently. In order to consider the worst-case scenario, the highest astronomical tide has been
chosen for the extreme wave climate.

The default Jonswap (γ = 3.3) spectra have been used as input for the incoming southwesterly
swell. The depth induced wave breaking parameters have been based on findings from laboratory
experiments and field observations by Filipot & Cheung [27] with breaker index γ = 0.94 and energy
dissipation constant B = 1.09. Since the winds in the domain are predominantly from E to ESE,
wave generation has been considered negligible, as well as whitecapping, since it is closely related to
the wind [54]. The direction has been discretized into 36 bins spaced 10◦. The mean tide level has been
used for all scenarios to allow for a common basis of comparison.

Concerning the wave height, the IPCC [38] reports a likely increase between 1%–5% of the wind
velocities in the austral winter inducing, as a consequence, a certain increase of wave heights in that
region. In addition, using altimeter data collected between 1992 and 2012, Gupta et al. [55] identify a
steady increase in mean wind speed and Hs in the South Indian Ocean. For this reason, in this study,
an Hs increase of 5% has been considered in scenario 6 of the mean climate analysis.
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Finally, the model’s bathymetric inputs have been obtained by digitizing with ArcMAP10.5 the
bathymetric information of navigational charts (Navionics) and specific bathymetric maps of the
Flic-en-Flac lagoon provided by the Mauritius Oceanographic Institute (MOI).

2.3. Defined Scenarios and Events for Analysis

The mean wave climate has been modeled under 7 different scenarios (Table 3) and the extreme
wave climate for 12 different events (Table 4) to compare the effects of changing conditions, notably
under conditions of dead coral, and no growth over the current reef height. In the case of mean wave
climate, each analyzed scenario required 64 simulations; one for each combination of significant wave
height (Hs), peak period (Tp), and wave direction (see Table S1); while for extreme climate, each event
only implied one simulation.

Table 3. Mean wave climate scenarios.

Scenario Description SLR Reef Condition Water Level above
LMWL (m)

Present
Reference Present conditions N/A Current 0

Sc4 Present conditions + dead reef N/A Dead 0

Future

Sc1 Future conditions RCP4.5 RCP4.5 (Reg. mean) Dead 0.52
Sc2 Future conditions RCP8.5 RCP8.5 (Reg. mean) Dead 0.68
Sc3 Future conditions RCP8.5 (upper 5%) RCP8.5 (Up. limit) Dead 0.98

Sc5 Future conditions RCP4.5 (same reef
roughness, no grow) RCP4.5 (Reg. mean) Current 0.52

Sc6 Future conditions RCP4.5 +5% increase in Hs RCP4.5 (Reg. mean) Dead 0.52

Table 4. Extreme wave scenarios (RP = Return period, Hs = significant wave height, Tp = peak period,
SLR = sea level rise).

Event RP (Years) Hs (m) Tp (s) Surge (m) SLR Reef State SLR (m) Added

Present

Ev1 5 5.0 10.5 0.16 N/A Current 0
Ev2 25 6.0 10.8 0.33 N/A Current 0
Ev3 50 6.4 10.9 0.43 N/A Current 0
Ev4 100 6.8 11.0 0.54 N/A Current 0

Future

Ev5 5 5.0 10.5 0.16 RCP4.5 Dead 0.52
Ev6 25 6.0 10.8 0.33 RCP4.5 Dead 0.52
Ev7 50 6.4 10.9 0.43 RCP4.5 Dead 0.52
Ev8 100 6.8 11.0 0.54 RCP4.5 Dead 0.52
Ev9 5 5.0 10.5 0.16 RCP8.5 Dead 0.68

Ev10 25 6.0 10.8 0.33 RCP8.5 Dead 0.68
Ev11 50 6.4 10.9 0.43 RCP8.5 Dead 0.68
Ev12 100 6.8 11.0 0.54 RCP8.5 Dead 0.68

