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Principal theses statement 

 

Coral reef islands are accumulations of unconsolidated carbonate sand and gravel deposited 

on reef platform surfaces by ocean waves and currents. Wave action is the primary control on 

sediment transportation processes which define the morphological construction of reef top 

islands. On platforms which exhibit a curved periphery wave refraction and convergence 

patterns control the transportation and deposition of sediment across reef flat surfaces. Reef 

configurations which promote centripetal wave motion demonstrate transfer of sediment 

towards central reef regions and may accumulate reef top islands. In contrast, platforms 

which feature an off reef wave focus exhibit a high potential for evacuation of sediment over 

leeward reef margins and the formation of subtidal sand aprons behind the platform structure.  
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1. Introduction 

 

Coral reef islands are subaerial accumulations of unconsolidated carbonate sediments 

deposited on reef platforms by ocean waves and currents. They are young geomorphic 

features commonly found in mid-ocean atoll, barrier and reef platform settings and exhibit a 

high degree of variability in their presence, size, morphology and location on platform 

surfaces. The calcareous sand and gravel comprising reef islands is almost entirely derived 

from the skeletal remains of corals, coralline algae and other calcifying organisms that live 

and dwell on the surrounding reef (Stoddart and Steers, 1977; McLean and Woodroffe, 

1994). Island development is therefore partially controlled by the supply of biogenically 

derived sediment, and hence ecological processes within reef systems (Perry et al., 2011). A 

second boundary control for island formation is the development of reef platform surfaces 

which provide the physical foundation for sediment accumulations (McLean and Hosking, 

1991; Woodroffe et al., 1999; Kench et al., 2005; Woodroffe, 2008). The morphological 

development of reef platforms is controlled by temporal fluctuations of the sea level at 

millennial timescales (Marshall and Davies, 1982; Marshall and Jacobson, 1985; Kayanne et 

al., 2002; McKoy et al., 2010). At shorter timescales however, the formation of reef islands is 

largely controlled by the hydrodynamic process regime which governs the entrainment, 

transportation and deposition of sediment on the reef flat. 

Despite recognition that wave action is the most important factor in determining the 

geomorphic construction and dynamics of reef islands (Stoddart and Steers, 1977; Gourlay, 

1988), few studies have undertaken detailed investigations of wave processes on platform 

surfaces and the physical mechanisms which control sediment dynamics. The majority of 

hydrodynamic field studies of wave interactions with coral reefs have examined 

transformation processes across reef edges and adjacent lagoon environments (Roberts et al., 



 

2 
 

1977; Lee and Black, 1978; Roberts and Suhayda, 1983; Young, 1989; Hardy and Young, 

1996; Lugo-Fernández et al., 1998a, 1998b). A number of studies have also examined the 

characteristics of waves across reef flat surfaces and the generation of wave setup-driven 

currents (Roberts et al., 1992, Gourlay, 1994, 1996; Symonds et al., 1995; Brander et al., 

2004; Jago et al., 2007). Collectively, these studies use the approach of reducing platforms to 

a two dimensional cross-reef profile. However, such simplified treatment of the reef structure 

does not account for the three dimensional complexity of platform surfaces and directional 

propagation behaviour of reef flat waves. 

Coral reef structures promote the refraction and diffraction of incident wave energy and 

critically influence the propagation behaviour of waves on platform surfaces. Gourlay (1988) 

constructed a conceptual model of wave interaction with reefs which demonstrates the basic 

principles of wave refraction and diffraction on and around platforms. The study provided 

significant insight into the influence of reef configuration on the formation of wave 

convergence zones and delivered a conceptual explanation for the location and stability of 

islands on platform surfaces. Accordingly, refraction processes provide a major driving 

mechanism for reef-top hydrodynamics which subsequently control the entrainment and 

transport of sediment to depositional centres on platforms. The location of wave convergence 

zones and associated sedimentary deposits is critically linked to platform shape and 

configuration. Gourlay (1988, 2011) furthermore suggested that reef geometry controls the 

morphological stability of reef top islands. Coral cays located on circular platforms may be 

less stable than islands supported by elliptical reefs since wave convergence patterns are 

more variable in response to changes in incident wave conditions. The conceptual model of 

Gourlay (1988) has subsequently been invoked by numerous studies as a robust process 

account for island existence and persistence. However, there has been little empirical 

validation or verification based on detailed field observations or further model development 



 

3 
 

that provides a comprehensive understanding of reef surface hydrodynamics including 

process controls that constrain island deposition. In this thesis, the conceptual ideas of 

Gourlay (1988) are used to construct an analytical wave refraction model which provides the 

basis for a detailed investigation of centripetal wave motion on platform reefs and the process 

controls on island formation and development. 

Specific aims of the thesis are: 

- To develop an analytical model to simulate wave refraction on platform reefs and 

validate theoretical projections with measurements in the field. 

- Examine the implications of reef flat wave propagation on sediment transportation 

and deposition. 

- Substantiate existing theory of reef island formation and develop a robust process 

account for island existence and development. 

The thesis is organised into four chapters which have been published or accepted for 

publication as individual research papers. Chapter 2 introduces an analytical refraction model 

which simulates directional wave motion on platforms of different shape. Implications for 

sediment transportation and island formation are evaluated. The third chapter presents results 

of field investigations conducted on two platforms in the Maldives to verify theoretical 

projections of wave refraction and convergence predicted by model simulations. Chapter 4 

then explores the effects of platform wave patterns on sediment transportation and deposition. 

Results of field measurements from two platforms in the Maldives are presented which 

demonstrate hydrodynamic process controls on platform sedimentation and island formation. 

Finally, Chapter 5 presents results of field measurements from a linear platform configuration 

where wave processes inhibit the formation of a reef top island. Results verify theoretical 

projections of platform sedimentation presented in Chapter 2. 
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2. Analytical modelling of wave refraction and convergence on coral reef 

platforms: Implications for island formation and stability 

 

Philipp G. Mandlier and Paul S. Kench 

 

Abstract 

An analytical model was constructed to simulate the refraction of waves on coral reef 

platforms comprising an idealised bathymetry of uniform depth and vertical reef faces. Model 

simulations were conducted to investigate the influence of key parameters such as reef shape 

and depth as well as wave period on the propagation behaviour of incident waves. Results of 

the refraction analysis demonstrate that different reef shapes produce characteristic patterns 

of wave convergence on reef surfaces. The location and stability of focal zones and hence 

wave convergence is largely controlled by the shape of platforms. Platform configuration 

further controls the distribution of wave energy across platform surfaces and determines the 

influence of incident wave forcing on different reef sections. Results have significant 

implications for sedimentation processes and hence the formation and stability of islands on 

reef platforms. Wave propagation patterns define sediment transport vectors and 

subsequently control the transport and deposition of different sized material. Platforms which 

promote marked wave convergence behaviour, such as elliptical and circular reefs, are more 

likely to retain sediment on reef surfaces, whereas narrow linear structures have a higher 

potential for the off-reef evacuation of sediment over leeward reef margins and the 

subsequent infill of deeper lagoonal areas. The study provides a physical basis for future 

investigations of reef hydrodynamics and platform sedimentation processes. 

 

Keywords: Coral reefs, Refraction, Wave convergence, Coral islands 
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2.1 Introduction 

Coral reef islands are accumulations of unconsolidated carbonate sand and gravel deposited 

on reef platforms by wave and current processes. They are common features of mid-ocean 

atolls, barrier and reef platform settings and exhibit a high degree of variability in their 

presence, size, shape, morphology, sedimentary composition and location on platform reefs. 

The sediment available for the construction of reef islands is almost entirely provided by the 

skeletal remains of corals, coralline algae and other calcareous organisms that dwell on coral 

reefs (Stoddart and Steers, 1977; Hopley, 1982; Yamano et al., 2000). Island formation and 

development is therefore partially controlled by the production and supply of detritus, and 

hence ecological processes within reef systems (Perry et al., 2008). A second boundary 

control on island formation is reef platform development and the consolidation of reef 

surfaces which provide the physical foundation for island accumulation (Woodroffe et al., 

1999; Kench et al., 2005). The morphological development of platforms is modulated by 

variations in sea level at millennial timescales (Marshall and Davies, 1982; Marshall and 

Jacobson, 1985; Kayanne et al., 2002). At shorter timescales however, island formation and 

development is largely determined by the hydrodynamic process regime which controls the 

transportation of sediment to depositional centres on the reef surface. 

Despite recognition that wave processes are a critical factor in determining the geomorphic 

construction and dynamics of reef islands (Stoddart and Steers, 1977; Gourlay, 1988), few 

studies have undertaken detailed investigations of wave processes on reef platforms and the 

physical mechanisms which control the formation and ongoing morphodynamics of coral 

islands. There are numerous field studies of wave interaction with coral reefs, the majority of 

which have examined wave transformation processes across reef edges and adjacent lagoon 

environments (Roberts et al., 1977; Lee and Black, 1978; Roberts and Suhayda, 1983; 

Young, 1989; Hardy and Young, 1996; Lugo-Fernández et al., 1998a, 1998b). A number of 
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studies have also examined the characteristics of waves across reef surfaces and the 

generation of wave setup-driven currents (Roberts et al., 1992, Gourlay, 1994, 1996; 

Symonds et al., 1995; Brander et al., 2004; Kench and Brander, 2006a; Jago et al., 2007; 

Samosorn and Woodroffe, 2008; Kench et al., 2009). The majority of these studies use the 

approach of reducing platforms to a two dimensional cross-reef profile which does not 

account for the three dimensional complexity of reef surfaces and directional propagation 

behaviour of waves on reefs. 

Coral reef structures promote the refraction and diffraction of incident wave energy and 

critically influence the propagation behaviour of waves on reef surfaces. Gourlay (1988) 

constructed a conceptual model of wave interaction with reefs which demonstrates the basic 

principles of wave refraction and diffraction on and around platforms (Figure 2.1). The study 

provided significant insight into the influence of reef configuration on the formation of wave 

convergence zones and delivered a conceptual explanation for the location and stability of 

islands on reef surfaces. Accordingly, wave refraction processes provide a major driving 

mechanism for reef-top hydrodynamics which subsequently control the entrainment and 

transport of sediment to depositional centres on platform surfaces. The location of 

convergence zones and associated sedimentary deposits is critically linked to platform 

specific wave refraction patterns and hence reef geometry. Gourlay (1988, 2011) furthermore 

suggested that reef shape largely controls the morphological stability of low-lying islands. 

Coral cays located on circular platforms may be less stable than islands supported by 

elliptical reefs since wave convergence patterns are more variable in response to changes in 

incident wave conditions. The model has subsequently been invoked by numerous studies as 

a robust process account of island existence and persistence. However, there has been little 

empirical validation or verification based on detailed field observations or further model 



 

10 
 

development that provides a comprehensive understanding of reef surface hydrodynamics 

including process controls that constrain island deposition. 

 

 

Figure 2.1 Conceptual model of wave refraction and likely locations for sediment accumulation 
on platform reefs (adapted from Gourlay, 1988). 
 

The present study builds on the conceptual ideas of Gourlay (1988) and provides a detailed 

analytical investigation into wave refraction and convergence on platform reefs. The aims of 

the study are to evaluate the influence of reef shape on the propagation behaviour of surface 

waves; quantify spatial variations in wave convergence zones on reef surfaces; evaluate the 

zonation of reefs into regions which are characterised by different wave energy input; and 

assess the implications for reef island formation and stability. Results provide a robust 

physical basis for explaining geomorphic characteristics of sedimentary deposits within reef 

systems. 

 

2.2 Methods 

Based on traditional wave ray tracing techniques (Johnson et al., 1948; Arthur et al., 1952), 

an analytical model was constructed to simulate the refraction of waves on coral reef 

platforms. Equally spaced wave orthogonals were traced as they advance in deep water 

towards platforms comprising an idealised bathymetry of uniform depth and vertical reef 
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faces. Accordingly, refraction of wave rays occurs at the boundary between the deep water 

surrounding the reef structure and the shallow water environment of the reef surface. The 

refraction of each wave orthogonal at this boundary is determined by Snell’s law considering 

the local angle of incidence and the difference in the celerity of propagating waves within the 

two different media (i.e. the deep and shallow water): 
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where α1 and α2 are the incident and emergent angle, respectively, and c and L denote the 

wave celerity and wave length in deep (0) and shallow (s) water. 

 

Wave parameters were calculated by using linear wave theory, in which deep water wave 

celerity and length are given by the standard Airy equations: 

π2
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where T is wave period and g is gravitational acceleration. The lengths of shallow water 

waves on the reef surfaces were computed using equation (4) of Fenton and McKee (1990): 

3223

0

2
tanh













































































=
T

g
d

LLS

π  (4) 

where d is water depth over the reef platform. 

Refracted wave orthogonals were mapped to determine the location of caustic points on the 

platform surfaces (Figure 2.2). Wave crests were constructed by considering the advance of a 

monochromatic wave field along incident and refracted wave rays. Offshore fronts were 

assumed to spread (diffract) as circular arcs into the shadow region behind platforms. The 

following terms are adopted to characterise outlines of caustic points and wave crest patterns 

on the platform surfaces. A ‘focal point’ describes the tip of the caustic triangle formed by 
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the intersection points of adjacent refracted wave orthogonals and represents a localized 

concentration of crossing points along the caustic curve. A ‘terminal point’ describes the 

crossing point between the two outermost wave orthogonals of an incident wave field. 

Together with the focal point, the terminal point describes the two extremities of the caustic 

envelope formed by refracted wave orthogonals. 

 

Figure 2.2 Refraction of wave orthogonals (a-c), associated wave crest patterns (d-f) and 
constellation of wave zones (g-i) on different platform shapes. Crosses indicate the location of 
caustic points (crossing points of adjacent wave rays), while black circles and dots designate the 
location of focal and terminal points, respectively. Reef surface waves have been divided into 
high energy windward (solid lines) and lower energy leeward (dashed lines) waves. Period of 
incident waves T = 12 s, reef depth d = 1.5 m, number of wave rays n = 100. 
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Simulations were conducted for circular and elliptical reefs since these geometries resemble 

the shape of many natural platform patch reefs, for example in the lagoons of atolls 

(Maldives) or the Great Barrier Reef system. In the following, elliptical platforms orientated 

with their reef long axis perpendicular to incident wave orthogonals (Figure 2.2c) will be 

referred to as linear reefs, while platforms orientated with their long axis parallel to incident 

wave rays (Figure 2.2a) will simply be termed elliptical reefs. Model simulations were 

undertaken to test the influence of key parameters that influence wave refraction on reef 

platforms, namely wave period; water depth; and platform ellipticity. The period of incident 

waves was increased in 1 s increments from T = 3 s to a maximum period of T = 20 s 

whereas variations in reef elevation were simulated by using five different water depth 

scenarios (d = 1 – 5 m, 1 m increments) for incident swell waves of T = 8 s and T = 20 s. 

Platform shape was varied by altering the Y/X ratio of the reefs (from 0 to 2), where X 

denotes the length of the axis parallel, and Y the length of the axis perpendicular to incident 

wave orthogonals. The ratio Y/X of the two axes of symmetry is therefore a direct measure of 

the ellipticity and orientation of the reef structure to incident waves. Results were synthesised 

to identify key patterns of wave behaviour and consider the importance for sedimentation 

processes. 

