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The morphological response of two adjacent beaches, on the Mexican Caribbean coast, exposed to the same offshore 

wave climate is compared, where one of the beaches is fringed by a coral reef and the other is not. Detailed 

topographic and bathymetric measurements were collected from 2007 to 2011using a differential GPS and double-

frequency echo-sounder. Offshore waves were continuously measured by the NOAA 42056 directional buoy, and 

nearshore waves were measured from May to September 2007 using an acoustic wave and current profiler to validate 

the use of offshore waves in the analysis of beach morphodynamics. Investigations showed that the beach with the 

fringing coral reef was the more stable under the same offshore energetic wave conditions of different directions. The 

implications of the fringing reef on the local hydrodynamics and energy dissipation were evaluated with the SWAN 

third-generation spectral wave model. The model was first validated with wave measurements collected at 

intermediate (forereef) and shallow waters (reef lagoon) with Aquadop profilers. Numerical results indicate that 

during shore-normal energetic conditions, the fringing reef is capable of reducing the incoming wave energy by up to 

65%. 
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INTRODUCTION  

There is increasing interest in understanding the long-term stability of coasts under energetic wave 

conditions and accounting for rising sea levels. Coral reefs are abundant in shallow tropical and 

subtropical coastal regions, providing environments where a considerable amount of wave energy can 

be dissipated through bottom friction and wave breaking processes (Lowe et al., 2005). Many coral 

reefs, however, are presently in gradual decline (Gardner et al., 2003) and fringing reefs especially are 

sensitive to rising water levels, which are expected to outstrip any potential reef flat accretion (Storlazzi 

et al., 2011). 

The efficiency of coral reefs in dissipating incident wave energy, either through the friction exerted 

by bottom roughness, or simply as obstacles to wave action, makes them excellent natural coastal 

defences (Hearn, 1999; Sheppard et al., 2005; Zawada et al. 2010; Alvarez-Filip et al. 2011). 

Hydrodynamic investigations on coral reefs have focused on understanding the relationship between the 

transformation of incident waves, and the topography of reef platforms. Moreover, wave breaking, 

wave set-up and wave-induced flows can control the circulation on fringing reef lagoons (Coronado,et 

al., 2007). The arrival of residual wave energy to the shore can, however, cause significant 

morphological changes.  

Since the early 1970’s most coral reefs in the shallow Caribbean Sea have been reported in decay 

due to loss of complexity (Alvarez-Filip et al. 2009). Present coastlines protected by these decaying 

coral reefs are expected to be gradually exposed to greater wave energy due to the decreased capability 

of the reef to attenuate wave energy. Consequently, adverse morphological variations along the shores 

and the beaches fronting these reefs can be expected (Sanderson, 2000; Sheppard et al., 2005).  

At present, however, the morphodynamics of beaches fringed by coral reefs has received little 

attention. Only a few studies have quantified the morphological differences in reef-protected coastlines 

in relation to the incident wave energy (Sanderson 2000; Kench et al. 2009). This investigation aims to 

provide, for the first time, an understanding of the morphodynamic differences of a reef fronted beach 

compared to an adjacent beach without a reef. In addition, the degree of total energy dissipation 

provided by the fringing reef is quantified and related to the morphological change along the beach. 
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FIELD SITE 

The field sites are the microtidal beaches of Cancun and Puerto Morelos, located on the Mexican 

Caribbean coast (Fig. 1). Semi-diurnal tidal oscillations in the study area are small, and the mean tidal 

range is ~0.17 m. The dominant waves approach from east/southeast, are of low energy (significant 

wave height, Hs = 0.5–1.5 m) and short period (mean wave period, Tm = 4–6 s), and dominate from 

May to October. During these months, the incidence of hurricanes is common (Hs = 6–12 m; Tm = 10–

12). Northerly energetic waves (Hs = 2–3 m) of longer period (Tm = 6–8 s) occur frequently from 

November to April. 
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Figure 1. Location and bathymetric information of the studied beaches at Cancun (left) and Puerto Morelos 

(right) on the Mexican Caribbean coast. The red dots in the bottom panels indicate the middle location of 

each beach section (Can N, MN, MS, S, and Puerto Morelos). The wave rose presents offshore data 

measured in deep water by the NOAA 42056 directional buoy (see location with black dot on top left panel) 

over a 4 year period from September 2007 to May 2011. 
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The beaches of Cancun and Puerto Morelos are composed of carbonate medium sand of biogenic 

origin, and the mean sediment sizes are ~0.4 and ~0.3 mm, respectively. The beach of Puerto Morelos 

is fronted by a fringing reef which extends 4 km alongshore and creates a ~2 km wide shallow reef 

lagoon of 3 to 4 m depth. Some of the reef crests are exposed at low-spring tide. Cancun beach (~20 km 

north) has no fronting reef. It is a barrier beach backed by a shallow lagoon, permanently connected to 

the Caribbean Sea via two inlets, and the beach is enclosed by two rocky foreshores. 

