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Numerical modelling of the
impact of coral reef degradation
and sea level rise on coastal
protection at The Buccoo Reef,
Tobago: implications for
reef restoration and
management strategies
Avinash Boodoo1* and Deborah Villarroel-Lamb2

1Department of Transdisciplinary Science and Engineering, School of Environment and Society, Tokyo
Institute of Technology, Tokyo, Japan, 2Department of Civil and Environmental Engineering, Faculty
of Engineering, The University of the West Indies, St. Augustine, Trinidad and Tobago
Coral reefs provide natural coastal protection through depth-induced wave

breaking and frictional dissipation on the fore reef, the reef crest, and the back

reef. The coral reef roughness is a significant factor in wave attenuation through

frictional dissipation and is directly linked to the reef’s health. The influence of reef

roughness on frictional dissipation under representative conditions, and the extent

to which coral reef degradation and Sea Level Rise (SLR) reduces this coastal

protection service remains underexplored, especially at coastal sites in Caribbean

Small Island Developing States. A numerical modelling approach using a coupled

depth-averaged (2DH) hydrodynamic and spectral wave model in Delft3D was

used to evaluate the coastal protection effectiveness of a fringing reef under

varying scenarios of coral reef degradation and SLR at The Buccoo Reef, Tobago.

Using near present day conditions as the baseline scenario, assessed wave

conditions showed 100% and 96.45% reductions at low and high tides

respectively. Under modelled degraded reef conditions on the reef flat, wave

heights increased by an average of 21.74% compared to baseline conditions, while

for modelled healthier reefs, there was an 18.9% decrease in wave heights from the

baseline scenario. Using various SLR scenarios, wave heights showed increases

over baseline conditions between 160.5% and 388.4% for increases in sea level

from 0.25 m to 1.00 m. The results highlight the importance of the frictional

dissipation provided by healthy coral reefs, with degraded corals and rising sea

levels leading to substantial increases in nearshore wave heights which could

exacerbate issues such as coastal erosion and flooding. Management strategies

such as Integrated Coastal Zone Management (ICZM) and innovative approaches

such as the deployment of artificial reefs which are specifically designed to

replicate the complex structure and roughness of natural reefs can contribute to

wave attenuation by frictional dissipation.
KEYWORDS

numerical modelling, coastal protection, coral reef degradation, sea level rise, frictional
dissipation, coral reef restoration
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1 Introduction

Coral reefs provide natural coastal protection against coastal

hazards such as storm surges and coastal flooding and erosion,

through a reduction in wave energy by an average of 97% (Costa

et al., 2016; Elliff and Silva, 2017; Ferrario et al., 2014; Lugo-

Fernández et al., 1998). Reefs dissipate wave energy mainly by

depth-induced wave breaking along the reef crest as well as

frictional dissipation as a result of the coral reef roughness

(Keyzer et al., 2020; Quataert et al., 2015; Baldock et al., 2020;

Osorio-Cano et al., 2019; Baldock et al., 2014). The effectiveness of

coral reefs as coastal protection, however, depends on several

factors such as (i) the reef geometry and morphology (Baldock

et al., 2020; Costa et al., 2016; Masselink et al., 2019; Quataert et al.,

2015), (ii) water levels on the reef, (iii) incident wave characteristics

(Costa et al., 2016; Quataert et al., 2015; Péquignet et al., 2011; Lentz

et al., 2016), (iv) coral reef roughness which is affected by coral reef

degradation (Baldock et al., 2020; Monismith et al., 2015; Osorio-

Cano et al., 2019; Quataert et al., 2015), and (v) climate change

including Sea Level Rise (SLR) (Beetham and Kench, 2018; Elliff and

Silva, 2017; Keyzer et al., 2020; Villanoy et al., 2012).

While depth-induced wave breaking on the reef crest is a crucial

mechanism of wave energy dissipation, frictional dissipation as a result

of coral reef roughness is found to be dominant on the reef flat. Meta-

analyses and synthesis of global literature on coral reefs and wave

attenuation conducted by Ferrario et al. (2014) have shown that the reef

crest dissipates an average of 86% of the wave energy and the reef flats

were responsible for dissipating 65% of the remaining wave energy as a

result of frictional dissipation, highlighting the importance of frictional

dissipation in wave attenuation. Despite this crucial role in wave

attenuation, there have been limited studies on the frictional

dissipation provided by coral reefs and how coastal protection

provided by coral reefs is affected by continued coral reef

degradation and SLR. The reason for the lack of studies on frictional

dissipation may be in part due to the fact that there is no standard

method for parameterising reef roughness in numerical modelling

studies (Osorio-Cano et al., 2019). Traditionally, coral reefs are

represented in hydrodynamic and spectral wave models, such as

Delft3D and MIKE21, as friction coefficients (Baldock et al., 2020;

Osorio-Cano et al., 2019; Quataert et al., 2015; Baldock et al., 2014)

which are calibrated and validated using field measurements. Further,

in Caribbean Small Island Developing States (SIDS), studies such as

these are rare largely due to the paucity of comprehensive field-scale

data. Regardless, these types of scientific investigations are crucial for

coastal zone management in Caribbean SIDS as the high concentration

of persons and economic assets in coastal regions are extremely

susceptible to natural hazards (such as hurricanes) and climate

changes like SLR (Marchitto et al., 2023).

Coral reef degradation results in a decrease in the frictional

dissipation provided by the coral reefs. Healthy coral communities

provide a geometrical complexity, and this helps to dissipate wave

energy by surface roughness. The mortality and degradation of coral

reefs mean that dead reefs become smoother, contribute less to

dissipation through bottom friction and result in an increase in

depth due to the removal of coral skeletons (Baldock et al., 2020;

Ferrario et al., 2014; Keyzer et al., 2020). Assuming that widespread
Frontiers in Marine Science 02
coral reef degradation continues, and the rate of vertical accretion

cannot keep pace with SLR, there may be an increase in the water

depth on reefs of +1.0m by the year 2100 (Storlazzi et al., 2011;

Jevrejeva et al., 2010).