 

2.3 Results of Model Simulations 

The results of the refraction analysis for reef platforms of different shapes are summarised in 

Figure 2.2. Model simulations indicate that the refraction of wave orthogonals at the exposed 

seaward reef margin can produce focal points (local concentrations of caustic points) on reef 

surfaces. Marked differences are apparent in the location, size and orientation of caustic 

curves on platforms of different shapes. Elliptical platforms promote the focussing of wave 

rays towards the focal point located at the central windward region of the reef (Figure 2.2a). 
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Furthermore, wave rays from the lateral platform flanks are refracted into the region (between 

the focal and terminal point) behind the reef focus. Circular reefs focus windward wave 

energy towards a confined region located at the central leeward sector of the platform (Figure 

2.2b). In contrast, on a linear structure the reef focus for refracted wave orthogonals is 

typically located off the platform and behind the structure (Figure 2.2c). 

A distinction can be made between two different types of reef flat waves. Firstly, waves 

which originate from the refraction of incident waves at the seaward margin of platforms, and 

secondly, waves which result from the refraction of diffracted waves at the sheltered leeward 

margin. Reconstruction of wave crests demonstrates that on elliptical reefs, waves propagate 

from the lateral platform flanks and convergence along the central reef long axis (x-axis) of 

the structure. In contrast, on a circular platform surface waves propagating from the outer reef 

edge converge towards the confined focal region located in the central leeward section of the 

reef. On a linear shape, waves originating from the seaward and leeward margins merge 

along the long (y-axis) axis of the platform. 

Results of the refraction analysis demonstrate that platform surfaces can be divided into 

distinctive regions defined by the constellation of refracted windward wave orthogonals 

(Figure 2.2g-i). Four different zones have been identified: Zone 1, which is characterised by 

the presence of refracted wave orthogonals that have not yet passed a caustic point; Region 2, 

an area that exhibits the occurrence of refracted rays that have not passed a caustic point as 

well as rays that have already passed a caustic; Zone 3, which represents an area which is not 

entered by any windward wave orthogonals; Zone 4, which is characterised by the exclusive 

presence of rays that have already passed a caustic point. For the elliptical shape, the area 

within the caustic envelope can be further subdivided into Zones 2a and 2b. Both zones are 

characterised by the presence of refracted orthogonals that yet have to traverse a caustic point 

as well as rays that have already passed a caustic, however only area 2a features the crossing 
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of rays that have not passed a caustic. As a consequence, this region might promote a 

crossing pattern of wave crests, a phenomenon which has been observed on aerial 

photographs of natural elliptical reefs (Gourlay and Hacker, 1991) and is referred to as the 

interference zone by Gourlay (1988, 1991, 2011). Areas 1 and 2 (windward zones) represent 

regions of a platform which are characterised by the predominance of waves resulting from 

the refraction of waves at the exposed seaward margin, whereas wave zones 3 and 4 (leeward 

zones) depict regions which predominantly feature waves originating from the refraction of 

diffracted waves at the sheltered leeward margins of the platforms. 

In order to explore the spatial variability of wave zones and the location of focal and terminal 

points on platforms in more detail, multiple simulations were undertaken using a range of 

different water depth, wave period and reef shape scenarios (Figure 2.3). Simulation outputs 

identify the location of focal and terminal points along the central axis x (Figure 2.3a, b) and 

the area of wave zone 4 as a percentage of the total surface area of platforms (Figure 2.3c). 

The ratio x/X denotes the normalised distance from the windward reef margin along the x-

axis, with values smaller and greater than 1 specifying locations on or behind the reef 

structure respectively.  

Results indicate that foci on elliptical reefs (Y/X < 1) are largely located on the platform 

surface and in front of the terminal point. For linear reefs (Y/X > 1) the constellation is 

rotated and the focus is relocated behind the terminal point and typically in the lee region 

behind platforms. The exact Y/X ratio where the crossover of focal and terminal point occurs 

is dependent on reef depth and the period of incident waves, however for longer period 

(swell) waves this transition point is located close to a ratio of Y/X = 1, denoting a circular 

platform shape. Results of the simulations demonstrate several important characteristics in 

the location of focal and terminal points on platform surfaces. Firstly, the platform focus (and 

terminal point) is located further away from windward reef margins the greater the Y/X ratio 
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of the reef and the shorter the period of incident waves (Figure 2.3a). Secondly, changes in 

the period of incident waves result in greater relocation of reef foci on platforms of larger 

Y/X ratio. This implies, that for elliptical reefs (Y/X ratio < 1), the reef focus is more stable 

in regards to changes in the period of incident waves than on circular or linear platforms. 

Figure 2.3b indicates that the same trend is apparent regarding the variability of the focal 

point in response to changes in water elevation. Alterations in the depth of platforms result in 

smaller positional adjustments of reef foci on elliptical than on circular or linear reefs. 

Thirdly, variations in water level induce greater changes in the location of reef foci for 

shorter (T = 8 s) compared to longer (T = 20 s) period waves. In general, for any given reef 

shape and wave period, the reef focus is located further away from windward reef margins, 

the higher the water depth above the platform (Figure 2.3b). Changes in the position of focal 

and terminal points also alter the constellation and size of wave zones across platform 

surfaces. Figure 2.3c demonstrates that the percentage area of the leeward wave zone (region 

4) compared to the total platform area becomes smaller, the larger the Y/X ratio of the reef 

and the shorter the period of incident waves. Consequently, elliptical platforms generally 

have larger leeward areas than circular or linear reefs and are more likely to feature reef 

sections which are devoid of windward wave influence. 
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Figure 2.3 a) Location of focal (grey lines) 
and terminal (black lines) points with 
variations in the ellipticity and orientation 
(Y/X ratio) of platforms for different wave 
periods. b) Location of focal zones with 
variations in platform depth for incident 
swell waves of period T = 8 s (light grey) 
and T = 20 s (dark grey). c) Changes in the 
percentage area of leeward wave zone 4 to 
total platform area for incident waves of 
different period (T = 3-20 s). Black crosses 
mark the location of cross over points 
where the order of focal and terminal point 
on the platforms is reversed. 

 

2.4 Discussion 

Results of the refraction analysis provide detailed insight into the influence of reef 

configuration on the refraction behaviour of waves on coral reef platforms. Reef shape, 

elevation and the period of incident waves have been identified as crucial controls in 

determining the location of focal points and hence the propagation and convergence 

behaviour of waves on platform surfaces. 
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2.4.1 Reef flat wave propagation 

Model simulations illustrate that wave environments on platform surfaces are determined by 

the interplay of waves originating from windward and leeward reef margins (Figure 2.2, 2.4). 

Windward waves propagate from the exposed reef boundary and converge towards the focal 

region defined by the outline of caustic points. In general, the influence of windward waves 

on the reef surface wave regime increases, the further the focal region extends towards 

leeward platform sections. If the focus is located behind the reef structure, the propagation of 

windward waves across the platform is likely to be the predominant process on the reef flat 

(Figure 2.4e). 

The location of focal points is not only influenced by reef elevation and shape, but also varies 

according to the period of incident waves. In general, as the period of incident waves 

decreases, the focus is located further away from the windward reef margin (Figure 2.3). The 

physical explanation for these deviations rests in the relative water depth of waves of 

different periods. Long waves interact with the reef structure as shallow water waves and 

therefore exhibit marked refraction behaviour. In contrast, very short waves propagate over a 

platform as intermediate or deep water waves, subsequently limiting or inhibiting the 

interaction with the submerged structure. As a consequence, waves of longer period refract 

more markedly than shorter waves and are therefore focussed closer towards the seaward reef 

margin. 
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Figure 2.4 Platform specific propagation patterns of reef flat waves (a, c, e), expected wave 
energy gradients and resultant sediment transport pathways and landform development across 
small b) elliptical, d) circular and f) linear reef platforms. 
 

In addition to windward waves, this study has identified waves which originate from the 

refraction of diffracted waves at sheltered reef margins (leeward waves) as a conspicuous 

component defining the wave regime on platform surfaces. The amplitudes of diffracted 

waves in the (offshore) shadow region of a barrier such as a reef platform are considerably 

smaller than incident windward waves (e.g. Putnam & Arthur, 1948; Penney & Price, 1952). 

As a consequence, the wave energy impacting a platform at the leeward boundary is 
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generally smaller than on the seaward side and leeward waves can therefore be regarded as 

small compared to windward waves. The magnitude of leeward waves and their influence on 

the reef surface wave regime is furthermore likely to differ on platforms of different shape. 

Generally, leeward wave forcing becomes lesser, the larger the size and Y/X ratio of the 

platform, since there is less penetration of diffracted wave energy into the shadow region of 

linear reefs (Figure 2.5). 

2.4.2 Platform wave convergence zones 

This study has identified distinctive wave zones on platform surfaces which are defined by 

the prevalence of waves originating from refraction processes on seaward and leeward reef 

margins (Figure 2.2). Windward (regions 1 and 2) and leeward (regions 3 and 4) zones might 

therefore be regarded as areas of relatively high and low wave energy input, respectively. 

Accordingly, platform regions which are characterised by the merging of the two types of 

waves can be distinguished as high and low energy convergence zones (Figure 2.4). On 

elliptical reefs, platform specific propagation patterns result in the formation of two spatially 

segregated zones of wave convergence which are characterised by the interference of 

windward and leeward waves, respectively. In contrast, circular reefs promote the formation 

of only one convergence zone which is a combination of merging windward and leeward 

waves. Linear reefs generally do not promote wave convergence since windward waves 

propagate across the platform surface with only minor changes in their direction. 
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Figure 2.5 Summary results of this study depicting trends in key platform characteristics with 
variations in reef shape and orientation. Black arrows on the left indicate the direction of 
incident wave approach. 
 

2.4.3 Wave transformations across reef surfaces 

As waves converge from the exposed reef margins towards central platform regions, the 

length of wave crests shortens (Figure 2.2, 2.4). This focussing effect must result in a gradual 

increase in wave height since the energy contained within a wave front is spread over a 

progressively shorter crest. At the same time, surface waves dissipate energy as they 

propagate over the platform due to frictional resistance exerted by the reef (Gerritsen, 1980; 

Nelson, 1996; Lowe et al., 2005). Ultimately, this energy reduction results in a gradual 

decrease in the heights of propagating waves. Wave amplitudes on the reef flat are therefore 
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partly modulated by the interplay of height increases due to focussing and height reductions 

due to frictional energy dissipation. The dominance of one or the other factor is influenced by 

reef properties such as size, shape, elevation as well as reef composition. On larger reefs, 

frictional damping of waves is likely to be more significant than on smaller reefs, since the 

distance of wave travel across the reef flat increases. 

These projections imply that in regions of concentrated focussing, such as the windward 

sections of elliptical reefs, the amplitudes of waves gradually increase as they propagate from 

seaward margins towards central reef regions. Such a pattern has previously been reported in 

field studies conducted on platforms in the Great Barrier Reef and in the Maldives (Jago et 

al., 2007; Kench et al., 2009). Concentrated wave focussing may result in localised wave 

breaking on the windward sections of elliptical platforms (focal region) where waves are 

likely to reach the critical wave height to water depth threshold (Figure 2.4b). On circular and 

linear reefs, the relative distance of wave travel from the exposed reef margin to the focal 

area becomes larger and waves are more likely to dissipate or reorganise enough energy to 

remain below the breaking threshold. 

It is important to note that wave transformations on natural reefs are complex and include a 

range of nonlinear processes such as wave shoaling and breaking, harmonic decoupling and 

generation of secondary waves which critically control wave amplitudes and the distribution 

of wave energy across platform surfaces. Such processes cannot be accounted for here. 

Nevertheless, propagation pathways and convergence patterns of reef flat waves provide a 

first order indication of wave energy distributions across platform surfaces (Figure 2.4). 

2.4.4 Geomorphic implications 

Spatial differences in wave energy gradients on reef surfaces govern the entrainment and 

subsequent transport of sediment based on the competence and capacity of wave generated 

currents and flow to entrain material of varied sizes and shapes (e.g. Allen, 1984; Misri et al., 
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1984; Samaga et al., 1986; Li and Komar, 1992; Oehmig, 1993; Kench and McLean, 1996; 

Ribberink et al., 2000; Nielsen and Callaghan, 2003; and many others). Differences in wave 

energy are likely to be reflected in spatial patterning of sediments on reefs with larger size 

coral clasts found at more energetic seaward locations, and sand size materials accumulating 

in leeward low energy zones, as previously proposed by Stoddart (1965) and Gourlay (1988). 

Wave convergence patterns and spatial variations in wave forcing gradients, defining 

sediment transport vectors, might therefore be used as a first order predictive tool for the 

location and shape of islands on reef surfaces (Figure 2.4). In particular, deposition of 

sediments is most likely to occur within an envelope on the reef surface between the high and 

low energy convergence zone. 

2.4.4.1 Sediment deposition on reefs 

At the first order scale, which infers gross differences in wave processes, the results indicate 

sediment deposition on platform reefs might occur in two different scenarios: either when the 

capacity and competency of waves and wave generated flow falls below the necessary 

threshold to maintain transport, or when wave forcing and current flow from multiple 

directions is balanced. Simulations indicate that these scenarios are controlled by reef shape 

and size and in particular, the relative locations of the focal and terminal points. On linear 

reefs (Y/X ratio > 1) the focal point for refracted waves is typically located behind the reef. 

Consequently, there is no significant high energy convergence zone on the reef surface and 

sediment accumulation is likely to be controlled by across reef energy gradients. Platform 

configuration and sediment calibre will consequently dictate whether sediment accumulation 

on the reef structure can occur. On wide and highly linear (Y/X ratio >> 1) reefs, where the 

effects of wave focussing are limited or occluded, this may result in across reef transitions 

from gravel to sand deposits forming reef rim islands (e.g. on atolls; Woodroffe, 1999; 

McLean, 2011). In contrast, narrow linear platforms are less likely to retain sediment on the 
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reef surface as there is an increased potential for reef flat waves to convey detritus across the 

reef flat and off the leeward margin (Figure 2.4e, f). On these linear structures, off-reef 

sediment flux is critical in the formation of subtidal sand aprons (Macintyre et al., 1987; 

Kench, 1998) and the infill of deep lagoons (Purdy and Gischler, 2005). 

On circular or elliptical reefs refraction patterns produce distinct wave convergence zones, in 

which wave energy and transport gradients interact and control sediment deposition (Figure 

2.4a-d). On circular platforms the focal and terminal points (and high and low energy 

convergence zones) are closely located (or overlap) and provide a dominant focal point for 

deposition. On elongate elliptical structures both the focal and terminal points are located on 

the reef surface and the high and low energy wave convergence zones are spatially 

segregated. On such platforms the high energy convergence zone is commonly associated 

with a gravel or boulder deposit whereas the leeward convergence zone corresponds to the 

deposition of sand size material and island formation. The relative location of an island 

within this depositional boundary is dependent on the interaction of the gross energy input 

and sediment calibre. 

Wave convergence patterns not only control the locus of sediment accumulation on reef 

surfaces, but also control the morphological characteristics and development of sedimentary 

deposits. Prevailing wave energy gradients across platform reefs govern sequential infill and 

availability of accommodation space for deposition. As a consequence, wave energy 

distributions, modulated by wave refraction and convergence, are likely to play a central role 

in defining the mode of sediment accretion and hence the morphological development and 

characteristics of islands on platform surfaces (Woodroffe et al., 1999; Kench et al., 2005). 