METHODS 

Field measurements 

Five ~2 km long beach sections were monitored from September 2007 to May 2011 along the two 

microtidal beaches of Puerto Morelos, fringed by a reef, and Cancun, without a reef (see Fig. 1), both 

being exposed to the same offshore wave conditions. Morphological data consisted of three-to-four 

monthly measurements of beach topography using a differential Global Positioning System (GPS). 

Beach profiles were measured every 20 m alongshore, and these were linearly interpolated over the 

beach section and a three-dimensional digital elevation model was obtained.  

Bathymetric data were collected almost annually using a double-frequency echo-sounder. Figure 2 

presents the bathymetry of the research site, and evidences the underlying differences of the two 

beaches of interest. In Cancun the bathymetry gradually decreased to 20 m depth at an offshore distance 

of ~2 km (see A in Fig. 2). Whereas at the same offshore distance Puerto Morelos presented a shallow 

reef lagoon, reef crest and a sudden deepening to 20 m in the forereef (see B in Fig. 2). 
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Figure 2. Bathymetry of the research site comprising the area between the beaches of Cancun and Puerto 

Morelos. The lines in A and B represent a cross-shore distance of ~2 km for both beaches. 

 

Nearshore wave measurements were collected with an acoustic wave and current profiler (AWAC) 

at 20 m depth at B (Fig. 2) from May to September 2007. The comparison of the nearshore 

measurements with the NOAA 42056 deep water directional wave data (http://www.ndbc.noaa.gov) 

indicated an acceptable agreement between both datasets except during hurricanes, and maximum 

differences of ± 0.5 m and 2–3 s were observed for Hs and Tm, respectively. Thus, the changes in beach 
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topographies were related to the offshore wave measurements such as wave heights (Hs), periods and 

wave directions obtained from the NOAA buoy. 

 

Wave modelling 

The SWAN (Simulating Waves in the Near-shore) third-generation phase averaged wind wave 

model (Booij et al., 1999) was employed to propagate waves from deep to shallow water depths and 

allow the evaluation of the degree of total energy dissipation provided by the fringing reef. The model 

was set-up using field measured subtidal morphology and combined with freely available ETOPO1 data 

of 1 minute resolution (http://www.ngdc.noaa.gov), and a rectangular model grid of 125 m resolution 

was established. SWAN is based on discrete spectral action balance equations which compute the 

evolution of random short-crested waves. Earlier researchers have found this model capable of 

accurately modelling the propagation and breaking of waves over coral reefs (e.g. Lowe et al., 2009; 

Hoeke et al., 2011; Storlazzi et al., 2011). 

Previous studies indicated the need for bottom roughness values of an order of magnitude greater 

than for sand, and based on Madsen et al. [1988] wave hydraulic roughness lengths (kw) of 0.1–0.2 m 

were suggested for coral reefs [Hearn, 1999; Lowe et al., 2005; Hoeke et al., 2011]. In order to 

determine the use of the optimal kw value for this study, the model was calibrated with wave 

measurements collected at intermediate (~15 m off the reef crest) and shallow waters (~3 m within the 

reef lagoon) using Aquadop acoustic profilers (within line B in Fig. 2). Model calibration results 

indicated that the use of a spatially uniform kw value of 0.1 m provided acceptable errors with R
2
=0.64 

(Fig. 3). Within SWAN, the Battjes and Stive [1985] model was used to determine the depth-induced 

breaking with the constants of α=1 and γ=0.73.  
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Figure 3. Comparison of measured and modelled significant wave heights at shallow waters (~3 m in the 

reef lagoon) using a spatially uniform wave hydraulic roughness length (kw) value of 0.1 m. 

 

http://www.ngdc.noaa.gov/
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RESULTS 

Morphological change 

The morphological variability of each beach section was quantified in terms of volumetric change 

(ΔV) at alongshore cells of 10 m, for concurrent beach profiles using wave measurements from 

September 2007 to May 2011. The dominant waves in the field site approached either from the north-

northwest (N/NW) or east-southeast (E/SE), thus, the volumetric change along each beach section was 

determined during periods of these dominant wave conditions. Results presented in Figure 4 indicate 

that under shore-normal E/SE waves, the beach section in Puerto Morelos was significantly less 

dynamic than the rest of the beach sections in Cancun (Can N, MN, MS and S), whereas during N/NW 

wave conditions the magnitude of volumetric change was similar for both sites. During the shore-

normal E/SE waves, alongshore averaged volumetric differences (ΔV) ± 5 m
3
/m were measured in 

Puerto Morelos, whereas in Cancun the volumetric change was generally greater ΔV ± 10 m
3
/m. The 

most dynamic section on Cancun beach was Can MS, where average volumetric changes of ~15 m
3
/m 

were registered. 