Studies such as Storlazzi et al. (2011) and Grady et al. (2013) have

investigated the impact of SLR and changes in morphology on coral

reef hydrodynamics and sediment transport through a coupled

depth-averaged hydrodynamic, spectral wave and sediment

transport model using Delft3D. However, reef accretion changes

and reef roughness were not represented in the model. Instead, the

coral reef degradation in these scenarios were represented as a lack of

vertical accretion by assuming that reef accretion rates could not keep

up with SLR. Conversely, Keyzer et al. (2020) used Delft3D to

investigate the potential of coastal ecosystems to mitigate SLR and

represented the coral reefs in the model bathymetry by increased

bottom friction for three scenarios of reef development: keep up,

catch up and give up scenarios. This Keyzer et al. (2020) study,

however, did not specifically investigate the effectiveness of the coral

reefs as coastal protection and the reef roughness was not captured in

the model. While Baldock et al. (2014) investigated the wave

dynamics on idealised reef profiles under various SLR scenarios

and reef roughness conditions using a one dimensional wave

transformation model, a calibrated and validated field-based model

would provide insight into influence of coral reef roughness on

frictional dissipation under realistic conditions and how coral reef

degradation reduces this coastal protection service. Recent

advancements in coral reef restoration have expanded to include

both transplantation initiatives and the incorporation of artificial

reefs. However, there remains a significant gap in our understanding

of how to implement these strategies effectively for successful

restoration outcomes (Hein et al., 2019; Higgins et al., 2022). To

the authors’ knowledge the selected site, Buccoo Reef in Tobago, has

not undergone a similar detailed investigation to ascertain the future

impact of the reef degradation. This knowledge can be influential in

guiding management strategies regarding coral reefs such as

conservation and reef restoration efforts on the island, which is one

part of the twin-island republic of Trinidad and Tobago; the

southern-most of the Caribbean Island nations. While the Buccoo

Reef provides a critical coastal protection function, the reef has

experienced extreme coral reef mortality and degradation over the

past couple decades due to climate change as well as anthropogenic

stresses (Lapointe et al., 2010; Laydoo et al., 1998; Mallela and Crabbe,

2009), making the Buccoo Reef ideally suited for investigating the

impact of coral reef degradation.

As such, the objectives of this study are (i) to investigate the

impact of coral reef degradation and SLR on wave conditions of the

fringing reef at Buccoo Bay, Tobago and its effectiveness at coastal

protection and (ii) to identify potential implications for reef

restoration and future management strategies. For the present

study, a numerical modelling approach is used through the

development of a coupled depth-averaged (2DH) hydrodynamic

and spectral wave model using Delft3D which is calibrated and

validated using field collected data from Buccoo Reef, Tobago. This

model is used to investigate the effect of coral reef degradation and

SLR on wave conditions by varying friction factors and water depths

on the reef to represent various scenarios.
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The paper will first briefly describe the study area, and then

discuss the numerical methods used for assessment of the study site.

The results of the investigation will then be presented and discussed,

highlighting any limitations of the study. The paper will conclude

while emphasizing possible mechanisms for improvement of the

study, and potential applications of the output.
2 Methods

2.1 Study area and climatology

The Buccoo Reef is located at the low energy, leeward south-

western edge of Tobago in the Southern Caribbean (between

latitudes 11°08’N to 11°12’N and longitudes 60°40’W to 60°51’W)
Frontiers in Marine Science 03
and forms an inter-related complex with the Bon Accord Lagoon.

The reef is approximately 7 km2 and was classified by Laydoo et al.

(1998) as a fringing reef in which there are five emergent reef

platforms which arc seaward of the reef lagoon from Sheerbird’s

Point in the east to Pigeon Point in the west. These five emergent

reef platforms are known as the Eastern Reef, Outer Reef, Northern

Reef, Western Reef and the Pigeon Point Reef (Figure 1A).

There are several sandy channels located between the reef flats

with the Deep Channel located between the Western and Northern

Reef being the deepest and widest (refer to Figure 1A). Landward of

the reef, there is a shallow sandy lagoon which consists mainly of

patch coral communities. The reef platforms consist generally of a

very narrow seaward reef crest, followed by a wider, more extensive

backreef which consists mainly of coral rubble. The reef crests

induce wave breaking and consist of an easily recognized breaker
FIGURE 1

(A) Location of study area, offshore and nearshore ADCPs and NOAA station 42087), (B) Bathymetric of the Buccoo Reef with water depths (m),
(C) cross-shore and Longshore bathymetric profiles on the reef.
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zone (Laydoo et al., 1998). To the north of the reef system, the

forereef is the most extensive, sloping to depths up to 40 m as seen

in Figures 1B, C. The forereef consists of mainly of wave-resistant

corals such as elkhorn and large colonies of stony corals (Laydoo

et al., 1998). The forereefs on the western reef flats, however, slope

to a depth of about 20 m and the eastern forereefs slope to a depth of

about 15 m showing differences in geometry and morphology

among the various platforms.

Ganase and Lochan (2022) used a rugosity measure to

determine the three-dimensional structural complexity of 10 coral

reef locations in Tobago: Buccoo Western and Outer Reef, Culloden

Western and Eastern Reef, Castara, Plymouth, Charlotteville, Angel

Reef, Blackjack Hole and Flying Reef. Of these observed coral reefs,

Booby Island in Charlotteville had the highest structural complexity

(~0.41), with the Buccoo Outer andWestern Reefs having rugosities

of approximately 0.33 and 0.21 respectively.