2.4.4.2 Stability of islands on reef surfaces 

The results of the refraction analysis have significant implications for the stability of islands 

on platform reefs under changing environmental boundary conditions. Gourlay (1988) 



 

25 
 

suggested that islands on circular reef platforms are more susceptible to geomorphic changes 

on the basis that subtle shifts in the direction of incident wave approach would result in 

relatively large adjustments of wave convergence zones. Results of this study support the idea 

that changes in wave direction would alter the configuration of wave convergence zones on 

platform surfaces and that the degree of these changes would vary on platforms of different 

shape. Such adjustments can be envisioned using differences in reef shape as an analogue for 

variations in wave approach (Figure 2.4, 2.5). Results indicate that the most dramatic changes 

in wave patterns would be apparent on elliptical reef shapes. Whilst movements of 

convergence zones would also occur on circular reefs, these zones overlap on the central 

platform section (Figure 2.4c) and adjustments would be constrained to this reef region. 

Therefore, while convergence zones on circular reefs are more sensitive to subtle shifts in 

wave approach, the most dramatic changes in the position and configuration of these zones in 

response to larger variations in wave direction can be expected on elliptical shaped platforms. 

Permanent alteration of the location of wave convergence zones would likely promote 

substantial changes in the position of islands on reef surfaces. Therefore, while islands on 

circular reefs may be more responsive to small variations in wave direction, results indicate 

that permanent alterations of wave convergence zones resulting from larger directional shifts 

in incident wave approach may lead to greater destabilisation and movement of islands on 

elliptical reefs. 

In addition to variations in wave direction, the results of this study suggest that changes in the 

magnitude of incident wave energy may also affect the location and stability of islands on 

platform surfaces. Circular reefs have been identified as more susceptible to incident wave 

forcing than elliptical structures which feature leeward reef regions that are largely devoid of 

windward wave influence (Figure 2.5). Variations in incident wave energy may therefore 

promote greater proportional shifts in wave energy gradients across circular platforms. 
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Consequently, islands located on such reefs are likely to exhibit greater morphological 

instability than islands located in the leeward regions of elliptical platforms. This concept 

represents an enhancement of existing theory of island stability and may be used to explain 

the short- to long-term adjustments of island beaches in response to changes in environmental 

boundary conditions (Stoddart et al., 1982; Flood, 1986; Kench and Brander, 2006b). 

Model simulations furthermore indicate that changes in water depth (a surrogate for increased 

sea level) and wave period may promote change in island position on reef surfaces. Increases 

in water depth over the reef cause the location of the focal and terminal points (and wave 

convergence zones) to migrate away from the windward reef margin (Figure 2.3b). 

Consequently, the zones of sediment accumulation and islands are also likely to migrate 

toward the leeward reef edge on elliptical and circular reefs. In extreme scenarios, where sea 

level, wave energy gradients and angles of wave incidence are all increased, wave 

convergence zones may be transferred beyond platforms. In such circumstances islands may 

become geomorphically unstable and be lost from reef surfaces in the medium term. The 

simple refraction modelling approach presented in this study may provide a useful tool in 

identifying those islands most susceptible to future changes in sea level and wave regime. 

 

2.5 Conclusions 

Model simulations demonstrate that different reef shapes produce characteristic patterns of 

wave propagation on platform surfaces. Elliptical and circular reefs exhibit the formation of 

distinctive wave convergence zones while linear platforms do not promote the merging of 

reef flat waves. Platform shape also controls the susceptibility of the reef surface wave 

regime to changes in the magnitude of incident waves. Wave environments on circular and 

linear reefs are closely linked to incident wave forcing while elliptical platforms feature 

leeward reef sections which are largely devoid of the influence of windward waves. These 
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findings illustrate that reef shape as well as exposure to incident wave energy are important 

factors controlling the hydrodynamic process regime on platform surfaces. 

Results have significant implications for the formation and morphological characteristics of 

sedimentary deposits on platform reefs. Sediment is more likely to be retained on platform 

surfaces which feature pronounced wave convergence behaviour such as circular and 

elliptical reefs. In contrast, small and/or narrow linear platforms which limit or occlude wave 

convergence are more likely to promote off reef evacuation of sand over leeward reef 

margins and the subsequent infill of deeper lagoonal areas. Therefore, for a given sediment 

supply and wave energy setting, elliptical and circular reefs are more likely to have the excess 

sediment required for island accumulation, whereas narrow linear structures are more likely 

to develop sand aprons in the lee of sheltered reef margins. 

Results of this study provide a theoretical description of wave propagation pathways and 

landform formation on platform reefs and will therefore require systematic testing and 

validation by experimentation on physical models and in the field. The present study provides 

a base line for future examinations of reef hydrodynamics and sedimentation processes on 

platform surfaces. 

 

2.6 References 

Allen, J.R.L., 1984. Experiments on the settling, over-turning and entrainment of bivalve shells 
and related models. Sedimentology 31, 227-250. 
 
Arthur, R.S., Munk, W.H., Isaacs, J.D., 1952. The direct construction of wave rays. Trans. Am. 
Geophys. Union 33, pp. 855-865. 
 
Brander, R.W., Kench, P.S., Hart, D.E., 2004. Spatial and temporal variations in wave 
characteristics across a reef platform, Warraber Island, Torres Strait, Australia. Mar. Geol. 207, 
169-184. 
 
Fenton, J.D., McKee, W.D., 1990. On calculating the lengths of water waves. Coast. Eng. 14, 
499-513. 
 



 

28 
 

Flood, P.G., 1986. Sensitivity of coral cays to climatic variations, southern Great Barrier Reef, 
Australia. Coral Reefs 5, 13-18. 
 
Gerritsen, F., 1980. Wave attenuation and wave set-up on a coastal reef. Proc. 17th Int. Conf. on 
Coast. Eng., ASCE, pp. 444-461. 
 
Gourlay, M.R., 1988. Coral cays: Products of wave action and geological processes in a biogenic 
environment. Proc. 6th Int. Coral Reef Symp. (2), pp. 491-496. 
 
Gourlay, M.R., 1991. Waves, set-up and currents on reefs - Cay formation and stability. Proc. 
Eng. in Coral Reef Regions Conference. Dept. Civ. Eng., Univ. Qld., Australia, pp. 249-264. 
 
Gourlay, M.R., 1994. Wave transformation on a coral reef. Coast. Eng. 23, 17-42. 
 
Gourlay, M.R., 1996. Wave setup on coral reefs. 1. Setup and wave generated flow on an 
artificial horizontal reef. Coast. Eng. 27, 161-193. 
 
Gourlay, M.R., 2011. Wave shoaling and refraction. In Encyclopedia of modern coral reefs, 
Hopley D (ed). Springer Verlag, Berlin, Germany, pp. 1149-1154. 
 
Gourlay, M.R., Hacker, J.L.F., 1991. Raine Island - Coastal processes and sedimentology. Rep. 
CH40/91, Dept. Civ. Eng., Univ. Qld., Australia. 
 
Hardy, T.A., Young, I.R., 1996. Field study of wave attenuation on an offshore coral reef. J. 
Geophys. Res. 101(C6), 14311-14326. 
 
Hopley, D., 1982. The geomorphology of the Great Barrier Reef: Quaternary development of 
coral reefs. Wiley, New York, 453 pp.  
 
Jago, O.K., Kench, P.S., Brander, R.W., 2007. Field observations of wave-driven water-level 
gradients across a coral reef flat. J. Geophys. Res. 112, C06027. 
 
Johnson, J.W., O’Brien, M.P., Isaacs, J.D., 1948. Graphical construction of wave refraction 
diagrams. Hydrographic Office, U.S. Navy, Publ. No. 605. 
 
Kayanne, H., Yamano, H., Randall, R.H., 2002. Holocene sea-level changes and barrier reef 
formation on an oceanic island, Palau Islands, western Pacific. Sed. Geol. 150, 47-60. 
 
Kench, P.S., 1998. Physical controls on development of lagoon sand deposits and lagoon infilling 
in an Indian Ocean atoll. J. Coast. Res. 14, 1014-1024. 
 
Kench, P.S., McLean, R.F., 1996. Hydraulic characteristics of bioclastic deposits: new 
possibilities for environmental interpretation using settling velocity fractions. Sedimentology 43, 
561-570. 
 
Kench, P.S., Brander, R.W., 2006a. Wave processes on coral reef flats: Implications for reef 
geomorphology using Australian case studies. J. Coast. Res. 22, 209-223. 
 
Kench, P.S., Brander, R.W., 2006b. Response of reef island shorelines to seasonal climate 
oscillations: South Maalhosmadulu atoll, Maldives. J. Geophys. Res. 111, F01001. 
 



 

29 
 

Kench, P.S., McLean, R.F., Nichol, S.N., 2005. New model of reef-island evolution: Maldives, 
Indian Ocean. Geology 33, 145-148. 
 
Kench, P.S., Brander, R.W., Parnell, K.E., O’Callaghan, J.M., 2009. Seasonal variations in wave 
characteristics around a coral reef island, South Maalhosmadulu atoll, Maldives. Mar. Geol. 262, 
116-129. 
 
Lee, T.T., Black, K.P., 1978. The energy spectra of surf waves on a coral reef. Proc. 16th Int. 
Conf. on Coast. Eng., ASCE, pp. 588-608. 
 
Li, M.Z., Komar, P.D., 1992. Selective entrainment and transport of mixed size and density 
sands: flume experiments simulating the formation of black-sand placers. J. Sedim. Res. 62, 584-
590. 
 
Lowe, R.J., Falter, J.L., Bandet, M.D., Pawlak, G., Atkinson, M.J., Monismith, S.G., Koseff, J.R., 
2005. Spectral wave dissipation over a barrier reef. J. Geophys. Res. 110(C04001). 
 
Lugo-Fernández, A., Roberts, H.H., Wiseman, W.J., 1998a. Tide effects on wave attenuation and 
wave set-up on a Caribbean coral reef. Estuar. Coast. Shelf Sci. 47, 385-393. 
 
Lugo-Fernández, A., Roberts, H.H., Wiseman, W.J., Carter, B.L., 1998b. Water level and 
currents of tidal and infragravity periods at Tague Reef, St Croix (USVI). Coral Reefs 17, 343-
349. 
 
Macintyre, I.G., Graus, R.R., Reinthal, P.N., Littler, M.M., Littler, D.S., 1987. The barrier reef 
sediment apron: Tobacco Reef, Belize. Coral Reefs 6, 1-12. 
 
Marshall, J.F., Davies, P.J., 1982. Internal structure and Holocene evolution of One Tree Reef, 
southern Great Barrier Reef. Coral Reefs 1, 21-28. 
 
Marshall, J.F., Jacobson, G., 1985. Holocene growth of a mid-Pacific atoll: Tarawa, Kiribati. 
Coral Reefs 4, 11-17. 
 
McLean, R.F., 2011. Atoll Islands (Motu). In: Hopley, D. (Ed.), Encyclopedia of modern coral 
reefs. Springer Verlag, Berlin, Germany, pp. 47-50. 
 
Misri, R.L., Garde, R.J., Raju, K.G.R., 1984. Bed load transport of coarse nonuniform sediment. 
J. Hydraul. Eng. 110, 312-328. 
 
Nelson, R.C., 1996. Hydraulic roughness of coral reef platforms. Appl. Ocean Res. 18, 265-274. 
 
Nielsen, P., Callaghan, D.P., 2003. Shear stress and sediment transport calculations for sheet flow 
under waves. Coast. Eng. 47, 347-354. 
 
Oehmig, R., 1993. Entrainment of planktonic foraminifera: effect of bulk density. Sedimentology 
40, 869-877. 
 
Penney, W.G., Price, A.T., 1952. The diffraction theory of sea waves and the shelter afforded by 
breakwaters. Philos. Trans. R. Soc. Lond. A 244(882), pp. 236-253. 
 
Perry, C.T., Spencer, T., Kench, P.S., 2008. Carbonate budgets and reef production states: a 
geomorphic perspective on the ecological phase-shift concept. Coral Reefs 27, 853-866. 



 

30 
 

 
Purdy, E.G., Gischler, E., 2005. The transient nature of the empty bucket model of reef 
sedimentation. Sedim. Geol. 175, 35-47. 
 
Putnam, J.A., Arthur, R.S., 1948. Diffraction of water waves by breakwaters. Trans. Amer. 
Geophys. Union 29, pp. 481-490. 
 
Ribberink, J.S., Dohmen-Janssen, C.M., Hanes, D.M., McLean, S.R., Vincent, C., 2000. Near-
bed sand transport mechanisms under waves. Proc. 27th Int. Conf. On Coast. Eng., ASCE, pp. 
3263-3276. 
 
Roberts, H.H., Suhayda, J.N., 1983. Wave-current interactions on a shallow reef (Nicaragua, 
Central America). Coral Reefs 1, 209-214. 
 
Roberts, H.H., Murray, S.P., Suhayda, J.N., 1977. Physical processes in a fore-reef shelf 
environment. Proc. 3rd Int. Coral Reef Symp. (2), pp. 507-515. 
 
Roberts, H.H., Wilson, P.A., Lugo-Fernández, A., 1992. Biologic and geologic responses to 
physical processes: examples from modern reef systems of the Caribbean-Atlantic region. Cont. 
Shelf Res. 12, 809-834. 
 
Samaga, B.R., Raju, K.G.R., Garde, R.J., 1986. Bed load transport of sediment mixtures. J. 
Hydraul. Eng. 112, 1003-1016. 
 
Samosorn, B., Woodroffe, C.D., 2008. Nearshore wave environments around a sandy cay on a 
platform reef, Torres Strait, Australia. Cont. Shelf Res. 28, 2257-2274. 
 
Stoddart, D.R., 1965. British Honduras cays and the low wooded island problem. Transactions of 
the Institute of British Geographers 36, 131-147. 
 
Stoddart, D.R., Steers, J.A., 1977. The nature and origin of coral reef islands. In: Jones, O.A., 
Endean, R. (Eds.), Biology and Geology of Coral Reefs. Vol. 4, Geology 2, Academic Press, NY, 
pp. 59-105. 
 
Stoddart, D.R., Fosberg, F.R., Sachet, M.H., 1982. Ten years of change on the Glover’s reef cays. 
Atoll Res. Bull. 257, 1-17. 
 
Symonds, G., Black, K.P., Young, I.R., 1995. Wave-driven flow over shallow reefs. J. Geophys. 
Res. 100(C2), 2639-2648. 
 
Woodroffe, C.D., McLean, R.F., Smithers, S.G., Lawson, E.M., 1999. Atoll reef-island formation 
and response to sea-level change: West Island, Cocos (Keeling) Islands. Mar. Geol. 160, 85-104. 
 
Yamano, H., Miyajima, T., Koike, I., 2000. Importance of foraminifera for the formation and 
maintenance of a coral sand cay: Green Island, Australia. Coral Reefs 19, 51-58. 
 
Young, I.R., 1989. Wave transformation over coral reefs. J. Geophys. Res. 94(C7), 9779-9789. 