The scenario used for reference has as input the current water levels at LMSL and a friction factor
associated with the current coral state (relatively healthy but patchy). Scenario 1 to 3 have been chosen
to represent future conditions with dead coral, and no growth over the current reef height for SLR
corresponding to the three predicted sea level increases, presented in Table 1. Scenario 4 replicates the
input parameters of the reference scenario, except for using a lower friction factor, to evaluate the effect
of the lower friction associated with dead coral. Scenario 5 input only differs from scenario 1 in its
friction coefficients, to also evaluate effects of changing friction coefficient, but at a different water level.
To compare the effect of the potential increase in the mean significant wave height in the south Indian
Ocean belt [38,55], the Hs of Scenario 6 is increased by 5% while all other input conditions match that
of Scenario 2.

The events defined in the extreme wave climate combine four sets of different return period wave
conditions (i.e., 5, 25, 50, and 100 years), modeled for the present reef and water level conditions and
for two future conditions (RCP4.5 and RCP 8.5), as presented in Table 4. Twelve extreme events have
been chosen for two reasons: (i) to provide a comparison basis between the magnitude of the effects



Water 2020, 12, 1681 9 of 21

caused by events of increasing storminess and (ii) cover both present and future conditions of sea level
and friction associated with the coral reef condition.

3. Results

3.1. Mean Wave Climate Scenarios

Figure 4 and Figure S3 (supplementary material) feature color maps of the Flic-en-Flac lagoon
representing the average Hs inside the lagoon for all scenarios, calculated as exposed in Section 2.2.
In these figures, large variations in the values of Hs can be observed for the different scenarios,
highlighting the influence of the different parameters: in particular sea level and reef conditions, in the
wave height entering the lagoon.Water 2019, 11, x FOR PEER REVIEW 10 of 23 
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For the reference scenario (Figure 4a) and mean wave climate, the average wave heights within
the lagoon are very small (< 0.1 m), denoting that, under present conditions, almost all the wave energy
is dissipated on the reef and wave is mainly damped. Conversely, assuming an SLR of 0.52 m (RCP4.5)
and dead coral (scenario 1), wave heights in the lagoon range between 0.25 and 0.45 m (Figure 4b).
At the same dead coral condition, a slightly greater SLR corresponding to mean projection for RCP8.5
(0.68 m, scenario 2) increases wave heights in the lagoon to values between 0.3 and 0.6 m (Figure 4c).
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If the SLR considered is the upper limit of RCP8.5 (0.98 m, scenario 3), wave heights in the lagoon are
greater, ranging between 0.5 and 0.8 m (Figure 4d).

In the same way, without SLR but with a dead reef condition (Scenario 4), the average wave
pattern within the lagoon is similar to the one under present conditions (< 0.15 m), although slightly
greater. If the reef condition preserves its present roughness but with an SLR of 0.52 m (Scenario 5),
the wave heights vary between 0.2 and 0.4 m. Finally, for the RCP4.5 scenario, dead coral and an
increase of 5% in wave heights based on wave future projections, the average Hs within the lagoon
ranges from 0.35 to 0.7 m (Figure S3).

3.2. Extreme Wave Scenarios

The color maps in Figures 5 and 6 and Figure S4 (supplementary material) represent the wave
heights inside the lagoon of each of the output of the extreme event runs. In the case of present
conditions (SLR = 0 m, coral reef with current state), larger return periods lead to greater wave heights
within the lagoon, as shown in Figure 5.Water 2019, 11, x FOR PEER REVIEW 12 of 23 
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For return periods (RP) of 5 years, Hs varies between 0.45 m and 0.70 m (Figure 5a). For greater
return periods, the wave heights within the lagoon increase significantly, with values between 0.6
and 1.2 m for a return period of 25 years (Figure 5b). This last wave pattern is similar to that for
RP = 50 years (Figure 5c). Under exceptional storms (RP = 100 years) waves in the lagoon range
between 0.7 and 1.4 m (Figure 5d).