While the Buccoo Reef is located on the leeward, low energy

side of Tobago, it is still exposed to the northeast trade winds

throughout the year (Laydoo et al., 1998). During the wet season,

typically from June to December, the predominant wind direction is

from the North-East. During the dry season from January to May,

however, there are generally stronger winds from a westerly

direction. Wave energy was also found to be high during the

Northern Hemisphere winter months, i.e., between November

and December, due to Mid-Atlantic storms in the North Atlantic

Ocean generating swell waves in the nearshore (Laydoo et al., 1998).

The tide in this area is classified as semi-diurnal with a significant

diurnal inequality, having an average spring tidal range of 0.78 m

and an average neap tidal range of 0.4 m.

The waves at Buccoo Bay predominantly approach from the west or

southwest with significant wave heights between 0.10 m to 0.60 m

(Darsan et al., 2013). While the site does experience the impacts of

higher energy events, such as tropical waves, tropical depressions, storms

and hurricanes, Trinidad and Tobago is located at the southern border

of the Tropical Atlantic Hurricane Belt and is not as frequently impacted

by passing tropical disturbances or cyclonic activity when compared to

other SIDS in the Eastern Caribbean (Clarke et al., 2019). Regardless, the

tracks of 10 tropical storms and 5 hurricanes have either passed

proximal to or made direct landfall in Trinidad and Tobago between

1933 and 2024 with Hurricanes Flora (1963), Ivan (2004), Emily (2005)

and Beryl (2024) being notable events that impacted Tobago (National

Hurricane Center, 2024; Clarke et al., 2019; National Hurricane, 2024).
2.2 Model description – Delft3D

Delft3D has been successfully used in previous studies to

simulate the hydrodynamic processes taking place on coral reefs

(Grady et al., 2013; Green et al., 2018; Keyzer et al., 2020; Storlazzi

et al., 2011). The present study makes use of a two-way coupled

depth-averaged (2DH) hydrodynamic and wave model through the

Delft3D-FLOW and Delft3D-WAVE modules respectively.

The hydrodynamic model, Delft3D-FLOW, solves the unsteady

Shallow Water Equations (SWE) consisting of the horizontal

equations of motion and the continuity equation as well as

transport equations under the shallow water assumption using a
Frontiers in Marine Science 04
structured grid and finite difference scheme (Lesser et al., 2004). The

model is forced at the open boundaries by tidal and meteorological

forcing, being widely used for predicting flows in shallow seas and

coastal areas.

The wave model, Delft3D-WAVE, incorporates the third

generation SWAN Model (Simulating WAves Nearshore) and has

been extensively used to simulate the propagation of random, short-

crested wind waves in coastal areas. The model solves the discrete

spectral action balance equation Equation 1) on a structured grid

which accounts for processes such as the generation of waves by

wind as well as dissipation by bottom friction and depth-induced

wave breaking among other processes; the latter two being

particularly important for this study.

∂N
∂ t

+m~x · ½(cg! +~um )N� + ∂ csN
∂s

+
∂ cqN
∂ q

=
Stot
s

(1)

The first term in Equation 1 represents the local rate of change of

the action density, N , reflecting how the wave spectrum evolves at a

specific location over time, t. The second term involves the spatial

gradient, m~x , and accounts for the movement of the action density

propelled by the group velocity of the waves, cg
!, along with the effects

of currents, ~u. The third term pertains to the propagation speed in

spectral space, cs , and describes how the action density varies with the

relative frequency, s. This third term considers the redistribution of

energy across the frequency spectrum due to factors like depth changes

and current velocities. The fourth term addresses the rate of change in

action density concerning the wave direction, q, incorporating the

propagation speed from directional shifts, cq . The fourth term is crucial

for understanding modifications in wave direction caused by refraction

as waves move through areas of differing depths and currents. On the

equation’s right-hand side, Stot represents the source term, normalized

by frequency. The right-hand side of the equation encompasses all

energy sources and sinks within the system, such as wind input, wave

breaking, bottom friction, and non-linear wave interactions, each

affecting the accumulation or dissipation of wave energy.

The process of depth-induced wave-breaking is represented in

SWAN as the spectral version of the bore model of Battjes and Janssen

(1978) and the bottom friction models within SWAN consist of the

JONSWAP by Hasselmann et al. (1973), drag law model of Collins

(1972) and the eddy viscosity model of Madsen et al. (1988).

An online coupling of Delft-WAVE with Delft3D-FLOW was

used such that the Delft-WAVE module has a dynamic interaction

with the Delft-FLOW module. The results of the computations

from the Delft-FLOW module are used as input for the Delft-

WAVE module and vice versa. This online coupling is crucial, in

this instance, to investigate the effect of tidal variations and water

levels on the wave characteristics on the reef.
2.3 Model set-up

The development of the coupled 2DH hydrodynamic and

spectral wave model involved the creation of a model grid,

interpolation of bathymetry as well as the input of initial and

boundary conditions and various model parameters such as

bottom friction. The model domain covered an area of 8 km x 4
frontiersin.org

https://doi.org/10.3389/fmars.2025.1525438
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Boodoo and Villarroel-Lamb 10.3389/fmars.2025.1525438
km, from the western edge of the island extending beyond the

Buccoo Bay headland to capture the entire Buccoo Reef system and

its effect on the nearshore areas as seen in Figure 2.