 

31 
 

3. Field observations of wave refraction and propagation 

 pathways on coral reef platforms 

 

Philipp G. Mandlier 

 

Abstract 

Field experiments were conducted to investigate the refraction and propagation of ocean 

waves across two coral reef platforms in the Maldives, central Indian Ocean. A total of seven 

pressure sensors were deployed on each reef to quantify temporal and spatial variations in 

wave characteristics across the platform surfaces. Directional wave properties were 

calculated from high frequency (2Hz) wave and current records obtained at two locations on 

each reef and corroborate theoretically predicted propagation pathways derived from an 

analytical wave refraction model. Results demonstrate that reef geometry critically controls 

the refraction and propagation behaviour of incident swell across the reef structures. 

Differences in the magnitude of refraction (approx. 57° and 14°) observed on each reef can 

be attributed to variations in platform shape and orientation to incident waves. Results 

demonstrate that reef flat wave patterns define the segmentation of platform surfaces into 

distinctive high and low wave energy zones. Furthermore, wave focussing has been identified 

as a major mechanism controlling the transformation of wave energy across the reefs. Results 

provide the first field-based validation of wave refraction and convergence on coral reefs and 

have significant implications for sedimentation processes and the formation of platform 

deposits. Reef configurations which promote marked wave convergence are more likely to 

retain sediment on the reef surface, whereas platforms that induce less refraction and changes 

in the direction of incident waves have a higher potential for the off-reef evacuation of 

sediment over leeward reef margins. Results of wave measurements substantiate such 
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projections and provide a first order explanation for the existence and absence of a coral cay 

on the two study reefs. The study presents empirical evidence of wave refraction and 

convergence on coral reefs and establishes a baseline for future investigations of 

hydrodynamic process controls on platform sedimentation and island formation. 

 

Keywords: Coral reefs, Wave refraction, Wave transformations, Reef hydrodynamics, Reef 

islands 

 

3.1 Introduction 

Wave energy is widely known to be an important factor controlling the ecological and 

geological development of coral reef systems (Hopley, 1989; Blanchon, 2011). The initial 

interaction of ocean waves with reef structures induces various transformation processes 

including reflection, shoaling and wave breaking (Gallagher, 1972; Gerritsen, 1981; Hardy et 

al., 1990; Massel, 1992; Hearn, 1999; Massel and Gourlay, 2000). These processes primarily 

occur at the steep transition zone of the outer platform periphery and effectively filter the 

energy that is able to propagate onto the reef surface and activate geomorphic processes. 

Previous field investigations of wave interaction with platform reefs have largely focussed on 

transformation processes across reef edges and adjacent lagoon systems (Lee and Black, 

1978; Young, 1989; Hardy and Young, 1996; Lugo-Fernández et al., 1994; 1998a; 1998b; 

Lowe et al., 2005; Péquignet et al., 2011; Huang et al., 2012). A number of studies have also 

examined the characteristics of wave energy on reef surfaces and the generation of wave 

setup gradients that drive across-reef currents (Roberts et al., 1977; Suhayda and Roberts, 

1977; Roberts and Suhayda, 1983; Seelig, 1983; Roberts et al., 1992; Gourlay, 1994; 

Symonds et al., 1995; Gourlay, 1996a; 1996b; Lugo-Fernández et al., 2004; Gourlay and 

Colleter, 2005; Kench and Brander, 2006; Jago et al., 2007). Typically, these studies use the 
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approach of reducing the platform geometry to a two dimensional, cross-reef profile. 

However, such simplified treatment of the reef structure does not account for the three 

dimensional complexity of reef surfaces which induces refraction and interaction of waves. 

As a consequence, three dimensional planform wave processes and in particular the 

directional propagation behaviour of waves across reef surfaces remains largely unstudied, 

yet is critical for better understanding the process controls on platform sedimentation and 

formation of low-lying reef islands (Gourlay, 1988; Mandlier and Kench, 2012). 

Wave refraction is particularly important on small coral patch reefs which are common 

features of many reef settings, such as mid-ocean atolls or the Great Barrier Reef system. A 

curved platform periphery induces refraction and changes in the direction of incident waves 

which can result in the formation of interference and convergence zones on platform surfaces. 

Gourlay (1988) proposed that such planform wave processes provide a major driving 

mechanism for reef top hydrodynamics which subsequently control the entrainment and 

transfer of sediment to depositional centres on the reef flat. More recently, Mandlier and 

Kench (2012) extended these preliminary ideas and provide a detailed analysis of wave 

refraction and sedimentation processes on reefs. The study demonstrates the importance of 

reef shape in defining platform wave patterns which can promote or constrain island 

deposition. To date there have been few attempts to quantify and verify theoretically 

predicted wave propagation patterns through systematic measurements in the laboratory and 

in the field. 

This study provides the first detailed field investigation of wave refraction on coral reefs and 

presents results of wave measurements conducted on two coral reef platforms in the 

Maldives. Specific aims of the study are to: (i) examine the influence of reef configuration on 

the refraction and propagation behaviour of incident swell; (ii) document spatial and temporal 

variations in wave characteristics across the platform surfaces; (iii) quantify the distribution 
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of wave energy across the reefs; and (iv) assess implications for platform sedimentation and 

landform development. Results of this study will add significantly to our understanding of 

wave processes on coral reefs and verify theoretical projections of platform wave interactions 

that control the formation and development of low-lying reef islands. 

 

3.2 Field site 

3.2.1 Study reefs 

Field experiments were conducted on two platform reefs located in the lagoons of South 

Maalhosmadulu and Huvadhoo atoll in the Maldives, central Indian Ocean (Figure 3.1). The 

platforms were chosen due to their shape and location within the atoll lagoons which provide 

favourable conditions to examine the refraction of incident swell across the reef structures. 

Dhakandhoo reef is an elongate elliptical platform located in the north-western sector of 

South Maalhosmadulu atoll in the central Maldives. The platform is situated approximately 4 

km from the exposed western atoll rim and is flanked by two larger reefs to the north and 

south-west which constitute a gap (approx. 1.7 km wide, 38 m deep) in the atoll’s peripheral 

reef network. Dhakandhoo is orientated with its long axis perpendicular to open ocean swell 

which penetrates through this channel into the atoll lagoon. The second field site is 

Kandumeygalaa reef, a generally oval shaped platform situated in the southern sector of 

Huvadhoo atoll in the southern Maldives. The platform is located approximately 8 km from a 

passage (approx. 0.6 km wide, 24 m deep) in the southern atoll rim and is exposed to open 

ocean swell which propagates through the channel and into the atoll lagoon. However, unlike 

Dhakandhoo, Kandumeygalaa reef is orientated with its long axis parallel to incident wave 

fronts. The differences in the reef’s geometry and orientation to incident swell provides for an 

excellent natural laboratory to examine refraction processes across the platform structures. 
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Figure 3.1 Location of: (a) Maldives; (b) South Maalhosmadulu atoll and study reef; (c) 
Huvadhoo atoll and study site; (d) Dhakandhoo; and (e) Kandumeygalaa reef. Propagation of 
ocean swell through passages in the atoll rims and resulting wave crest patterns are 
schematically depicted from satellite images, depth readings (circled, in meters) have been 
adopted from hydrographical charts of the region (UK Hydrographic Office, 1992; 1993). 
 

Dhakandhoo reef is approximately 22.7 ha in area, 1000 m in length and 290 m in width and 

is host to a small (5.7 ha) vegetated island which is situated towards the eastern, leeward 

region of the reef (Figure 3.2). The western sector of the platform is approximately 460 m 

wide and consists of an outer reef ramp (160 m length, 2.38% slope) which connects the 

exposed platform margin with the adjacent reef flat. The elevation of this near horizontal reef 

top (up to 0.3 m below MSL) is considerably higher than leeward reef sections surrounding 

Dhakandhoo Island (typically between 1 - 1.8 m below MSL). The platform periphery is 

characterised by steep, near vertical reef edges which mark a defined transition between the 

deep water (~ 40 m) surrounding the platform and the shallow water environment of the reef 



 

36 
 

top. The second field site, Kandumeygalaa reef, is similar in size (25.9 ha) and measures 

approximately 750 m and 450 m along its long and short axes, respectively. However, unlike 

Dhakandhoo, Kandumeygalaa does not possess an island. Platform morphology is 

characterised by an elevated (0.5 – 1 m below MSL) annular rim of live coral framework 

which encircles a lower (between 1 – 2 m below MSL), near horizontal sandy reef flat. The 

outer reef edges around the perimeter of the platform grade steeply to lagoon depths of 70 - 

80 m. 

3.2.2 Lagoon oceanography 

The broadscale oceanography of atolls in the Maldives is poorly studied, however 

synchronous measurements of wave energy on platforms across South Maalhosmadulu and 

Huvadhoo atoll indicate that wave environments within the atolls are composed of locally 

generated wind wave energy and open ocean swell which penetrates into the lagoons through 

deep passages in the atoll rim (Kench et al., 2006; Mandlier, 2008). Atoll size, shape and the 

presence and density of lagoonal patch reefs are important factors determining fetch and 

wave sheltering conditions and control the generation and propagation of wave energy across 

the lagoons. Mandlier (2008) demonstrates that for atoll configurations such as Huvadhoo, 

which exhibit relatively large fetch distances and few lagoonal patch reefs, the generation of 

wind wave energy is an important mechanism defining the wave climate in the lagoon and 

exposure of platforms to incident wave energy. 
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Figure 3.2 Location of wave gauges (A - E, T1, T2) and survey lines (dashed lines) on (a) 
Dhakandhoo and (b) Kandumeygalaa. (c - g) Reef flat topography and instrument locations 
along transect lines. 
 

Field experiments were conducted in June/July 2011 during the westerly Indian monsoon 

season. Climatic records for the period of the deployments on Dhakandhoo and 

Kandumeygalaa demonstrate that wind strength and direction were consistent with typical 

monsoon conditions and exhibit winds from southwest to north-westerly directions (225 - 

315°, data not shown). For Dhakandhoo reef, this implies that both, open ocean swell and 

locally generated wind waves propagate through the nearby channel in the atoll rim and 

impact the platform from the west (Figure 3.1). In contrast, Kandumeygalaa is exposed to 

swell waves which impact the reef from a southerly direction. During westerly winds, the 

platform is furthermore exposed to wave energy which develops across the south-western 

quadrant of Huvadhoo atoll (10 – 20 km fetch) and impacts the platform from a westerly 
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direction. Results of wave measurements demonstrate that during the field campaign, this 

locally generated wind wave energy was insignificant compared to the southerly swell. 

Differences in the direction of wave advance and the seasonal reversal of monsoonal winds 

make it difficult to classify the exposure of Maldivian reefs to incident wave energy. For the 

purpose of this study, which is primarily concerned with the interaction of ocean swell with 

the platform structures, the term ‘windward’ is used to denote reef sections which are 

exposed to incident swell, whereas swell sheltered regions will be referred to as ‘leeward’. 

 

3.3 Methods 

3.3.1 Wave refraction analysis 

The interaction of ocean swell with the platforms was simulated using an analytical wave 

refraction model. The model calculates the refraction of wave orthogonals at the reef 

periphery and determines the constellation of caustic points across the platform surfaces 

(Figure 3.3). Model inputs comprise parameters that control refraction processes, namely the 

period of incident waves, platform depth and shape. The configuration of Dhakandhoo and 

Kandumeygalaa reef were approximated by ellipses comprising a long to short axis ratio of 

3.4 and 1.8, respectively. Platform bathymetry was idealised by assuming a uniform reef 

depth and vertical reef faces. Accordingly, the refraction of incident waves occurs at the outer 

platform margins and can be calculated by using Snell’s law of refraction (Mandlier and 

Kench, 2012). Propagation patterns of primary wave fronts were reconstructed by 

considering the advance of a monochromatic wave field along incident and refracted wave 

orthogonals. Model simulations were conducted for swell waves of period T = 10 s and reef 

depths of d = 1.4 m (Dhakandhoo) and d = 1.8 m (Kandumeygalaa). Incident wave 

orthogonals on Dhakandhoo were furthermore assumed to impact the platform at an angle of 

7°. The simulations were used to infer the direction of reef flat waves at instrument locations 
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T1 and T2 and determine the constellation of high and low wave energy zones across the 

platform surfaces (Figure 3.3). 

 

 

Figure 3.3 (a, b) Refraction of wave orthogonals at the exposed platform periphery and 
constellation of caustic points (crossing points of adjacent wave rays; dashed lines) on (a) 
Dhakandhoo; and (b) Kandumeygalaa. Number of wave rays n = 100. Resulting wave energy 
zones are depicted by grey shading. (c, d) Reconstruction of windward (solid) and leeward 
(dashed) primary wave crests. Diffracted offshore waves were assumed to spread as circular 
arcs into the shadow regions behind the platforms. Arrows designate theoretically predicted 
wave directionalities at instrument locations T1 and T2. 
 

3.3.2 Field experiments 

Field experiments were conducted from 4th – 11th July 2011 on Dhakandhoo and from 19th – 

28th June 2011 on Kandumeygalaa reef. A total of seven wave gauges comprising five RBR 

TWR-2050 and two SonTek Triton ADVs were deployed on each reef to determine spatial 

and temporal variations in wave characteristics across the platform surfaces (Figure 3.2; 

Table 1). The locations of wave gauges were chosen to verify wave propagation patterns and 

energy distributions projected by model simulations. All instruments were programmed to 
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sample at 2 Hz for 17.07 min (2048 contiguous data points) every hour, resulting in a total of 

164 and 214 wave bursts recorded at each instrument location on Dhakandhoo and 

Kandumeygalaa, respectively. Additionally, topographic surveys of the platforms were 

performed using a SonarMite single beam echo sounder mounted off the side of a boat and 

connected to a Trimble Nomad GPS system with a ProXH receiver. All bathymetric data 

were reduced to MSL. 

 

Table 3.1 Summary of instrument deployments. 
 

Experiment Location Sensor Water 
depth to 
MSL (m)    

Dhakandhoo T1 SonTek Triton ADV 1.1 
 T2 SonTek Triton ADV 1.4 
Start:  July 4th    -  13:00 A RBR TWR-2050 1.1 
End:   July 11th  -    8:17 B RBR TWR-2050 1.4 
 C RBR TWR-2050 2.1 
 D RBR TWR-2050 1.6 
 E RBR TWR-2050 1.3 

Kandumeygalaa T1 SonTek Triton ADV 1.9 
 T2 SonTek Triton ADV 1.8 
Start:  June 19th  -  11:00 A RBR TWR-2050 1.8 
End:   June 28th  -    8:17 B RBR TWR-2050 1.8 
 C RBR TWR-2050 1.6 
 D RBR TWR-2050 2.0 
 E RBR TWR-2050 1.5 

 

In the further data processing, high frequency pressure records were converted into time 

series of water level fluctuations. Water depths at all instrument locations were less than 2.5 

m throughout the experiments, hence pressure attenuation with depth was considered 

negligible. Estimates of significant wave height (Hs), maximum wave height (Hmax), 

significant wave period (Ts) and mean wave period (Tz) were calculated via zero-

downcrossing analysis after removing tidal signals using linear detrending. Additionally, 

spectral analysis was performed on water level records using Welch’s averaging modified 

periodogram method (Welch, 1967). All spectra were analysed by applying a 256-point 

Hanning window with 50% overlap, providing for 16 degrees of freedom. High frequency 
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pressure and bidirectional (horizontal) current velocity records obtained at instrument 

locations T1 and T2 (Triton ADV’s) on each platform were used to calculate directional 

properties of reef flat waves. Directional spectra indicating peak direction and frequency of 

reef flat waves were computed by the Triton software and cross checked with results obtained 

using the DIWASP directional wave analysis toolbox (Johnson, 2002). Due to the high 

elevation of the windward platform on Dhakandhoo, water levels above the instruments 

became critically low during lower tidal stages and resulted in erroneous directional wave 

data. Thus, unreliable data were removed from the records. Instrument T2 on Dhakandhoo 

reef was dislocated in its anchoring after having recorded 40 bursts (1.6 days), consequently 

only this relatively short record could be used for directional wave analysis. Directional wave 

data for Dhakandhoo and Kandumeygalaa were corrected with values of 3° and 4.4°, 

respectively thus accounting for magnetic declination at the field sites. 