For a RCP4.5 scenario, assuming an SLR = 0.52 m and dead coral reefs, the obtained results
are somewhat different (Figure S4). In this case, for RP = 5 years, Hs within the lagoon has
values between 0.75 and 1.4 m. As the return period increases, waves within the lagoon are higher.
Thus, for RP = 25 years wave heights range between 1.1 and 1.6 m, for RP = 50 years between 1.2 and
1.7 m and for RP = 100 years between 1.2 and 1.9 m. Notice that in the two last cases, the isostatic sea
level rises significantly along all the beach, flooding large areas of the dry beach.

The last scenario simulated is RCP8.5, with SLR = 0.68 m and dead coral reef and the corresponding
results are shown in Figure 6. The events analyzed for this scenario give values of Hs within the
lagoon slightly greater than those of a RCP4.5 scenario (about 10%). For RP = 5 years, the values of
Hs range between 0.8 and 1.5 m (Figure 6a), for RP = 25 years between 1.15 and 1.7 m (Figure 6b),
for RP = 50 years between 1.3 and 1.85 m and for RP = 100 years between 1.4 and 2.1 m. Notice that in
this scenario, all events flood the dry beach. In the case of RP = 5 years, only the central stretch of the
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beach has the impact of wave run-up. In all other events, the flooding occurs along the entire beach,
being the flooded surface larger as the return period increases.

4. Discussion

The wave heights inside the lagoon have been averaged to a single value, then allowing quantitative
comparison among scenarios, presented as a bar chart in Figure 7. Given an offshore average wave
height of 1.45 m for all scenarios except Scenario 6, wave decay can be estimated by computing the
ratio between the average Hs inside the lagoon and the average deep water waves. Results of the
wave decay, calculated for the reference scenario approximate to 98%. With the only difference in
their propagated wave heights, Scenario 2 and Scenario 6 were found to dissipate 87% and 88% of the
incoming wave energy, respectively.Water 2019, 11, x FOR PEER REVIEW 14 of 23 
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Figure 7. Bar chart of average significant wave height inside the lagoon for all scenarios.
Left: input parameters, friction coefficient (gray), and sea level (blue). The reef health status is
indicated by the friction coefficient (see Table 1). Right: output parameter, wave height (red).

Modeled wave heights propagate over the reef and give insight to the energy dissipation processes.
The main processes can be interpreted by observing the plotted wave heights along a perpendicular
cross-section to the reef (section A-A’ as drawn in Figure 1), as represented in Figure 8.

The increases in wave height when reaching the reef, denote wave shoaling. Depth induced
breaking occurs on the reef crest and, on the reef flat, bottom friction dissipates the wave energy further.
Finally, there is a slight increase of wave height close to the shoreline, when waves propagate over a
short slope.

Under the future scenarios 1 to 3 (Figure 8), the wave heights increase significantly in the lagoon,
relative to the Reference case. As expected, the higher the SLR, the higher the waves within the
lagoon and across the reef. At LMSL, the waves are nearly fully dissipated, while for the highest
sea-level increase of 0.98 m, there is only a 55% reduction of incoming wave height. For Sc1 and Sc2
cases, the wave height outputs inside the lagoon show an increase of 2 orders of magnitude relative
to the reference scenario (see Figure 7). Under scenario 5 conditions, in which only the sea level is
changed relative to the reference conditions, a 10-fold increase in wave heights within the lagoon is
modeled. The increased water levels induce less energy dissipated, mainly caused by lower depth
induced breaking.
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In Figure 8, a shift in the location of Hs peaks is found closer to the shoreline for Sc3, compared with
the reference case. This indicates that wave breaking happens closer to the reef flat. Hence, changes in
water levels induce changes in the localization of wave altering processes.
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The contribution to wave height decay, due to the friction coefficient variations may be estimated
by comparing the Hs between the Reference Scenario and Sc4 and between Scenarios 1 and 5. Based on
the average wave heights presented in Figure 7, it has been found that models with a friction coefficient
referring the current reef state, reduce the wave height between 21% (Sc5 relative to Sc1) and 35%
(Reference to Sc4); when compared to scenarios with a friction coefficient associated with a smooth
coral pavement.