There were a total of 65 grid cells in the cross-shore direction

and 126 grid cells in the long-shore direction with a total of 6627

grid elements. Each grid cell had a horizontal resolution of 60 m

which was deemed sufficient to capture the key geomorphic features

of the reef while maintaining computational efficiency. This

structured grid and resolution was used for the model simulations

to ensure that the SWAN model within Delft-WAVE functioned

efficiently as well as to capture the complex processes taking place

along the reef profile. The depth within each cell was obtained by

interpolating bathymetry obtained from GEBCO (General

Bathymetric Chart of the Oceans) bathymetry data. The

bathymetry for the Buccoo Reef area was sourced from the

GEBCO dataset, which provides global coverage at a resolution of

15 arc-seconds. While high resolution local bathymetric surveys

would improve the spatial resolution of the data inputs, the

bathymetric data used for this study was sufficient to capture the

significant features and changes along the reef profile (Figure 1C).

The model boundary conditions were imposed only on the open

western boundary (as this boundary represents the primary location

by which wave energy enters the domain) and the two lateral

boundaries consisted of Neumann boundary conditions to enable

water to move through freely. The boundary conditions for the

hydrodynamic model were generated from tidal constituents

obtained from the TPXO7.2 global tide solution using 14

constituents A0, M2, S2, N2, K2, K1, O1, P1, Q1, MF, MM, M4,

MS4 and MN4 at the Western boundary. Hourly wind data from

ERA5 Reanalysis data was applied to the western boundary of the

Delft-Flow model domain. The ERA5 data consisted of wind speed

and wind direction at 10 m above sea level for the simulation time

period. The spectral wave model was forced at the Western

boundary using time series wave data obtained from an offshore

deployed Acoustic Doppler Current Profiler (ADCP); location seen

in Figure 1A. Model results were extracted from cross-sections CS1-

CS1’ and LS1-LS1 (Figure 2).
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Bottom friction in the model was represented using the

formulation by Madsen et al. (1988). In the Madsen et al. (1988)

formulation, the bottom friction coefficient (Equation 2) is a

function of the bottom roughness height as well as the actual

wave conditions.

Cbottom = fw
gffiffiffi
2

p Urms (2)

where g represents acceleration due to gravity, Urms represents

the root mean square of the wave orbital velocities near the seabed

and fw is a non-dimensional friction factor bottom friction factor,

estimated using the Jonsson (1966) formulation (Equation 3):

1

4
ffiffiffiffi
fw

p + 10log
1

4
ffiffiffiffi
fw

p
 !

= mf + 10log
ab
KN

� �
(3)

In Equation 3, ab is a representative near-bottom excursion

amplitude and KN is the bottom roughness length scale which

accounts for the effect of bed roughness on energy dissipation.

Baldock et al. (2014) used the Madsen et al. (1988) bottom friction

formulation, choosing a KN of 0.04 m and 0.1 m for model input for

a smooth and rough reef respectively. This is equivalent to friction

factors (fw) of 0.1 for smooth reefs and 0.2 for rough reefs; values

which are consistent with previous studies (Lowe et al., 2005;

Sheppard et al., 2005). As such, a KN value of 0.08 m was chosen

for initial model runs but was finetuned during calibration of the

model. It was assumed that the roughness was uniform over the

entire coral reef. In reality, the reef roughness would vary spatially

over the reef, but detailed studies would be required to delineate

distinct areas and as such the reef roughness is assumed to be

homogenous over the reef. A similar approach has been adopted in

previous studies (Baldock et al., 2014, 2020; Keyzer et al., 2020).
2.4 Model calibration and validation

Data from two ADCPs (RDI Teledyne Workhorses) comprised

the hydrodynamic dataset used for this study. The previously

mentioned ADCP (600kHz device) was deployed offshore in

about 20.6m water depth and collected data from 13:00hrs on 02

May to 14:00hrs on 31 May 2016. The second ADCP (1200kHz)

was deployed in the nearshore area in a water depth of

approximately 5.2m and collected data from 14:00hrs on 02 May

to 13:50hrs on 31 May 2016. The wave data consisted of hourly

significant wave heights, peak wave periods and peak wave

directions. Hourly water level variations were extracted from the

ADCP data and used to validate the modelled water levels against

observed measurements. The calibration and validation dataset for

the model consisted of twenty-nine (29) days of available data using

the offshore and nearshore deployed ADCPs. The model was

initially run from 02-May-2016 to 09-May-2016, and this initial

7-day period was used both as a spin-up phase and a calibration

phase. During this time, the modelled conditions were well-

established over the small domain, ensuring an adequate

transition from the initial to the boundary conditions within the

system. The model was calibrated by varying the bottom friction
FIGURE 2

Model domain, interpolated bathymetry, open western boundary
(red line) and cross-sections CS1-CS1’ and LS1-LS1’.
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factors, wave breaking coefficient and wind drag coefficients as well

as the Manning’s roughness until there was an acceptable

agreement between the predicted (Xmodel) and the observed (XObs)

significant wave heights. The results of the 7-day simulation were

then used as initial conditions for the subsequent 22-day analysis

period, ensuring that the model started the main analysis from a

stable and accurately calibrated state. For the validation simulation,

the model was then run for a period of twenty-two (22) days from

09-May-2016 to 30-May-2016. Given the relatively small size of the

model domain, this 22-day period was sufficient to investigate the

wave conditions on the reef as well as the effects of water levels and

tides. This approach aligns with previous studies (Quataert et al.,

2015; Keyzer et al., 2020). The model was calibrated and validated

by comparing the modelled significant wave heights and water

levels to the observed significant wave heights and water levels. The

model performance was quantitatively assessed by calculating the

model Bias, Root Mean Square Error (RMSE), Coefficient of

Determination R2, the Scatter Index (SI) and the Skill Score

(Equations 4–8).