 

3.4 Results 

3.4.1 Analytical refraction analysis 

Results of model simulations demonstrate distinct differences in the propagation behaviour of 

swell across the study reefs. On Dhakandhoo, incident waves impact the platform at the 

exposed western periphery and are focussed towards a confined area located on the central 

windward region of the reef (Figure 3.3). Wave rays from the lateral platform flanks are 

furthermore refracted into the area behind the reef focus, hence creating an interference zone 

of crossing wave orthogonals. As a result, reef flat waves at instrument locations T1 and T2 

propagate in opposing directions towards the south-east and north-east, respectively (Table 

2). In contrast, the smaller curvature of the windward reef margin on Kandumeygalaa induces 

less refraction and surface waves propagate across the platform with relatively small changes 

in their direction. Model simulations indicate that the difference in the direction of waves at 
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location T1 and T2 is approximately 31° (compared to 131° on Dhakandhoo; Table 2). As a 

consequence, Kandumeygalaa features a focal zone (high density of refracted wave rays) 

which is located towards the central leeward region of the platform. Results demonstrate that 

differences in reef configuration produce distinct patterns of wave propagation which 

subsequently control the characteristics and distribution of wave energy across the platform 

surfaces. 

 

Table 3.2 Mean peak direction Dp of reef flat waves measured at location T1 and T2 and 
theoretically predicted wave directionalities derived from analytical modelling (Figure 3). 
 

Location  Number of bursts  Dpeak (°)  Model 
output 

Dpeak (°)   LT MT HT Total  LT MT HT Overall  

Dhakandhoo T1  - 39 43 82  - 343.4 340.8 342  342 

 T2  7 20 13 40  228.7 227.5 228.6 227.6  211 

Kandumeygalaa T1  71 100 27 198  204.3 196.3 194.2 197.9  220 

 T2  71 96 30 197  174.7 179.3 192.9 179.7  189 

 

 

3.4.2 Wave characteristics across the reef surfaces 

Summary wave statistics for the experiments on Dhakandhoo and Kandumeygalaa are 

presented in Figure 3.4, 3.5 and Table 3. Tides on the platforms were semidiurnal with 

maximum excursions of 0.9 m (Figure 3.4a, b). Wave records from each deployment were 

clustered according to tidal stages so that the effects of low, mid and high water elevations on 

platform wave characteristics could be analysed. 
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Figure 3.4 Time series of (a, b) tidal water elevations; (c - f) significant wave height Hs; and (g - 
j) significant wave period Ts recorded at each instrument location during the deployments on 
Dhakandhoo (left) and Kandumeygalaa (right). Note clusters of low, mid and high tide stages 
depicted by grey dashed lines in graph (a) and (b). 
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Figure 3.5 Mean significant wave 
heights Hs recorded at each 
instrument location during 
different tidal stages on (a) 
Dhakandhoo; and (b) 
Kandumeygalaa.

 

3.4.2.1 Dhakandhoo Reef 

On Dhakandhoo, largest waves were recorded at the outer windward sections of the reef with 

mean maximum wave heights Hmax ranging from 0.60 m to 0.67 m at T1 and T2, respectively 

(Table 3). Mean significant wave heights Hs for the period of the experiment ranged from 

0.42 m (T1) to 0.48 m (T2) and were significantly larger than at the central (A, B) windward 

locations during all tidal stages (Figure 3.5a). On average, wave heights reduced by 34% and 

41% between the exposed stations T1, T2 and location A on the central reef flat. Notably, 

wave records at all windward stations exhibit strong tidal modulation with highest waves 

observed during high tide stages (Figure 3.4c). Conversely, Hs time series obtained at leeward 

reef sections (C, D, E) do not demonstrate such a pronounced tidal influence. Station C 

located at the sheltered, eastern tip of the platform exhibits a notable trend of reversed tidal 

modulation with higher Hs values corresponding to low tide stages (Figure 3.4e, 3.5a). 
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Importantly, wave heights at leeward sites were generally lower than at the exposed western 

locations (T1, T2) throughout the experiment. Across reef differences in wave characteristics 

are also apparent in records of significant wave period Ts (Figure 3.4g, i). The eastern, 

leeward stations (C, D, E) recorded longer waves with mean significant wave periods Ts 

ranging from 9 s to 10.2 s for the period of the deployment (Table 3). In contrast, waves on 

the windward platform (A, B, T1, T2) were notably shorter and exhibit Ts values between 6.1 

s and 8.3 s. Unlike time series of reef flat wave heights, records of significant wave period Ts 

do not exhibit a discernible tidal modulation. 

 

Table 3.3 Mean values of maximum wave height (Hmax), significant wave period (Ts) and mean 
wave period (Tz) recorded during each deployment. 
 

Location  Hmax (m)  Ts (s)  Tz (s) 

  LT MT HT Overall  LT MT HT Overall  LT MT HT Overall 

Dhakandhoo T1  0.48 0.59 0.69 0.60  7.9 7.7 7.7 7.7  5.4 5.3 5.3 5.3 
 T2  0.56 0.67 0.75 0.67  8.1 7.9 8.0 8.0  5.8 5.9 6.0 5.9 
 A  0.25 0.41 0.53 0.41  8.1 8.3 8.5 8.3  4.9 5.3 5.9 5.4 
 B  0.24 0.39 0.50 0.39  6.1 6.0 6.2 6.1  4.3 4.5 4.8 4.6 
 C  0.45 0.39 0.37 0.39  10.6 10.2 9.9 10.2  8.8 7.9 7.3 7.9 
 D  0.49 0.47 0.49 0.48  9.5 9.1 8.5 9.0  7.5 6.7 6.0 6.7 
 E  0.39 0.42 0.42 0.42  9.3 10.0 10.1 9.9  6.9 7.7 7.8 7.5 
Number of bursts:  38 71 55 164           
                
Kandumeygalaa T1  0.22 0.29 0.35 0.27  11.6 11.6 12.2 11.7  7.8 7.9 8.3 7.9 
 T2  0.27 0.35 0.41 0.33  10.2 10.7 11.3 10.6  6.7 7.3 7.9 7.2 
 A  0.21 0.27 0.32 0.26  11.2 11.0 11.8 11.2  7.4 7.5 8.1 7.5 
 B  0.24 0.29 0.33 0.28  10.1 9.7 10.6 10.0  7.0 6.9 7.5 7.0 
 C  0.33 0.37 0.45 0.37  9.6 8.8 10.3 9.3  6.6 6.4 7.6 6.6 
 D  0.10 0.15 0.18 0.14  9.7 10.0 10.6 10.0  6.5 6.8 7.1 6.8 
 E  0.18 0.21 0.24 0.21  11.4 10.9 10.8 11.1  7.7 7.5 7.2 7.5 
Number of bursts:  74 110 30 214           

 

Wave spectra were computed for all 164 hourly wave bursts and are presented as a time 

series in Figure 3.6. Examination of spectra demonstrates several important features in the 

characteristics of waves across Dhakandhoo reef. Firstly, spectra at windward locations are 

largely dominated by wave energy within the swell wave frequency band (0.05 > f < 0.125 
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Hz), but also exhibit considerable amount of energy distributed at wind wave frequencies (f > 

0.125 Hz). In contrast, short period wind wave energy is largely absent in spectra obtained at 

the sheltered (eastern) regions of the reef. All leeward spectra are characterised by dominant 

energy peaks at swell wave frequency (fpeak around 0.1 Hz). Secondly, on the western 

(windward) platform, wind and swell wave energy is effectively filtered as waves propagate 

from the outer reef flanks towards the central platform locations. This is apparent in a 

reduction of both, swell and wind wave energy within the spectra at A and B compared to the 

exposed stations T1 and T2. As a consequence, spectra at central locations (A, B) exhibit a 

greatly diminished peak and a generally flatter shape. A third feature is the strong tidal 

modulation in energy distributions across the western platform, in particular at the central 

locations A and B. In contrast to the exposed stations (T1, T2), where swell wave energy is 

present at all times, spectra at A and B exhibit swell energy only during high tide stages. 

Conversely, infragravity wave energy (f < 0.05 Hz) appears to develop during lower water 

elevations and intermittently dominates low tide spectra on the central platform. This 

indicates that wave processes on the windward reef flat of Dhakandhoo are tidally modulated 

and there is an intensification of wave attenuation with decreasing water level above the 

platform surface. 
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Figure 3.6 Time series of wave spectra calculated for each measuring site on Dhakandhoo reef 
and spectra overlay with mean values of peak frequencies during high and low tide conditions. 
Values of spectral density which are beyond the scale of the colour bars are depicted in black. 
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3.4.2.2 Kandumeygalaa Reef 

The experiment on Kandumeygalaa was characterised by generally lower wave energy 

conditions. Mean significant wave heights Hs on the reef flat ranged from 0.12 m at station D 

to 0.29 m at station C during high tide conditions (Figure 3.5b).  Time series of Hs exhibit 

strong tidal modulation at all instrument locations with higher values corresponding to high 

tide stages (Figure 3.4d, f). Importantly, records obtained at stations along the central 

platform axis demonstrate a significant increase in wave height (mean Hs) from windward (A, 

0.13 m - 0.20 m) and central (B, 0.15 m - 0.20 m) to leeward (C, 0.20 m - 0.29 m) sites 

during all tidal stages (Figure 3.5b). Largest waves were consistently observed at station C in 

the central backreef region of the platform. Conversely, stations at the leeward lateral flanks 

(D, E) recorded consistently lower wave heights than all other instruments throughout the 

experiment. Despite lower energy conditions, wave periods throughout the experiment were 

extraordinary long with significant wave periods of up to 15 s recorded during the first half of 

the experiment (Figure 3.4h, j). Time series of Ts show similar temporal trends between all 

stations, however there are noticeable spatial differences in the period of reef flat waves 

recorded across the platform. Waves at the central leeward station (C) were consistently 

shorter than at all other instruments and there is a general decrease in recorded mean (Tz) and 

significant (Ts) wave periods from windward (A, mean Ts = 11.2 s) to central (B, mean Ts = 

10 s) and central leeward (C, mean Ts = 9.3 s) sites throughout the deployment (Table 3). 
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Figure 3.7 Time series of wave spectra calculated for each instrument location on 
Kandumeygalaa reef and spectra overlay with mean values of peak frequencies during high and 
low tide conditions. Spectral densities which are beyond the scale of the colour bars are depicted 
in black. 
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Wave spectra at all stations across Kandumeygalaa reef are characterised by a dominant peak 

at lower swell wave frequency (fpeak = 0.07 Hz) indicating that a long period swell impacted 

the platform during the experiment (Figure 3.7). A prominent feature in the spectra time 

series is the growth of energy at harmonics of the dominant peak frequency as waves 

propagated across the platform from windward (A) to central (B, T1, T2) and central leeward 

(C) stations. During high tide stages, spectra at location B, T1 and T2 demonstrate the 

development of a secondary peak around the 1st harmonic (f = 0.14 Hz) of the peak 

frequency. Spectra at the central leeward station (C) are characterised by a bi-modal energy 

distribution with a dominant peak at the primary swell frequency (fpeak = 0.07 Hz) and a 

smaller secondary peak at the 1st harmonic. A third minor peak around the 2nd harmonic (f = 

0.21 Hz) is evident during higher high tide stages at the beginning of the experiment (e.g. 2nd 

high tide on Jun 20th). Of note, spectra obtained at the other leeward stations D and E, do not 

demonstrate the development of energy at harmonic frequencies. Although the primary peak 

at fpeak = 0.07 Hz is still dominant, it is greatly reduced, indicating that considerable less wave 

energy propagated to these outer regions of the reef. 

3.4.3 Directional wave propagation 

Summary results of directional wave measurements conducted at instrument locations T1 and 

T2 on each platform are presented in Figure 3.8, 3.9 and Table 2. On Dhakandhoo, 

instrument T1 recorded reef flat waves advancing from the north-west with a mean peak 

direction Dpeak of 342° (Figure 3.8a; Table 2). In contrast, waves at location T2 advanced 

from a south-westerly direction (Dpeak = 227.6°) and propagated towards the north-east. 

Assuming an incident wave angle of 281° (Figure 3.1), the mean change in the direction 

(refraction) of incident waves constitutes to approximately 61° and 53.4° at station T1 and 

T2, respectively. 
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Figure 3.8 Peak frequency and 
direction of reef flat waves 
measured during different tidal 
stages. Dots designate values 
calculated for each wave burst 
recorded at instrument locations 
T1 and T2 on (a) Dhakandhoo; 
and (b) Kandumeygalaa 
platform. Arrows indicate mean 
directions of reef flat waves 
during different tidal phases. 

 

On Kandumeygalaa, wave records obtained at station T1 and T2 indicate that swell waves 

impacted the platform from a south to south-westerly direction and propagated across the 

platform surface toward the leeward, northern region of the reef (Figure 3.8b). Results 

demonstrate mean peak directions of 197.9° and 179.7° for waves recorded at T1 and T2, 

respectively (Table 2). This accounts for a mean deviation of 5.1° and 23.3° from the 

predominant incident wave direction (approximately 203°; Figure 3.1). In addition to these 

spatial differences in the direction of reef flat waves, results indicate temporal variations 

which result from tidally induced changes in water elevation above the platform surface. The 

difference in the direction of waves at location T1 and T2 was relatively small during high 

water (1.3°) conditions and increased during mid (17°) and low (29.6°) tide stages (Figure 

3.8b; Table 2). This indicates that wave fronts became increasingly directed towards each 

other as the water level above the platform decreased. A typical example of these tidally 

induced changes in wave propagation is shown in Figure 3.9 which illustrates directional 
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wave spectra calculated for wave bursts recorded during a consecutive low and high tide on 

June 20th. The low tide spectra (Figure 3.9b) demonstrate peak directions of 208.9° and 

170.4° (38.5° difference) at T1 and T2, respectively. During the following high tide, the 

directions of reef flat waves changed to 193.7° (T1) and 197.9° (T2; 4.2° difference), 

indicating that wave fronts became increasingly aligned (Figure 3.9c). This pattern of tidal 

modulation is likely the result of intensified refraction processes (larger changes in the 

direction of incident waves) at the exposed reef margin during lower water elevations. 