Scenario 2 and Scenario 6 may be compared to evaluate the effect of a 5% offshore wave height
increase at the outer SWAN model boundary. Their wavefields are also presented at cross-section A-A’,
as shown in Figure 8. The average wave heights in the lagoon for Scenario 6 are 1.6% higher than the
ones of Scenario 1.

The mean wave climate analysis shows that waves propagated over the reef are larger inside the
lagoon under the following constraints: (i) high water levels, (ii) high waves, and (iii) lower bottom
friction coefficients. Similarly, for the extreme wave climate analysis, higher waves are modeled under
coupled SLR scenarios and decreased bottom friction.

In the case of mean wave climate, depth induced breaking is the main process for most of the
energy decay at the reef crest. As water levels increase, depth induced breaking and friction-induced
decay dissipate less energy. These results are in accordance with the ones obtained by Pascolo et al. [56].
Bottom friction energy dissipation on the fore reef does not contribute significantly to defining the wave
height within the lagoon since the water depths at the shallowest point of the reef controls the waves
propagating across the flat [57]. The reef flat and crest are the areas where bottom friction affects wave
decay the most, once depth-induced breaking takes place due to the shallower depths [58]. The greater
the bottom roughness and the more the coral cover complexity present on the flat, the higher energy
dissipation will be expected [49,59]. However, such locations do not typically sustain a complex 3D
bathymetry due to the turbulence of the environment.

The forecasted effects of reduced bottom friction on energy dissipation are not as significant as the
ones from the SLR. The time scale for which coral complexity could be compromised is, nevertheless,
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much faster and unpredictable; for instance, in case of coral loss due to bleaching. Under increased
frequency and intensity of bleaching events [60], large scale coral mortality could lead to less friction
and larger wave height, which may bring other undesirable consequences. Thus, for example, in the
Seychelles, an important amount of coastal erosion has been attributed to the loss of coral complexity,
within less than a decade after the 1998 coral bleaching event. The bleaching event caused coral decay
and coral rounding, and since that episode, considerably more energy was estimated to reach the
shores [50].

In addition to SLR and reduction of friction due to coral reef mortality, climate change also
may entail changes in wave patterns. In this way, model simulations carried out with an increase
of wave height input (+ 5%) resulted in an average wave height increase of 1.6% inside the lagoon,
when modeled for Scenarios 2 and 6. These results suggest that whether the projected increase in the
southern storm continues to intensify [55], the local wave condition in the Flic-en-flac lagoon may be
affected, but to a lesser degree than those changes derived from SLR or bottom friction. The increased
wave height is also under considerable uncertainty since the IPCC associates this prediction with a
medium level of confidence [38].

Another observed effect is that the turbulence caused by wave breaking varies across the reef
with time and space, notably when subjected to changing tides and wave conditions. Neglecting the
tidal effects, a shift in the location of the wave breaking is observed to be closer to the reef flat when
SLR occurs. This may alter the hydrodynamics of the area and could affect the ecosystem, increasing
bioerosion [61] and sediment suspension in the lagoon.

One of the main constrains of this study is that water levels over the reef have a direct and
significant effect on the waves entering the lagoon. Since the projected sea levels from the IPCC have a
wide range of uncertainty, the results between the different scenarios do as well.

Results for extreme climatic events under future cases (Event 5–12) are compared to results from
the modeled present conditions (Event 1–4) to evaluate the effects of changing sea levels and bottom
friction. To compare the effects of changing return periods, events 1 to 4, 5 to 8, and 9 to 12 are compared
between each other. As expected, higher waves are noted to propagate into the lagoon for events of
higher return period and for events of higher SLR and lower friction coefficients (Figure 9).Water 2019, 11, x FOR PEER REVIEW 16 of 23 
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Figure 9. Values of average significant wave height (Hs) within the lagoon for the extreme wave climate
events indicating the main differences among them. TR is the return period and SLR is the sea level rise.