Bias =  
1
No

 (Xmodel − XObs) (4)

RMSE =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
No

 (Xmodel   − XObs)
2

r
(5)

Scatter   Index =  
RMSE

Xobs
(6)

R2 = 1 −o
n
i=1(XObs − Xmodel)

2

on
i=1(XObs − �XObs)

2 (7)

Skill Score = 1 − on
i=1(Xmodel − Xobs)

2

on
i=1( Xmodel − Xobsj j + Xobs − �Xobsj j)2 (8)
2.5 Model scenarios

After successful calibration and validation of the model, the

sensitivity of the wave conditions on the reef to coral reef

degradation was determined by varying the friction factors on the

reef to represent healthy corals and smooth, dead corals. Carlot et al.

(2023) used field measurements to show that the median Nikuradse

roughness of healthy reefs at Mo’orea, French Polynesia was about

0.42 m, within a range of 0.34 to 0.52 m. Li et al. (2024) used

logarithmic profile analysis to determine that the mean Nikuradse

roughness at three reef flats in the Nansha Islands, South China Sea

were in the range of 0.11 to 0.28 m. This study follows the approach

of Baldock et al. (2014), where a Nikuradse roughness (KN) of 0.1 m

was used for rough reefs and 0.04 m for smooth reefs. Again, it was

assumed that this roughness value was constant over the entire coral

reef, depicting scenarios that show no spatial variation in coral

health changes.

In order to simulate the effect of SLR on wave conditions over

the reef, the ‘Give-Up’ scenario for coral reefs by Neumann (1985) is
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assumed where the already stressed and degraded reefs cannot keep

pace with SLR, vertical accretion stops, and the reef erodes. As such,

the friction factor representing degraded reefs is kept constant and

the depths on the reef are increased. Projected estimates of sea-level

rise (SLR) from the Intergovernmental Panel on Climate Change

(IPCC) AR6 report indicate a likely increase in global mean sea level

of 0.28–1.01 m by the year 2100 (Fox-Kemper et al., 2021).

Therefore, the depths on the reef are increased in intervals

of +0.25, +0.50 and +1.00 m, following the work of Storlazzi et al.

(2011), to represent the increases in sea level by the year 2100.

The various model scenarios used the same 22-day measured

offshore wave data from the validation step as representative of the

high occurrence wave conditions at the Buccoo site. The focus on

these high probability conditions, rather than the low probability

events, would provide valuable insights into the prevalent wave

conditions in nearshore areas and guide studies on prevailing

sediment regimes and morphological response. In these scenarios,

it is assumed that there are no changes in the future wave, tidal and

wind conditions as SLR and coral reef degradation progresses and as

such, the model was run using the same boundary conditions and

model data.
3 Results

3.1 Model calibration and validation

Model calibration was conducted to achieve an acceptable level

of agreement with the observed significant wave heights and water

levels. Typically, for standard models, performance during

calibration and validation is deemed acceptable if the modelled

values are within 10% of the observed values (Williams and Esteves,

2017). However, due to the complexities inherent in coral reef

hydrodynamics, lower agreements with observed wave heights have

been reported in prior studies. For instance, Quataert et al. (2015)

observed Scatter Index (SI) values of 0.170 for calibration and 0.115

for validation on the inner reef flat. Similarly, Masria et al. (2023)

reported an SI of 0.419 and an RMSE of 0.06 m. Consequently, this

model was calibrated to achieve SI values approximately ± 0.4 and

RMSE values ± 0.06 m. The wave directions were also included in

the calibration and validation of the model, and these are included

for completeness. Figure 3 shows the offshore and nearshore

measured and modelled wave heights for the simulation period

during model validation and Figure 4 shows the nearshore

measured and modelled water levels. Figure 5 shows a

comparison between the measured and modelled parameters of

significant wave heights, wave directions and water levels.

Model calibration showed that a KN of 0.07 m, Manning’s

roughness of 0.05, a wave breaking coefficient of 0.78 and default

wind drag coefficients provided the best agreement with observed

significant wave heights and water levels. A summary of the

calibration and validation statistics is seen in Table 1.

For significant wave heights, the RMSE values during calibration

and validation are 0.0371 m and 0.0392 m, respectively, indicating

low average deviations between modeled and observed values. The R2

remains consistently high at 0.843 during calibration and 0.813
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during validation, suggesting that the model captures over 80% of the

variance in wave heights. The Bias values, at 0.009 m (calibration) and

0.013 m (validation), reveal a slight overprediction of wave heights,

but these values are small enough to be negligible in practical terms.

The Scatter Index (SI), at 0.106 during calibration and 0.09 during

validation, further highlights the model’s accuracy, as these values are

well below the commonly accepted threshold of 0.2 for good

performance. The Skill Score values, 0.906 and 0.895 for calibration

and validation respectively, confirm the model’s reliability in

reproducing wave heights under both sets of conditions.

For water levels, the RMSE decreases from 0.0448 m during

calibration to 0.0285 m during validation, indicating an

improvement in model accuracy after calibration. The R2 values

are exceptionally high, at 0.96 for calibration and 0.975 for

validation, demonstrating that the model captures nearly all the
Frontiers in Marine Science 07
variance in the observed water levels. The Bias values are minimal,

with a slight underprediction of -0.012 m during calibration and

-0.009 m during validation. The SI values for water levels, at 0.196

(calibration) and 0.184 (validation), indicate slightly higher relative

errors compared to wave heights, but these values are still within an

acceptable range for hydrodynamic modeling. The Skill Score

values, 0.981 during calibration and 0.987 during validation,

highlight the model’s ability to reproduce observed water levels.
3.2 Significant wave heights on the reef

The base scenario in the simulations represents near-present-

day wave conditions on the reef, influenced by tides without

changes to the friction factors or water levels. This base scenario
FIGURE 3

Nearshore measured wave heights, nearshore modelled wave heights and offshore measured wave heights during the validation period of the
model simulation.
FIGURE 4