 

 

 

Figure 3.9 Directional wave energy distributions for wave bursts recorded at locations T1 and 
T2 on (a) Dhakandhoo; and (b, c) Kandumeygalaa reef during high and low tide conditions. 
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3.5 Discussion 

3.5.1 Wave refraction and convergence 

Results of the refraction analysis demonstrate distinct patterns of wave propagation across the 

study reefs which can be explained by differences in platform shape and orientation to 

incident swell (Figure 3.3). The elongated elliptical shape of Dhakandhoo reef induces 

marked refraction of incident swell and promotes convergence of waves towards central 

platform regions. On the western reef flat, waves refracting at the lateral platform flanks 

propagate in opposing directions and create an interference zone of crossing wave fronts 

(Figure 3.3, 3.8, 3.9; Table 2). Such crossing wave patterns on the windward sections of 

elliptical platforms have previously been observed in aerial photographs of natural reef 

platforms and on model reefs (Gourlay, 1995). Refraction processes at the sheltered (eastern) 

periphery furthermore produce a zone of wave convergence in the leeward sector of the reef. 

On Dhakandhoo (and many other, similar platform configurations) this region is 

characterised by the presence of a sandy cay. 

In contrast, oval shaped Kandumeygalaa reef is orientated with its long axis parallel to 

incident waves impacting the platform from the south-west. The smaller curvature of the 

windward reef margin induces less refraction and changes in the direction of incident swell 

(Figure 3.3, 3.8, 3.9; Table 2). As a result, reef flat waves propagate across the platform 

surface and are focussed into the central leeward region of the reef. Importantly, these 

refraction patterns impede the formation of a convergence zone on the platform surface. Field 

measurements of wave directionalities conducted across the study reefs largely confirm the 

broad patterns of wave propagation identified through modelling. 

3.5.2 Platform wave zones 

Platform specific refraction patterns define the segmentation of reef surfaces into distinctive 

wave energy zones (Figure 3.3). Model simulations indicate that Dhakandhoo reef can 
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broadly be divided into a high energy windward (western) and a lower energy leeward 

region. Field measurements largely confirm such a partition of the platform surface. Wave 

heights recorded at the exposed windward reef flat (T1, T2) were larger than at leeward 

stations (C, D, E) during all tidal stages (Figure 3.5). Despite the occurrence of generally 

lower wave heights, results of the spectral analysis demonstrate that energy contained within 

the swell wave frequency band (0.05 Hz < f < 0.125 Hz) can be comparable or even larger at 

leeward sites, in particular during periods of low water elevations (Figure 3.6). A likely 

explanation for this observation lies in the site specific topography of Dhakandhoo reef. 

Higher elevated windward reef edges induce marked tidal modulation of wave processes and 

promote wave breaking and energy dissipation during low tide stages (e.g. Lugo-Fernández et 

al., 1998a; Brander et al., 2004; Kench and Brander, 2006; Jago et al., 2007). In contrast, 

lower elevated reef edges at the eastern periphery are less effective in filtering wave energy 

and incident swell is able to propagate onto the platform surface without breaking during all 

tidal stages. In contrast to the western reef flat, leeward sections therefore experience less 

tidal modulation and exhibit comparable or larger swell wave energy during low water 

conditions. These findings highlight the importance of spatial variations in platform 

topography in controlling wave characteristics across reef surfaces as has been noted in 

previous reef studies (Jago et al., 2007; Samosorn and Woodroffe, 2008; Kench et al., 2009). 

Results of spectral analysis demonstrate distinct differences in the characteristics of waves 

across Dhakandhoo platform. Spectra obtained at windward stations exhibit energy at swell 

and wind wave frequencies, whereas short period (wind) energy is largely absent in spectra at 

leeward sites surrounding Dhakandhoo Island (Figure 3.6). Similar variations in wave 

characteristics around island shorelines have previously been observed by Samosorn and 

Woodroffe (2008) and Kench et al. (2009) on platforms in the Great Barrier Reef and the 

Maldives, respectively. Results of this study suggest two main mechanisms responsible for 
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such patterns. Firstly, the presence of Dhakandhoo Island imposes a barrier to propagating 

waves and effectively prevents the transfer of energy from windward to leeward reef sections. 

Secondly, short period (wind) waves do not have the same refraction potential as longer 

(swell) waves and are therefore not refracted into the eastern sector of the reef. As a result, 

spectra at leeward stations are dominated by wave energy at swell wave frequency and 

largely lack shorter period wind wave energy. This interpretation also implies that leeward 

waves predominantly originate from refraction processes at the sheltered reef margins and 

converge towards the central platform (Dhakandhoo Island) as depicted by model simulations 

(Figure 3.3). 

On Kandumeygalaa, there is a notable correspondence between theoretically predicted and 

measured wave energy distributions across the reef flat (Figure 3.3, 3.5). Wave heights 

recorded at the windward (A), central (T1, T2, B) and central leeward (C) locations were 

consistently larger than at the lateral leeward (D, E) sites (Figure 3.4). Station E experienced 

a slightly higher wave energy input than station D throughout the experiment which could be 

a consequence of swell waves entering the atoll lagoon through passages in the southern atoll 

rim and impacting the platform from a south-easterly direction (Figure 3.1). This additional 

input of wave energy may also explain sporadic data of peak wave direction Dpeak obtained at 

location T2 which indicate reef flat waves advancing from a south-easterly direction (Figure 

3.8). Importantly, highest wave heights on the reef flat were consistently recorded at station 

C, located in the central backreef region of the platform. In contrast, the two leeward zones 

either side of this region (D, E) experienced lowest wave amplitudes throughout the 

experiment. These results imply that reef flat waves propagate across the platform surface 

and are focussed towards a relatively narrow area located in the central leeward region of the 

reef as shown by model simulations (Figure 3.3). 
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3.5.3 Wave transformations across the reef flats 

On Dhakandhoo, pronounced refraction processes cause reef flat waves to converge and 

break near the reef focus located on the central windward platform (visual observations). 

Wave breaking near the focal zone is largely controlled by the effects of wave focussing and 

reef flat topography, which on Dhakandhoo is characterised by lower outer reef margins (at 

T1, T2) and a higher elevated central plateau (at A, B; Figure 3.2). As waves propagate 

across this ramp they shoal and break with broken bores propagating towards the interference 

zone located leeward of the focus (Figure 3.3). As a consequence, wave energy is effectively 

dissipated across the western reef flat and accounts for the marked reduction in wave heights 

from outer (T1, T2) to central (A, B) windward stations (Figure 3.5). Some of this energy is 

transferred to infragravity wave frequencies (f < 0.05 Hz) which peak in spectra at central 

locations during lower tidal stages (Figure 3.6). 

In contrast, Kandumeygalaa features a reef focus which is located behind and off the platform 

structure. Reef flat waves experience less pronounced focussing due to weaker refraction at 

the outer reef margin and generally do not reach the critical wave height to water depth ratio 

to induce breaking. As a consequence, there is less dissipation of wave energy across the 

platform surface. Despite the lack of wave breaking, results demonstrate significant changes 

in the characteristics of waves across the reef flat. Examination of wave spectra demonstrates 

that secondary peaks near the harmonics of the incident swell frequency develop as waves 

propagate across the reef flat from windward to leeward regions (Figure 3.7). Such a 

‘blueshift’ in wave spectra and generation of secondary waves has been observed in 

numerous previous reef studies (e.g. Lee and Black, 1978; Gerritsen, 1981; Young, 1989; 

Hardy and Young, 1996) and is manifested in a decrease of mean (Tz) and significant (Ts) 

wave periods from windward (A) to central (B) and central leeward (C) sites (Table 3). 

Perhaps counter intuitively, the cross-spectral transfer and reorganisation of energy does not 
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result in a reduction of wave amplitudes. On the contrary, in spite of frictional energy 

dissipation (Gerritsen, 1981; Nelson, 1996; Hearn, 2011) across the sandy reef flat, 

significant wave heights gradually increase from location A and B to station C (Figure 3.5). 

Similar amplifications of wave heights across reef flats have previously been reported in field 

studies conducted on elliptical shaped platforms (Jago et al., 2007; Kench et al., 2009) and 

have been attributed to the effects of wave shoaling. Considering the small difference (~ 0.2 

m) in the elevation of the Kandumeygalaa reef flat at stations B and C, it is unlikely that 

wave shoaling accounts for the 28 – 45% increase in wave heights recorded between these 

stations. Consequently, wave focussing must be recognised as the major mechanism in 

modulating wave heights across the platform surface, an effect which has not been adequately 

acknowledged in previous reef studies. 

3.5.4 Geomorphic Implications 

Refraction processes and resulting wave convergence patterns control sediment transportation 

pathways and the location of depositional centres across reef surfaces (Gourlay, 1988; 

Mandlier and Kench, 2012). In this study, the elongate elliptical shape of Dhakandhoo reef 

induced marked refraction of incident waves and subsequent convergence towards central 

platform regions (Figure 3.3). Such wave processes are likely to retain sediment on the reef 

surface and convergence zones may mark favourable locations for initial sedimentation on 

the reef flat. It is likely that downdrift (declining) current processes control the extension of 

sediment deposits into the leeward, lower energy sector of the reef. 

In contrast, Kandumeygalaa platform promotes less refraction and reef flat waves propagate 

towards the focal zone located in the central leeward region of the reef. These findings imply 

that wave processes convey sediment along the predominant windward to leeward wave 

propagation pathway and radiation stress gradients. Due to the lack of wave convergence, 

sediment does not accumulate on the reef surface and is likely to be evacuated off the leeward 
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platform margin and into the deeper lagoon. Platform specific wave patterns identified in this 

study provide empirical evidence to support the theoretical projections of Mandlier and 

Kench (2012) and deliver a first order explanation for the existence and absence of a sandy 

cay on Dhakandhoo and Kandumeygalaa reef, respectively. 

 

3.6 Conclusions 

This study provides the first field-based assessment of wave refraction processes on coral 

reefs. Results of wave measurements conducted on two platforms in the Maldives 

demonstrate that reef shape critically controls the refraction and propagation of incident swell 

across the platform structures. Simple analytical modelling provides a useful tool in 

approximating platform wave patterns and the resulting segmentation of reef surfaces into 

distinctive high and low wave energy zones. The energy input to these zones is largely 

determined by the magnitude of incident waves and the capacity of the platform structure to 

dissipate, refract and reorganise this energy. 

Results demonstrate that wave transformations across the reef surfaces are characterised by 

cross-spectral transfer of energy between different frequency components and the generation 

of secondary waves. Furthermore, wave focussing has been identified as an important 

mechanism controlling the transformation of wave energy across the reefs. Results highlight 

the importance of three dimensional planform wave processes in controlling platform wave 

characteristics and will add significantly to our understanding of wave interactions on coral 

reefs. In particular, the study provides unique insights into refraction and convergence 

processes which define the hydrodynamic process controls on platform sedimentation and 

island formation. 

Different platform geometries produce characteristic patterns of wave propagation which 

control sediment transportation pathways and the location of depositional centres across 
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reefs. Platforms which promote marked refraction and centripetal wave motion exhibit a 

higher potential for sediment accumulation, whereas lack of wave convergence may lead to 

the off-reef transfer of sediment from the platform surface. Results of this study confirm such 

projections and deliver a first order explanation for the existence and absence of a sandy cay 

on the study reefs. Measurements from different platform settings and laboratory models are 

required to further resolve the influence of reef configuration on the propagation behaviour of 

platform waves and the formation of reef top islands. 
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4. Hydrodynamic process controls on reef platform sedimentation and 

island formation 

 

Philipp G. Mandlier and Paul S. Kench 

 

Abstract 

Field experiments were conducted on two elliptical shaped coral reef platforms in the 

Maldives to examine reef flat hydrodynamics and implications for sedimentation processes 

across platform surfaces. A total of seven pressure sensors were deployed on each reef to 

examine spatial and temporal variations in wave energy and the magnitude of wave induced 

seabed currents. Records of current velocities were used to determine the potential for 

sediment entrainment and mobilisation across the reef surfaces and deduce contemporary 

platform sedimentation processes. Results demonstrate that platforms exhibit characteristic 

hydrodynamic process signatures which control transportation and deposition of reef flat 

sediments. Spatial differences in wave energy control the magnitude of seabed currents and 

subsequently define the textual characteristics of sediments residing on the platforms. High 

energy windward reef zones exhibit a high potential for sediment entrainment and therefore 

feature coarser and faster settling surface material. In contrast, lower energy leeward zones 

have a lower potential for sediment mobilisation and therefore promote accumulation of finer 

and slower settling sediments. Platform specific wave propagation patterns furthermore 

control transportation pathways and deposition of reef flat sediments. Centripetal wave 

motion on elliptical platforms controls the transfer and accumulation of material towards 

central reef regions which subsequently feature higher topographic elevations. High energy 

windward zones promote deposition of coarse coral debris whereas lower energy leeward 

zones feature subtidal sand sheets and islands composed of finer and slower settling 
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sediments. The study provides field evidence for theoretical projections of platform 

sedimentation and the formation of reef top islands. 

 

Keywords: Coral reef platforms, Wave energy, Sediment dynamics, Reef islands 

 

4.1. Introduction 

Low lying coral reef islands are accumulations of carbonate sand and gravel deposited on reef 

platform surfaces by ocean waves and currents. The sediment required for the construction of 

islands is provided by the skeletal remains of organisms that live and dwell on the reef. Island 

formation and development is therefore partially controlled by ecological processes within 

reef systems (Perry et al., 2011). A second boundary control is platform consolidation which 

defines the physical foundation for island accumulation (Woodroffe et al., 1999; Kench et al., 

2005). Once a platform has formed, the hydrodynamic process regime, driven by wave 

interactions represents the primary control on platform sedimentation and the geomorphic 

construction of reef top islands (Stoddart and Steers, 1977; Gourlay, 1988; Mandlier and 

Kench, 2012). 

Despite recognition that wave interactions are a critical factor determining the development 

and dynamics of reef islands, few studies have undertaken detailed investigations of wave 

processes across the entire extent of platform surfaces. The majority of reef hydrodynamic 

field studies have focussed on the transformation of wave energy and generation of wave 

driven flow across two dimensional cross reef profiles (Suhayda and Roberts, 1977; Roberts 

and Suhayda, 1983; Young, 1989; Roberts et al., 1992; Symonds et al., 1995; Hardy and 

Young, 1996; Lugo-Fernández et al., 1998a, 1998b; Brander et al., 2004; Kench and 

Brander, 2006; Jago et al., 2007). However, such simplified treatment of the reef structure 

does not account for the three dimensional complexity of platform surfaces which induces 
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refraction and interactions of waves. Only recently, studies have begun to investigate these 

planform wave processes in further detail (Gourlay, 1988; Mandlier and Kench, 2012; 

Mandlier, 2012). 

Convex shaped reefs promote refraction of waves which subsequently control directional 

platform wave patterns and the location of depositional centres across reef surfaces. Platform 

geometry is an important control in defining the propagation patterns of reef flat waves and 

the location and stability of reef top islands (Gourlay, 1988; Mandlier and Kench, 2012). 

Elliptical shaped reefs promote marked wave refraction and formation of distinctive high and 

low wave energy zones. Different wave zones and cross reef gradients in wave energy have 

subsequently been associated with the deposition of sediments comprising different textual 

characteristics. To date, there has been little empirical validation for theoretical projection of 

spatial patterning in sediment characteristics across platform reefs. 