Similarly, the larger the cyclonic conditions, the higher the waves inside the lagoon, for present
and future SLR projections. Some of the relative cases can be observed in Figure 10 depicting the Hs
field across the reef for events 1 to 4. The magnitude of the increase in wave heights inside the lagoon



Water 2020, 12, 1681 15 of 21

between 5-year and 100-year return period events ranges from 38% (Ev12 with respect to Ev9) to 88%
(Ev4 with respect to Ev1).
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Figure 10. Spatial distribution of Hs across the reef at section A-A’ for the events under present
conditions. The reference scenario is the solid black line, whereas the colored lines represent the Hs
propagation for all scenarios.

For each of the extreme wave conditions associated with a return period (5, 25, 50 and 100 years)
the increase between the present and future event simulation ranges from 38% to 88% under RCP4.5
SLR scenarios, and from 50% to 107% under RCP8.5 SLR scenarios, as presented in Table 5.

Table 5. Increase in percentage of average significant wave height (Hs) in the lagoon under extreme
events for future scenarios relative to present conditions. RP is the return period.

RP (Years) RCP4.5 RCP8.5

5 88% 107%
25 38% 50%
50 49% 60%

100 44% 52%

For different sea levels and friction coefficients, values of Hs along the transect A-A’ are shown
in Figure 11 for RP = 5 years. An SLR of 0.52 m (RCP4.5) and a change of reef condition results
in an increase of 88% in the average Hs within the lagoon. A greater SLR of 0.68 m (RCP8.5) with
also dead coral reef entails an increase of the average Hs within the lagoon of 107% with respect to
present conditions.
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Extreme wave climate results showed larger waves inside the lagoon for projected future sea levels
when compared to current ones. The increases relative to present were noted to be around 40 to 50%
and between 50 and 60%, under RCP4.5 and RCP8.5 SLR conditions respectively, when considering
return periods of 25, 50, 100 years. Cyclonic events have had disastrous coastal repercussions, notably
after cyclone Carol in 1960, when in Flic-en-Flac, the embankment underwent 5 m of cross-shore
erosion [62]. This suggests that the coastline would be at high risk of much larger erosion events than
previously experienced. Many cyclonic climatic factors contribute to the extent of coastal damage from
a cyclone including storm surge, rainfall, winds, and wave setup. Nonetheless, for any given cyclonic
event, if deteriorating reefs and sustained SLR take place, then significantly greater coastal damages
are to be expected.

Although the SWAN model could not be validated due to the lack of recorded data in the area,
the modeled wave height decay by the barrier reef for the reference scenario (between 84% and 89%)
matches the range indicated in literature. In Baird [39] study, a wave height decay of 90% was measured
across a reef on the east coast of Mauritius. Péquignet, et al. [63] measured 97% wave height decay
in Guam, Ferrario et al. [2] suggested that 97% of the wave energy is dissipated by reef crests on
average and Costa et al. [64] found that reefs attenuate up to 99.9% of wave energy with a mean of
88%. This suggests that the model results are reasonable and in the range found by other authors.

The overall results of this paper suggest that more energy would propagate over the Flic-en-Flac reef,
under the IPCC projected conditions of 2081–2100, compared to present conditions. The consequences
of hydrodynamic changes may affect coastal defenses, fisheries by causing habitat and diversity
losses, recreation, changes in the shoreline, erosion, and increased hazard risks [2]. Time-varying
calibrated models from field data, used to simulate the effects of SLR and coral reef deterioration on
lagoon hydrodynamics would help for best planning and management for the near and long-term
future conditions.