Nearshore measured and modeled water levels during the validation period of the model simulation.
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serves as a control for assessing the impact of varying conditions on

the coastal protection efficacy provided by the reef. The times 21-

05-2016 at 05:00 and 11:00 were selected to represent High Tide and

Low Tide Levels respectively, to effectively capture the tidal

modulation of wave heights on the reef. Figures 6A, B show the

significant wave heights on the reef with the arrows representing

wave directions. Simulations reveal that wave heights are lower on

the reef platform during Low Tide (21-05-2016 11:00) and higher

during High Tide (21-05-2016 at 05:00). In this scenario, offshore
Frontiers in Marine Science 08
wave heights are 1.07 m during Low Tide and 0.96 m during High

Tide Levels. Throughout both tidal conditions, incident waves

undergo depth-induced wave breaking at the reef crest,

dissipating wave energy, and resulting in reduced wave energy

conditions on the landward side of the reef.

Specifically, during low tide, the reef becomes exposed,

rendering wave heights on the reef minimal, as illustrated in

Figure 7A along the Northern Reef. Additionally, waves are

reformed by wind where they propagate shoreward, albeit at a
FIGURE 5

Comparison of measured and modelled (A) significant wave heights (B) water levels and (C) wave directions.
TABLE 1 Calibration and validation metrics for significant wave heights, water levels and wave directions.

Significant Wave heights Water Levels Wave Direction

Metric Calibration Validation Calibration Validation Calibration Validation

RMSE 0.0371 m 0.0392 m 0.0448 m 0.0285 m 27.63° 29.69°

R2 0.843 0.813 0.96 0.975 0.79 0.77

Bias 0.009 0.013 -0.012 -0.009 -0.0139 0.0006

Scatter Index 0.106 0.09 0.196 0.184 – –

Skill Score 0.906 0.895 0.981 0.987 – –
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significantly reduced magnitude but which may be more

pronounced at high tide than at low tide.

Further attenuation of wave heights occurs through frictional

dissipation, influenced by the coral reef’s roughness. Notably, along

cross-section CS1-CS1’ (Figure 7A) during low tide, wave height at

breaking was approximately 0.98 m, leading to a complete (100%)

reduction in significant wave height. At high tide, the breaking wave

height was approximately 0.87 m, with a subsequent 96.45%

reduction due to depth-induced wave breaking. Beyond this

point, on the reef flat, wave heights experience a 93% decrease as

a result of frictional dissipation due to coral reef roughness. There

was an overall wave height reduction of approximately 97.39%

during the high tide by the reef which is consistent with previous

field-based studies (Costa et al., 2016; Ferrario et al., 2014;

Péquignet et al., 2011).

Depth-induced wave breaking on the reef crest was also found

to be a function of incident wave characteristics as well as the

steepness of the reef. Figure 8A shows the significant wave height

along cross-section LS1-LS1’. The Outer Reef, near LS1’, with

slightly higher incident wave heights and steeper slopes result in

much higher breaking wave heights, leading to a significant portion

of the wave energy being dissipated over a shorter distance.

Conversely, the gentler slopes of the Pigeon Point reef

(approximately located at 2500 m along the LS1-LS1’ cross-

section) show much lower breaking wave heights and a more

gradual breaking of waves, spreading the energy dissipation over

a longer distance.
3.3 Impact of coral reef degradation on
wave conditions

The friction factors were varied to represent healthy coral reefs

(high friction factor, KN = 0.1 m) and degraded and smooth coral

reefs (low friction factor, KN = 0.04 m). Figure 9 illustrates the

significant wave heights across cross-sections CS1-CS1’ and LS1-

LS1’during the high tide level under the varying friction factor
Frontiers in Marine Science 09
scenarios. For the Low Friction Scenario, representing degraded,

smooth coral reefs, there was an average increase in significant wave

heights on the reef flat by 21.74% along cross-section CS1-CS1’,

indicating a notable reduction in the frictional dissipation provided

by the coral reef compared to the baseline scenario. Similarly, along

cross-section LS1-LS1’, there was an average increase in wave

heights by 5.54%, suggesting that frictional dissipation plays a

role in wave attenuation on both reef crests and platforms.

Conversely, in the High Friction Factor Scenario, representing

healthy coral reefs, there was an average decrease in significant

wave heights by 18.9% from the Base Scenario for the cross-section

CS1-CS1’. Figure 9 also shows that the changes in friction factors do

not affect the occurrence of depth-induced wave breaking or the

location of depth-induced wave breaking.
3.4 Impact of sea level rise on
wave conditions

The model simulations for the different SLR scenarios were

conducted by increasing water levels in increments of +0.25 m, +0.50

m, and +1.00 m above the baseline, reflecting the SLR projections for

the year 2100 by Fox-Kemper et al. (2021). Figure 10 shows the

significant wave heights on the reef for each increment. As sea level

rises, there is a clear increase in wave heights on the reef platform as

well as nearshore wave heights, showing a substantial decrease in the

effectiveness of the reef at coastal protection through depth-induced

wave breaking and frictional dissipation.