 

 
 
Figure 4. Volumetric change along each beach section (Can N, MN, MS, S and PtoM) calculated from the 

measured beach profiles before and after a period of dominant N/NW waves (left) and E/SE waves (right). 

 

Wave propagation 

Extreme wave conditions of Hs= 3 m and T=7 s were propagated with the calibrated SWAN model 

over the study area for dominant northerly and easterly wave conditions with the aim of evaluating the 

amount of wave energy dissipation (in terms of Hs), from intermediate (~12 m) to shallow (~3 m) 

waters (Figs. 5 and 6). The simulations were computed in stationary mode for a constant tidal level of 0 

m and the wind was not considered. 
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Figure 5. An example of a SWAN wave simulation (magnitude and direction) over the study area for north-

easterly Hs= 3 m and T=7 s waves. The beach sections in Cancun and Puerto Morelos are shown in black.  

 

 

 
Figure 6. An example of a SWAN wave simulation (magnitude and direction) over the study area for easterly 

Hs= 3 m and T=7 s waves. The beach sections in Cancun and Puerto Morelos are shown in black.  
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SWAN wave modelling results showed a significant reduction in the incident wave energy for 

Puerto Morelos compared to Cancun (Fig. 7). Reductions in wave height of up to 1.5 m were observed 

close to the shore in Puerto Morelos, whereas Cancun barely attenuated wave energy for the dominant E 

waves. The significant wave height reductions at Cancun could be considered a direct consequence of 

the shoaling effects, whereas at Puerto Morelos the wave energy attenuation is primarily attributed to 

the presence of the fringing reef at a distance of 500 to 1,500 m off the coast.  
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Figure 7. Differences in significant wave height between intermediate (12 m) and shallow (3 m) waters 

derived from the SWAN outputs along the studied beach sections for the main wave directions. Boundary 

conditions for northerly (left) and easterly (right) Hs=3 m and T= 7s waves. 

 

DISCUSSION 

The morphological data confirmed that the beach of Puerto Morelos is wider and generally more 

stable than Cancun. The volumetric differences (ΔV) along each beach section indicated that during 

E/SE wave conditions the beach of Puerto Morelos was significantly more stable than Cancun. On the 

other hand, during N/NW waves the volumetric changes at both beaches were of the same order of 

magnitude (Fig. 4). The morphological change along each beach section was related to the amount of 

wave energy dissipation, which was determined as the percentage of significant wave height reduction 

from intermediate (~12 m) to shallow (~3 m) waters. 

Figure 8 presents the comparison of the volumetric change along the beach and the percentage of 

significant wave height reduction at Puerto Morelos, and Cancun MS, the most dynamic beach section 

in Cancun. For dominant easterly (E) waves, SWAN wave modelling results showed up to 65% 

reduction in the incident wave energy (~Hs) from intermediate to shallow waters for Puerto Morelos, 

compared to 25% in Cancun. During northwesterly (NW) waves smaller reductions of ~40% and ~15% 

were observed, respectively (Fig. 8). Thus, the larger energy dissipation and volumetric stability during 

E waves in Puerto Morelos compared to Cancun is attributed to the presence of the fringing reef off 

Puerto Morelos. In contrast, the wave energy dissipation in Cancun is assigned to wave shoaling effects. 
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Figure 8. Measured longshore volumetric differences (ΔV) and SWAN simulated significant wave height 

reductions (in %) between intermediate (12 m) and shallow (3 m) waters along Mid-South Cancun and Puerto 

Morelos for the main wave directions: northeast (left) and east (right). Boundary conditions consist of Hs=3 

m and T= 7s. 

 

CONCLUSIONS 

The morphological response of two adjacent beaches exposed to the same offshore wave climate 

was compared in the Mexican Caribbean coast based on topographic field data, where one of the 

beaches is fringed by a coral reef (Puerto Morelos) and the other is not (Cancun). In addition, the 

degree of energy dissipation provided by the fringing reef was evaluated applying the calibrated SWAN 

wave model and using a spatially uniform wave hydraulic roughness length scale, kw, of 0.1 m. 

The obtained results demonstrate that under shore-normal wave conditions Puerto Morelos, which is 

fringed by a coral reef, was the more stable beach section. Further numerical experiments will be 

undertaken to determine the influence of the reef crest height and the distance of the reef to the shore in 

the amount of wave energy dissipation. 
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