The most fundamental measure to mitigate the increased Hs of waves across the lagoon as a
consequence of climate change is to maintain the reef’s health in the best possible condition. Healthy
reefs will ensure wave energy dissipation through high bottom friction. Additionally, live coral may be
able to keep pace with the SLR rate, and in turn, continue to cushion the energy entering the lagoon
through depth induced breaking.

The main anthropogenic impacts that affect coral reef health include increased eutrophication
and sedimentation, pollution due to the lack of adequate sewage treatment system, unsustainable
tourism (walking on the reefs, diving, boat trips, anchoring), overfishing or destructive fishing practices,
coral mining [1,65], sediment and nutrient run-off due to changes in terrestrial ecosystems [66,67],
traffic of vessels with associated stranding and shedding of substances at the sea, introduction of
invasive species that compete for food and habitat [68], solid wastes such as plastic and fishing gear that
can destroy coral reefs by abrasion, suffocation or fragmentation of habitat and species [69]. Therefore,
in a first phase, a reduction of the local stressors would be required. The main anthropogenic stressors
to be addressed in Flic-en-Flac would include destructive fishing practices [1,66], recreational damage,
effluent discharge, siltation [66,67], and freshwater input [39].

In a second phase, coral reef restoration should be considered. Coral restoration projects under the
building with nature framework are being increasingly considered at coastal planning. That may be a
supported alternative to ensure the coral reefs continue dissipating the incoming waves in Flic-en-Flac.
Ferrario et al. [2] found that the cost of restoring reefs is lower than building a low crested breakwater,
despite the former would provide equivalent coastal protection. There are reports of successful
coral nursery farms in Florida [70] and re-attachment of naturally fragmented branched-corals in
the Mexican Pacific [71]. In addition, in coral reef areas completely degraded, techniques based
on transplant methods [72,73] have also been successfully used for their restoration. Since energy
dissipation processes vary across the barrier reef, it is essential to plan the layout of restoration works
according to the dissipation process of greater interest.
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Consequently, to preserve ecosystem services by coral reefs (in particular coastal protection),
it is mandatory to adequate human activities to the resilience and carrying capacity limits of each
system [74]. The coastal zone requires immediate action regarding environmental degradation factors,
reducing stressors, and including the definition of more restrictive environmental protection areas [1].
Besides activity restrictions and using restoration techniques to mitigate the coral coverage loss [71],
we recommend the application of other management actions, such as activity restrictions, the increase
in public awareness, and educational workshops addressed to stakeholders and local communities.
For sustainable tourism in areas with coral reefs, Cowburn et al. [75] recommend the development
of reef management plans which include coastal erosion and beach management, waste control and
management, logistics, and social responsibility. Only a determined action that integrates all these
factors could help to preserve the Flic-en-Flac coral reef and maintain the beach it protects.

5. Conclusions

In this work, the impact of climate change on the incoming wave height reaching a beach protected
by a coral reef has been analyzed through numerical modeling. The three input variables observed to
have an effect on the wave height in the lagoon surrounding Flic-en-Flac beach are: (i) water levels;
(ii) friction coefficients and (iii) incoming wave heights. The modeled wave height outputs were noted
to be of different magnitudes for each of the listed input variables. For changing SLR from present
to future conditions, the average wave heights within the lagoon were found to vary in the scale of
orders of magnitude. Changes between present and future coral roughness induce an increase of wave
height in the range of 21 to 35%, while present and future wave height inputs show a 1.6% variation
in average wave heights in the lagoon. Although the SLR will have the most significant effect on Hs
when addressing future projections, changes in the friction and wave heights are forecasted to evolve
differently over time and will therefore have significance over different time scales.

To prevent an increase in wave energy reaching Flic-en-Flac beach it is necessary to maintain
the reef’s health. This would ensure wave energy dissipation through high bottom friction and it
would allow the coral reef growth to keep pace with the SLR rate, necessary for equivalent wave height
dissipation through depth induced breaking. This requires a series of actions including the reduction
of local anthropogenic impacts, coral restoration, and management strategies that include activity
restrictions and increase of public awareness.
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