Figure 11 illustrates the changes in significant wave heights

across cross-sections CS1-CS1’ and LS1-LS1’ under different SLR

scenarios. Specifically, for cross-section CS1-CS1’ (Figure 11A), the

results show an average rise in significant wave heights of 160.5%

under the +0.25 m SLR scenario, a 235.56% increase for the +0.50 m

SLR scenario, and a substantial 388.44% increase for the +1.00 m

SLR scenario. Along cross-section LS1-LS1’ (Figure 11B), there was

an average increase in significant wave heights by 58.04% for the

+0.25 m SLR Scenario, 86.66% for the 0.50m SLR Scenario and
FIGURE 6

Significant wave heights at (A) the low tide level, (B) the high tide level.
frontiersin.org

https://doi.org/10.3389/fmars.2025.1525438
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Boodoo and Villarroel-Lamb 10.3389/fmars.2025.1525438
154.45% for the 1.00 m SLR Scenario. Along both cross-sections, the

location of depth-induced wave breaking moves slightly landward

with substantial increases in nearshore wave heights due to the

significant reduction of the frictional dissipation provided by the

coral reefs.
4 Discussion

4.1 Numerical modelling of the
effectiveness of the reef at
coastal protection

The numerical modelling approach used in the study provided

valuable insights into the effectiveness of coral reefs as coastal

protection through depth-induced wave breaking and frictional

dissipation at the study site of Buccoo Bay in Tobago under high-

probability wave conditions. After successful calibration of the model,

a KN = 0.07 m was used for model simulations to represent the

baseline scenario, suggesting that the reef has already undergone

some level of coral reef degradation, loss of roughness and decrease in

frictional dissipation. While there was a good agreement between

modelled and measured wave heights and water levels (Figure 5) and
Frontiers in Marine Science 10
the model performance was similar to previous studies (Masria et al.,

2023; Quataert et al., 2015), there is a critical need for species-specific

friction factors for coral reefs to enhance the accuracy of the model

predictions, as well as the application of these spatially varying factors

across the reef. Currently, there are no standardized methods for

parameterizing reef roughness in numerical models (Osorio-Cano

et al., 2019). However, adopting an interdisciplinary approach that

includes ecological indices, such as the rugosity index, could

significantly enhance the accuracy of modelling coral reef

hydrodynamics and provide a more focused approach to reef

restoration/management strategies.

The simulations representing the baseline scenario highlight the

importance of incident wave characteristics, water levels, reef

geometry and frictional dissipation on the coastal protection

effectiveness of the reef through wave attenuation and dissipation.

The wave heights on the reef were tidally modulated with a

complete reduction in significant wave heights at the low tide

level, primarily due to the reef being exposed, and a 96.45%

reduction during the high tide level as a result of wave breaking

on the reef crest (Figure 7). The variations in reef geometry between

Pigeon Point Reef and the steeper Outer Reef show that the steeper

reefs induce wave breaking over shorter distances with higher

breaking wave heights. The gentler sloping Pigeon Point reef can
FIGURE 7

(A) Significant wave heights at low tide and high tide along cross-section CS1-CS1’ and (B) water depths at low tide and high tide along cross-
section CS1-CS1’.
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allow unbroken waves into the reef lagoon, increasing the nearshore

wave energy.

The significance of frictional dissipation in reducing wave

height was evidenced by a substantial 93% decrease in wave

heights and the importance of coral reefs in coastal protection

was highlighted by an overall significant wave height reduction of

approximately 97.39% during the high tide by the reef which is

consistent with previous field-based studies (Costa et al., 2016;

Ferrario et al., 2014; Péquignet et al., 2011).
4.2 The impact of coral reef degradation
and SLR

The health of the coral reefs affects the reef roughness and

subsequent frictional dissipation provided by the reef. Healthy coral

reefs are more geometrically complex and provide greater frictional

dissipation than smooth, dead corals. This phenomenon is

especially seen in the model scenarios in which the friction

factors were varied (Figure 9). For the High Friction Scenario (KN

= 0.1 m), representing healthy coral reefs, there was an average

decrease in significant wave heights of 18.9%. In the case of the Low
Frontiers in Marine Science 11
Friction Scenario (KN = 0.04 m), which represented dead, smooth

corals, there was an average increase in significant wave heights of

21.74% from the base scenario and a 40.64% increase from the High

Friction Scenario. These results underscore the importance of the

health of coral reefs and their role in coastal protection.

For the SLR Scenarios, the Neumann (1985) ‘Give-Up’ scenario

was assumed, suggesting that coral reefs did not keep up with SLR.

This assumption was reasonable since rates of accretion for exposed

fringing reefs vary between 1-4mm year-1 (Buddemeier and Smith,

1988; Montaggioni, 2005). The SLR Scenarios show substantial

increases in nearshore wave heights with an average increase in

significant wave heights by 160.5% under the +0.25m SLR scenario,

a 235.56% increase for the +0.50m SLR scenario, and a substantial

388.44% increase for the +1.00m. These increases in wave heights

are a result of the decrease in depth-induced wave breaking taking

place on the reef crest and frictional dissipation as sea level rises,

with substantially higher wave heights in the nearshore area. The

combination of coral reef degradation and SLR can lead to

substantial increases in nearshore wave heights which can

exacerbate existing coastal hazards such as coastal erosion and

flooding and negatively impact coastal ecosystems and diminish the

valuable ecosystem services that they provide.
FIGURE 8

(A) Significant wave heights at low tide and high tide along cross-section LS1-LS1’ and (B) Water depths at low tide and high tide along cross-section
LS1-LS1’.
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The Buccoo Reef was designated a Marine Protected Area

(MPA) in 1973 (Laydoo et al., 1998) and a Ramsar site in 2006

(Peters et al., 2023). While ongoing monitoring efforts by the

Institute of Marine Affairs (IMA) have provided valuable baseline

data on reef conditions and degradation trends and there are several

technical reports (Darsan et al., 2013; Alemu and Amoroso, 2015;

Ganase and Lochan, 2022), little has been implemented to address

the coral reef degradation due to anthropogenic influence and

adaptations to climate change and sea level rise. Consequently, it

is imperative to develop and implement effective management

strategies and solutions to address the challenges posed by coral

reef degradation and rising sea levels.
4.3 Implications for reef restoration and
future management strategies

The results of this study underscore the critical role of coral reef

health and their adaptability to sea level rise in sustaining their

coastal protection functions. Preserving the effectiveness of this

natural defence requires ongoing efforts to maintain reef health and

enhance their resilience. Two key approaches to achieve this,
Frontiers in Marine Science 12
supported by the results of the study, are Integrated Coastal Zone

Management (ICZM) and the implementation of artificial reefs.