The majority of sedimentological studies conducted in platform settings have focussed on the 

examination of sediments residing on reef flat surfaces and island beaches (Folk and Robles, 

1964; Flood and Scoffin, 1978; McLean and Stoddart, 1978; Dawson et al., 2012). These 

studies have revealed complex linkages within the sediment budget and the relationships 

between production, transportation and deposition across reef flat surfaces (Stearn et al., 

1977; Macintyre et al., 1987; Hubbard et al., 1990; Woodroffe et al., 2007; Hart and Kench, 

2007; Hart, 2008; McKoy et al., 2010). Examination of cross reef variations in the 

characteristics of surface material can provide useful information on the linkages between 

different sediment sources and sinks. Identifying platform specific hydrodynamic processes 

however is essential for examining prevailing sediment transportation pathways and flux 

across platform surfaces. To date few studies have investigated reef sedimentation using an 

integrative approach incorporating observations of reef flat hydrodynamics and sediment 

characteristics (Kench, 1998; Yamano et al., 2000). Such investigations are essential for a 
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complete understanding of reef flat sedimentation and the formation of reef top islands. This 

study presents results of hydrodynamic measurements and analysis of sediment collected on 

two reef platforms in the Maldives. The specific aim of the study is to provide field evidence 

for previously proclaimed projections of reef flat sedimentation and island formation. 

 

4.2. Field setting 

Field experiments were conducted on two reef platforms located in the lagoons of South 

Maalhosmadulu and South Nilandhe atoll in the central western Maldives (Figure 4.1). The 

platforms exhibit a similar shape and position within the atoll’s reef networks which provides 

for similar hydrodynamic boundary conditions and platform wave regimes. Dhakandhoo reef 

is an elongate elliptical (approx. 1000 m x 290 m; 22.7 ha in area) platform located in the 

north western sector of South Maalhosmadulu atoll. The platform is located within a channel 

formed by two larger reefs to the north and south west and is exposed to open ocean swell 

which penetrates through this passage and into the atoll lagoon (Mandlier, 2012). 

 

 

Figure 4.1 Location of study sites indicating: (a) Maldives archipelago; Configuration of (b) 
South Maalhosmadulu and (c) South Nilandhe atoll with dark grey shading depicting platform 
reefs featuring shallow lagoons (light grey) and reef top islands (black). 
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The second field site, Maagau reef is an elliptical platform (approx. 1230 m x 591 m; 54.7 ha 

in area) located in the north western quadrant of South Nilandhe atoll in the southern central 

Maldives. Similar to Dhakandhoo, the platform is situated in close vicinity (5 km) to a gap in 

the atoll’s outer reef rim network and is exposed to open ocean swell which propagates 

through this passage and into the atoll lagoon. The predominant direction of incident swell at 

both field sites is from a west to north westerly direction. The platforms are furthermore 

exposed to short period wind wave energy which develops across the atoll lagoons according 

to prevailing wind and fetch conditions. During the westerly Asian monsoon season (April - 

November) which exhibits winds from north to south westerly directions, this locally 

generated wind wave energy develops across the north western quadrants of the atolls and, 

equivalent to open ocean swell impacts the platforms from a westerly direction. 

Due to its location within a channel, Dhakandhoo reef is likely to receive larger wave energy 

than Maagau platform which constitutes a more central location within the atoll lagoon. Swell 

waves which propagate through passages in the outer atoll rim are subject to diffraction 

processes which effectively reduce the energy of impacting waves. Results of wave 

measurements demonstrate that during the field campaigns incident wave heights at the 

exposed lateral flanks of Dhakandhoo (instrument locations C, D) were comparable (0.35 m 

< Hs > 0.53 m) to wave heights measured at the most seaward location (station A) deployed 

on Maagau reef (Table 4.1). Wave heights at the seaward facing reef margin on Dhakandhoo 

were presumably larger than at the lateral locations, however no records are available to 

substantiate this projection. Both study reefs exhibit a similar planform configuration and 

orientation to incident swell and therefore exhibit comparable wave refraction and 

convergence patterns across the platform surfaces (Figure 4.2). Three different wave process 

zones across the reef flats can be distinguished. The seaward reef sections comprise a focal 

zone which extends from the seaward platform margins to the focal point located on the 
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central western reef flats (Mandlier and Kench, 2012). Adjacent to this focal zone is an 

interference zone of crossing wave fronts which extends from the windward focal point to the 

central terminal point. The two windward zones designate reef sections which are influenced 

by waves refracting at the exposed platform margins and hence exhibit generally larger wave 

energies than leeward reef zones (Mandlier, 2012). The terminal point marks the boundary 

between the high energy windward wave zones and leeward platform sections which are 

influenced by waves originating from refraction processes at the sheltered (eastern) margins 

of the reefs. On both platforms, these low energy convergence zones are characterised by the 

presence of a vegetated sandy cay. 

 

 

Figure 4.2 Island and platform configuration of (a) Dhakandhoo and (b) Maagau reef showing 
locations of wave measuring instruments (A - I), transect lines (dashed lines) and sediment 
sampling sites. Propagation patterns of reef flat waves were simulated using an analytical 
refraction model (Mandlier and Kench, 2012). Resulting wave energy gradients and platform 
wave zones across (c) Dhakandhoo and (d) Maagau reef. 



 

69 
 

The windward (western) reef flat on Dhakandhoo consists of a non erodible coral pavement 

which is covered by a thin veneer of coarse sand and coral debris. Large coral fragments and 

boulders up to 1 m in diameter have been deposited within the interference zone on the 

central reef flat. These features account for a relatively high elevation [up to 0.3 m below 

mean sea level (MSL)] of the central western platform (Figure 4.3a). 

 

 

Figure 4.3 Reef flat topography 
along (a, b) windward and (c - e) 
leeward transect lines (T1 - T5) on 
Dhakandhoo reef. 

 

Leeward reef regions surrounding Dhakandhoo Island (Transects T3 - T5) are considerable 

lower (typically between 1 - 1.5 m below MSL) in elevation. The area eastwards of the island 

exhibits the lowest elevations ranging between 1.8 - 2.5 m below MSL (Figure 4.3e). In 

contrast to Dhakandhoo, Maagau reef exhibits a different morphological configuration. The 

platform is characterised by an elevated (up to 0.5 m below MSL) annular rim of live coral 

framework which encircles a lower sandy reef flat (Figure 4.2, 4.4). The coral rim composing 

the northern reef margin is notably higher (~ 0.3 m) in elevation than on the southern side 
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which is likely due to the reef’s exposure to additional wave energy originating from 

passages in the north eastern sector of the atoll (Figure 4.1). Central windward sections on 

Maagau platform are typically lower in elevation (between 1.5 m and 2 m below MSL) than 

leeward regions (between 1 m and 1.5 m below MSL) surrounding the island (Figure 4.4). 

However, equivalent to Dhakandhoo, the live coral framework composing the leeward 

(eastern) reef margin (Transect T5) is least developed and exhibits the lowest elevation along 

the platform periphery. 

 

 

Figure 4.4 Platform elevation 
along (a, b) windward and (c - e) 
leeward transect lines (T1 - T5) on 
Maagau reef. 

 

4.3. Material and methods 

Field experiments were conducted from 4 - 11 July 2011 on Dhakandhoo and from 21 - 31 

July 2011 on Maagau reef. Bathymetric surveys of the platforms were performed using a 

single beam echo sounder mounted off the side of a boat and connected to a GPS system. The 

propagation of incident swell across the platforms was simulated using an analytical wave 
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refraction model (Mandlier and Kench, 2012). The model calculates the refraction of incident 

wave orthogonals at the reef’s periphery and determines the constellation of primary wave 

fronts across the platform surfaces (Figure 4.2). Model outputs designate the configuration of 

wave energy zones and the focal and terminal points on the reef flats. For field 

experimentation, the locations of wave instruments were chosen according to the results of 

model simulations. A total of seven pressure sensors were deployed on each platform to 

determine spatial and temporal variations in wave characteristics across the reefs. Each 

instrument was programmed to sample at 2 Hz for 17.07 min every hour, resulting in 164 and 

239 wave bursts recorded at each location on Dhakandhoo and Maagau reef, respectively. On 

Maagau, instruments deployed at location E and F were moved to location H and I after 5.7 

days, thus resulting in a total of 136 and 102 wave bursts recorded at locations E, F and H, I, 

respectively. Values of significant wave height (Hs) for each burst were calculated using zero 

downcrossing analysis and are summarized in Figure 4.5, 4.6 and Table 4.1.  

 

Table 4.1 Summary statistics of significant wave height (Hs) and magnitude of seabed currents 
(u) at instrument locations. 
 

Instrument location Water 
depth to 

MSL (m) 

Hs (m)  Current velocity u (m/s) 
 

 LT MT HT Overall  LT MT HT Overall 

Dhakandhoo A central 1.1 0.15 0.28 0.38 0.28  0.26 0.42 0.51 0.41 
 B central 1.4 0.14 0.24 0.31 0.24  0.21 0.32 0.39 0.32 
 C north 1.1 0.35 0.42 0.48 0.43  0.60 0.62 0.64 0.62 
 D south 1.4 0.41 0.48 0.53 0.48  0.62 0.64 0.66 0.64 
 E central 2.1 0.29 0.24 0.23 0.25  0.33 0.26 0.23 0.27 
 F north 1.6 0.31 0.29 0.30 0.30  0.43 0.36 0.35 0.37 
 G south 1.3 0.26 0.27 0.27 0.27  0.41 0.38 0.35 0.38 

Number of bursts:   38 71 55 164      
            

Maagau A central 2.0 0.46 0.49 0.41 0.47  0.55 0.54 0.42 0.53 
 B central 2.1 0.13 0.23 0.30 0.21  0.15 0.25 0.30 0.22 
 C central 1.8 0.11 0.19 0.24 0.17  0.14 0.22 0.26 0.20 
 D central 1.6 0.13 0.19 0.22 0.17  0.17 0.23 0.25 0.22 
 E* north 1.8 0.09 0.16 0.20 0.14  0.11 0.18 0.21 0.16 
 F* south 1.8 0.09 0.15 0.17 0.13  0.11 0.17 0.18 0.15 
 G central 1.6 0.10 0.09 0.09 0.09  0.13 0.11 0.11 0.12 
 H* north 1.7 0.09 0.11 0.14 0.11  0.12 0.13 0.16 0.13 
 I* south 1.6 0.09 0.13 0.16 0.13  0.12 0.16 0.19 0.15 

Number of bursts:   72 140 27 239 *Based on shorter records 

Note: LT (low tide), MT (mid tide), HT (high tide) 
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A detailed analysis of wave data collected during the deployment on Dhakandhoo can be 

found in Mandlier (2012).  

In order to examine spatial and temporal variations in the potential for sediment mobilisation, 

boundary orbital current velocities associated with surface waves were calculated using linear 

wave theory. Time series of significant wave height (Hs) and water depth (d) recorded at each 

station were used to calculate the maximum horizontal speed of wave generated currents at 

the seabed. Calculated values of current speed represent the maximum horizontal velocity of 

seabed currents that can be expected under sinusoidal waves of height Hs and water depth d. 

It is important to note, that individual waves recorded during each wave burst constitute wave 

heights which are greater than Hs and, consequently induce currents with a larger magnitude 

than the calculated value for each burst. Current speeds therefore do not represent the 

maximum currents occurring during each wave burst, but denote the mean speed of seabed 

currents induced by the largest one third (wave height Hs) of waves during each burst. 

Records of significant wave height (Hs) and water depth (d) were subsequently used to 

calculate time series of seabed currents at each instrument location for the duration of the 

experiments (Figure 4.7). 

Sediment samples were collected from platform surfaces, island beaches and in sediment 

traps deployed near instrument locations C and G on Maagau reef (Figure 4.2). The traps 

consisted of a 100 μm mesh bag attached to a rectangular metal frame (25 cm x 5 cm) and 

provided samples of bedload sediment which was transported (within the first 5 cm of the 

water column) along the seafloor. All surficial and trapped sediments were washed, dried and 

sieved through a 2 mm (-1 ɸ) screen to determine the percentage (based on weight) of gravel 

size fractions within each sample (Table 4.2). Following sieving, each sample was split into 

two subsamples for further analysis. The first set of subsamples was sieved through a 1.4 mm 

(-0.5 ɸ) screen before determining particle size distributions using a Malvern Mastersizer 
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2000 analyser. The second set of subsamples was settled through a settling tube comprising a 

cylindrical tube of diameter 0.25 m with a vertical fall distance of 1.79 m from release 

mechanism to balance pan. The Chi (χ) parameter (May, 1981) is used to describe settling 

distributions of selected samples in Figure 4.8. 

 

Table 4.2 Summary output of sediment analysis depicting percentage (by weight) of gravel size 
components, mean grain size and settling velocity of samples. 
 

Reef flat Island 

Sample         Location % Gravel 
(> 2mm) 

Grain 
size (μm) 

Settling 
velocity 
(cm/s) 

 Sample Location % Gravel 
(> 2mm) 

Grain 
size (μm) 

Settling 
velocity 
(cm/s) 

Dhakandhoo 
W1 Focal zone 14.0 876 7.6  w1* Bottom of  beach 17.1 786 6.6 
W2 Interference zone 0.7 898 7.6  w2 Mid beach 0.5 568 4.8 
W3 Interference zone 27.4 1019 9.9  w3* Top of beach - 344 3.4 
W4 Interference zone 32.6 732 5.7  n1* Bottom of beach 10.1 885 7.5 
N1 Outer reef slope 17.0 315 2.4  n2 Mid beach 3.3 641 5.6 
N2 Northern reef flat 3.7 710 4.4  n3* Top of beach - 342 3.6 
E1 Outer reef slope 18.3 610 4.7  e1* Bottom of beach 7.8 816 7.8 
E2 Eastern reef flat 4.7 671 5.5  e2 Mid beach - 373 3.6 
S1 Outer reef slope 15.3 564 3.8  e3* Top of beach - 424 4.1 
S2 Southern reef flat 58.1 580 4.2  s1* Bottom of beach 12.0 672 7.2 

      s2 Mid beach 2.5 746 5.6 
      s3* Top of beach - 345 3.4 

Maagau 
W1 Focal zone 1.0 977 7.7  w1 Bottom of beach 23.2 no data 8.5 
W2 Interference zone 29.3 654 4.5  w2 Top of beach - 290 3.1 
W3 Interference zone 44.4 639 4.9  w3 Back beach - 450 3.8 
W4 Interference zone 18.5 726 5.0  n1 Bottom of beach 11.9 no data 8.7 
W5 Northern reef flat 11.5 505 3.2  n2 Top of beach - 344 2.9 
W6 Southern reef flat 23.9 645 4.2  n3 Back beach - 566 4.7 
N1 Northern reef flat 32.3 553 3.7  e1 Bottom of beach 18.8 no data 7.8 
E1 Eastern reef flat 10.2 938 8.1  e2 Top of beach - 277 2.4 
S1 Southern reef flat 12.5 454 3.4  e3 Back beach - 443 3.8 

      s1 Bottom of beach 23.5 no data 7.4 
ST1 Sediment trap west 47.2 966 8.9  s2 Top of beach - 282 2.4 
ST2 Sediment trap east 19.9 1013 7.9  s3 Back beach - 455 3.5 

 *Samples collected in Jan 2002 
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4.4. Results 

4.4.1 Reef flat wave characteristics and energy gradients 

Summary statistics of reef flat wave conditions during the experiments are presented in 

Figure 4.5, 4.6 and Table 4.1.  