Although ICZM is a well-established concept, its effective

implementation remains crucial for managing coral reef

ecosystems, as it directly affects their health and, in turn, their

coastal protection capabilities in Caribbean SIDS. Our study

demonstrated that healthy coral reefs, characterized by increased

roughness, provide greater wave attenuation. Therefore,

management strategies that reduce reef degradation and focus on

enhancing reef health are essential for maintaining and improving

their coastal protection function. ICZM offers a comprehensive

approach to address these anthropogenic impacts, aiming to

mitigate ongoing degradation. For coral reefs, effective ICZM

involves managing land-based pollution sources, regulating

coastal development, promoting sustainable tourism, enforcing

protective regulations, and integrating community involvement

(Gibson et al., 1998). While this study primarily focuses on wave

dynamics and the role of the Buccoo Reef in dissipating wave

energy, future research should incorporate an assessment of

potential coastal impacts, such as damage to infrastructure,

erosion, and effects on local populations. Such analyses would

complement the findings of this study and provide actionable
FIGURE 9

Significant wave heights under base scenario, low friction scenario and high friction scenario along (A) cross-section CS1-CS’ and (B) cross-section
LS1-LS1’.
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insights into coastal management strategies. ICZM efforts promote

reef preservation and natural reef restoration which will assure

healthy reefs to afford vital coastal protection services for present

and future generations.

The results of the study have also shown that both frictional

dissipation and depth-induced wave breaking are key processes

involved in coastal protection by coral reefs. Healthy coral reefs

with a high roughness and high friction factor of KN = 0.1 m

contributed significantly to wave attenuation. Artificial reefs

designed to replicate this level of roughness can achieve similar

protective effects, particularly over extended distances, as

demonstrated in Figure 9. Durable substances such as concrete

and ceramics, which have been shown to effectively support marine

life, can be used but any adverse short-, medium- or long-term

impacts of these should be carefully assessed (Baine, 2001). To the

authors’ knowledge, current artificial reef execution efforts have not

fully considered the role of frictional dissipation, and incorporating

this factor into their design and deployment could greatly enhance

their effectiveness in dissipating wave energy.
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The SLR scenarios revealed that increased depth on the reef

crest reduces depth-induced wave breaking, leading to significant

increases in nearshore wave energy (Figure 10). Artificial reefs

strategically positioned to account for rising sea levels can help

maintain the coastal protection benefits traditionally provided by

natural reefs through depth-induced wave breaking, achieving a

level of coastal protection comparable to the base scenario

(Figure 11A). This approach allows artificial reefs to continue to

provide this essential coastal protection as well as support the

growth and survival of coral reefs across coastal areas in

Caribbean SIDS to adopt more climate-resilient strategies.
5 Conclusion

A numerical modelling approach using a coupled depth-averaged

hydrodynamic and spectral wave model in Delft3D was employed to

evaluate the coastal protection effectiveness of a fringing reef at Buccoo

Bay, Tobago through depth-induced wave breaking and frictional
FIGURE 10

Significant wave heights on the reef for the (A) baseline SLR scenario, (B) +0.25m SLR scenario, (C) +0.50m SLR scenario and (D) +1.00m
SLR scenario.
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dissipation under scenarios of reef degradation and SLR. The study

results emphasize the importance of factors such as water levels and

reef geometry in wave energy dissipation, with 100% and 96.45%

reduction in wave heights at low and high tides, respectively. The

model scenarios for degraded reef conditions showed a 21.74% mean

increase in wave heights over baseline, whereas the model scenarios for

healthier reefs showed a decrease in wave heights by 18.9% from the

baseline. Themodelled SLR scenarios showed increases in wave heights

ranging from 160.5% and 388.4% as SLR progressed.

The findings underscore the importance of the frictional

dissipation provided by healthy coral reefs, with degraded corals and

rising sea levels leading to increased nearshore wave heights which

could exacerbate issues such as coastal erosion and flooding. While this

research primarily analyzed these factors independently, future studies

should investigate their combined impacts to provide a more holistic

understanding of coastal resilience challenges. Integrating dynamic reef

degradation scenarios with SLR projections would enable a deeper

evaluation of their compounded effects on wave dynamics, sediment
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transport, and shoreline stability. Such efforts would offer valuable

insights for developing adaptive coastal management strategies in the

face of climate change. The simulations also reveal a significant need

for species-specific friction factors to improve model accuracy, as well

as the application of these spatially varying factors across the reef.

Considering the critical role of reef health in coastal protection

through processes like frictional dissipation and depth-induced wave

breaking, management strategies such as ICZM are essential. ICZM

can effectively address key anthropogenic stresses, thereby enhancing

the resilience of coral reefs and preserving their coastal protection

functions. The strategic deployment of climate-resilient solutions like

artificial reefs, designed tomimic the complex structures and roughness

of natural reefs, can significantly enhance wave attenuation through

frictional dissipation and depth-induced wave breaking. When

appropriately placed, these artificial reefs offer a pragmatic approach

to maintaining the ecological and protective functions of coral reefs in

the face of ongoing environmental and climate changes in

Caribbean SIDS.
FIGURE 11

Significant wave heights for the baseline, +0.25m, +0.50m and 1.00m SLR scenarios along (A) cross-section CS1-CS1’ and (B) cross-section LS1-LS1’.
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T. L., et al. (2021). “Ocean, Cryosphere and Sea Level Change,” in Climate Change 2021:
The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change. Eds. V. Masson-Delmotte, P.
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