 

 

Figure 4.5 Variations of 
significant wave height Hs with 
tidally induced changes in water 
level at (a-d) windward and (e-g) 
leeward instrument locations 
across Dhakandhoo platform. 

 

On both platforms, largest wave heights were recorded at the exposed windward locations 

(station C, D on Dhakandhoo; instrument A on Maagau) of the reefs. During high tide 

conditions, wave energy on the windward (western) reef flats was generally larger than at the 

leeward (eastern) sites. With the exception of instrument A on Maagau reef, which recorded 

incident waves at the exposed outer platform slope, wave heights on the western reef flats of 

both platforms exhibit a strong tidal modulation with larger wave heights occurring during 

high water elevations. This trend of tidal modulation is largely absent in records obtained at 

leeward sites surrounding Dhakandhoo and Maagau Island.  
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Figure 4.6 Variations of 
significant wave height Hs with 
water level fluctuations at (a-f) 
windward and (g-i) leeward 
instrument locations across 
Maagau reef. 

 

Figure 4.5 and Figure 4.6 illustrate the influence of tidally induced changes in water elevation on 

reef flat wave heights in more detail. On both platforms, wave heights on the windward reef flats 

are restricted by the water level above the platforms. Such a limiting threshold is largely absent 

in records obtained at the leeward sites. On Dhakandhoo, the central windward stations A, B 

exhibit a strong linear relationship between wave height and water elevation which indicates a 

saturation of wave energy at these locations (Figure 4.5). In contrast, records obtained at the 

outer windward stations C, D demonstrate wave heights which are frequently smaller than the 

limiting threshold. Such an under saturation of wave energy may be caused by fluctuations 

(decreases) in the magnitude of incident waves which results in reef flat wave heights to remain 

below the limiting wave height to water depth threshold. Alternatively, the occurrence of wave 

breaking processes at the outer reef edges can result in a substantial reduction of wave energy 

and may also cause an under saturation of reef flat wave heights. Samples of Hs which are below 

the limiting threshold may therefore either indicate smaller waves passing over the outer reef 
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edge without breaking or represent broken bores which propagate from the reef edges towards 

the central reef flat. Records obtained at leeward stations (E, F, G) on Dhakandhoo demonstrate 

a general under saturation of wave energy and absence of a limiting threshold. Platform waves at 

these lower elevated reef regions exhibit no clear correlation between wave height and water 

depth. Wave records obtained on Maagau reef exhibit similar cross reef trends than on 

Dhakandhoo (Figure 4.6). Significant wave heights on the windward reef flat (B - F) 

demonstrate a clear linear relationship with water elevation and a general decrease in energy 

saturation from windward to central stations. Equivalent to records from Dhakandhoo, leeward 

stations (G, H, I) on Maagau reef demonstrate no clear water depth control on platform wave 

heights. 

Results of wave measurements corroborate the existence of distinctive cross reef wave energy 

gradients (Figure 4.2c, d). A general decrease in wave energy from windward to leeward 

platform sections is apparent on both reefs (Table 4.1; Figure 4.5, 4.6). Measurements of wave 

heights across the platform’s windward interference zones (Transect T1) however demonstrate 

differences in energy gradients which can be explained by variations in reef flat morphology. On 

Dhakandhoo, wave heights are largest on the outer platform stations (C, D) and decrease towards 

the central locations (A, B). The gradient is a result of the site specific topography of the 

platform which features lower elevated outer regions and a higher central plateau (Figure 4.3a). 

Incident waves which propagate across this ramp break and dissipate energy through turbulent 

water motion. As a result, wave heights are significantly reduced (in the mean 34 - 41 %) 

towards the central stations. In contrast, platform morphology on Maagau reef is characterised 

by an elevated outer rim and lower central regions (Figure 4.4). Wave breaking and energy 

dissipation is therefore largely confined to the outer platform margins and wave heights 

gradually increase towards the central locations as a result of wave superposition and focussing. 

Considering the synchronously recorded wave bursts on the windward reef flat, wave heights 
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demonstrate an average increase of 31 - 43 % between the outer (E, F) and central (C, D) 

locations. 

4.4.2 Wave generated currents 

Time series of calculated wave induced seabed currents indicate similar spatial and temporal 

trends on both platforms. Largest currents were calculated for the exposed windward stations 

(location C, D on Dhakandhoo; station A on Maagau) and are generally lower at the central 

locations (Table 4.1; Figure 4.7).  

 

 

Figure 4.7 Temporal variations in sea surface elevations recorded during the experiments on (a) 
Dhakandhoo and (b) Maagau reef. Time series of seabed currents for (c, d) windward and (e, f) 
leeward locations on (c, e) Dhakandhoo and (d, f) Maagau reef. 
 

Similar to records of significant wave heights Hs, current time series demonstrate a pronounced 

tidal modulation across the windward reef flat with larger velocities associated with higher tidal 
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stages. The signal is most noticeable at central locations and largely absent in records obtained at 

the exposed sites. Conversely, time series at leeward sites (with the exception of the shorter 

records at H, I on Maagau) indicate a reversed tidal trend and exhibit larger currents during 

lower tidal stages (Figure 4.7e, f). On both platforms, spatial differences in the magnitude of 

seabed currents reflect prevailing wave energy gradients across the reefs. On Dhakandhoo, 

highest current velocities occur at the exposed windward locations (C, D) and are significantly 

lower at the central stations (A, B). On Maagau reef, the trend is reversed and current speeds are 

larger at the central windward stations (B, C) and generally lower near the outer lateral flanks (E, 

F). On both platforms, records indicate that currents at leeward locations are generally lower 

than at windward sites (Table 4.1). However, current velocities at leeward stations can 

temporarily reach magnitudes which are comparable or even larger than at windward sites 

during periods of low water elevations (Figure 4.7). This observation can be explained by the 

temporal variations in the energy of reef flat waves. Windward (western) reef regions experience 

a strong tidal modulation with larger wave heights occurring during higher water elevations 

(Figure 4.5a-d, 4.6a-f). In contrast, leeward (eastern) locations do not demonstrate such a 

modulation with water level changes (Figure 4.5e-g, 4.6g-i). As a consequence, wave induced 

seabed currents at leeward locations reach larger magnitudes during low water elevation, when 

water depths across the platforms are minimised. These spatial and temporal differences in 

current magnitudes are likely to result in across reef variations in the activation of geomorphic 

processes and the potential to entrain and transport reef flat sediments. 

4.4.3 Sediment analysis 

Results of sediment analysis demonstrate that all samples collected from platform surfaces and 

island beaches exhibit mean grain sizes in the medium to coarse sand size range (277 - 1019 μm; 

Table 4.2). On both platforms, coarsest sediments were collected from the windward focal and 

interference zones on the central western regions (W1-W4). Surface sediments at leeward 
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(eastern) sites and island beaches (except bottom beach samples) generally exhibit smaller grain 

sizes. One notable exception to this trend is sample E1 collected on the eastern (leeward) tip of 

Maagau reef which demonstrates a relatively large mean grain size (938 μm) and settling 

velocity (8.1 cm/s). Finest sediments on both platforms were collected from the top of island 

beaches. Samples from the upper island beaches are also largely devoid of gravel size (> 2 mm) 

material, whereas all sediments collected from platform surfaces (including bottom beach 

samples) contained this size component. 

Equivalent to these cross reef trends in sediment grain size, results of settling analysis 

demonstrate spatial differences in the settling properties of samples collected across the reef 

surfaces (Figure 4.8, 4.9). On Dhakandhoo, windward samples W1 - W3 show a concentrated 

unimodal settling distribution with peak concentrations between 2.5 chi (17.7 cm/s) and 4 chi 

(6.3 cm/s). In contrast, surface sediments at W4 and the leeward reef regions surrounding 

Dhakandhoo Island (N2, S2, E2) exhibit a wider distribution and higher concentrations of slower 

settling material. Samples collected from island beaches (w3, n3, s3, e3) demonstrate a strong 

unimodal distribution with peak concentrations at lower settling velocities (3.5 - 5.5 chi; 8.8 - 

2.2 cm/s). Sediments with the slowest settling properties were found in samples collected on the 

outer leeward slopes (N1, S1, E1) of Dhakandhoo reef. However, these samples also contained 

material with relatively fast settling properties and therefore exhibit mean values which are 

comparable to surface sediments obtained from the leeward reef flat surrounding the island (N2, 

S2, E2; Table 4.2). Analysis of samples obtained from Maagau reef demonstrates a similar 

spatial patterning in settling characteristics across the platform. Sediments collected in the 

windward focal zone (W1) demonstrate a strong unimodal distribution with peak concentrations 

between 2.8 chi (14.4 cm/s) and 4.2 chi (5.4 cm/s). Samples from the windward interference 

zone (W2 - W4) exhibit a more evenly spread distribution and contain material with slower 

settling velocities. Similarly, surface samples from the leeward reef flat (with the exception of 
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E1) exhibit a wider distribution and presence of slower settling material. Samples collected from 

island beaches (w2, n2, s2, e2) display a strong unimodal distribution with high concentrations 

of slow settling sediments (4.2 chi to 6 chi; 5.4 cm/s to 1.6 cm/s).  

 

 

 
Figure 4.8 Settling velocity distributions of sediment samples collected across (a-d) Dhakandhoo 
and (e-h) Maagau reef. 
 

Figure 4.8h illustrates settling distributions for sediment collected from platform surfaces (W3, 

E1) and bedload sediment traps (ST1, ST2) deployed at these locations. On the windward site, 

comparison of settling distributions between trapped and bed material indicates a discrepancy 

between the sediment residing on the platform (W3) and material which is being transported 

along the seabed (ST1). Trapped sediments exhibit high concentrations of fast settling sediments 

whereas bed material display a more evenly distributed concentration curve including slower 

settling sediments. This indicates that sediment transport near the seabed at this location largely 

comprises coarser and faster settling sediments. It is plausible to assume that finer, slower 

settling material is being suspended and transported higher in the water column and is therefore 

not represented in the settling distribution of trapped material. In contrast, at the leeward site 

(E1), trapped and bed material exhibit an almost identical settling distribution indicating that all 

seabed sediments were transported close to the platform surface. Differences in the mode of 
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transportation between the two sites are likely a result of variations in wave energy between the 

windward and leeward platform regions. Wave energies at location (C) are significantly larger 

than at (G) and are therefore able to suspend finer and slower settling material higher into the 

water column. 

 

 

Figure 4.9 Cross reef differences in 
mean grain size (solid lines) and 
settling velocity (dashed lines) of 
sediment samples collected from 
reef flat surfaces (black lines) and 
island beaches (grey lines) on (a) 
Dhakandhoo; and (b) Maagau reef. 

 

4.5 Discussion 

4.5.1 Wave energy gradients and potential for sediment entrainment 

Results of wave measurements demonstrate the existence of characteristic wave energy zones 

and gradients across the platform surfaces (Table 4.1; Figure 4.2c, d). Wave heights are 

largest in windward focal and interference zones and gradually decrease towards leeward 

convergence zones. Due to the presence of higher wave energy, windward zones exhibit a 

larger potential for the entrainment of reef flat sediments than low energy leeward zones. 

Results of current calculations largely confirm such a spatial gradient and demonstrate larger 

velocities of seabed currents at windward sites than at leeward locations (Table 4.1). In 
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addition to the occurrence of larger wave energy, windward zones promote the focussing, 

superposition and breaking of waves on the reef flat and therefore exhibit an increased 

potential for sediment mobilisation through turbulent water motion. Results furthermore 

demonstrate distinct temporal variations in the potential to activate geomorphic processes 

across the platform surfaces. Time series of seabed currents at windward locations exhibit a 

strong tidal modulation with larger velocities occurring during high water conditions (Figure 

4.7). In contrast, wave induced seabed currents at leeward locations typically demonstrate 

larger magnitudes during lower tidal stages. As a consequence, windward reef flats exhibit a 

larger potential for sediment mobilisation during high water conditions, whereas leeward 

regions are more likely to experience geomorphic activity during lower tidal stages. 

4.5.2 Spatial patterns in sediment characteristics 

Analysis of sand samples collected from reef surfaces and island beaches demonstrate a clear 

trend in the textual characteristics of sediment residing on the platforms. Windward focal and 

interference zones are characterised by the presence of coarser and faster settling surface 

material, whereas finer and slower settling sediments can predominantly be found in leeward 

platform regions (Table 4.2; Figure 4.8). These results provide field evidence for theoretically 

predicted patterns of sediment characteristics across elliptical platform reefs (Stoddart, 1965; 

Gourlay, 1988; Mandlier and Kench, 2012). Windward to leeward gradients in wave energy 

determine the type of sediment which can be mobilised in each reef zone and subsequently 

result in a spatial patterning of material residing on the platform surfaces. Seabed material in 

windward focal and interference zones exhibits a generally coarser texture and faster settling 

properties since finer and slower settling sediments are being mobilised and transported to 

lower energy reef zones. This interpretation is in accordance with the currents of removal 

approach adopted in previous reef studies (Orme, 1977; Scoffin, 1987; Kench, 1998). 
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Importantly, the finest and slowest settling samples were collected from the leeward reef flats 

and island beaches (Figure 4.8, 4.9) which provides support for this interpretation. 

Results furthermore indicate inter platform variations in the characteristics of reef flat 

sediments. Samples from the focal and interference zone on Dhakandhoo comprise coarser 

and faster settling material than sediment collected from the windward regions on Maagau 

platform (Figure 4.9). Such variations in reef flat sediments may reflect differences in the 

broad scale exposure to incident wave energy as has been noted previously (Stoddart and 

Steers, 1977; McLean and Stoddart, 1978; Richmond, 1993; Hopley et al., 2007). However, 

in order to substantiate this projection, a more detailed analysis of platform sediments as well 

as long term measurements of platform hydrodynamics will be required. Due to the limited 

number of samples analysed, it is also difficult to resolve spatial variations in the textual 

characteristics of sediment comprising island beaches. It is likely that such differences exist 

since wave energy around the island shorelines is not uniform (Table 4.1). However, this 

cannot be resolved here and there remains considerable potential for future research to 

quantify such variations on island, platform or atoll scales. 

4.5.3 Wave propagation and sediment transportation pathways 

Refraction and propagation patterns of reef flat waves provide a good indication of prevailing 

sediment transportation pathways and the locations of depositional centres across platform 

surfaces (Gourlay, 1988; Mandlier and Kench, 2012). On elliptical reefs such as Dhakandhoo 

and Maagau, platform wave propagation is characterised by centripetal wave patterns which 

transfer material from exposed outer margins towards the central regions of the reefs (Figure 

4.2). Windward interference zones exhibit a crossing of reef flat waves propagating in 

opposite directions across the central platform. Such opposing wave patterns are likely to 

create a zone of balanced hydrodynamic forcing and sediment deposition towards the central 

region of the reef. As a consequence, interference zones represent favourable depot centres 
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for coarser size sediments. On Dhakandhoo, deposition of large coral fragments and boulders 

have resulted in the formation of an elevated plateau towards the central windward platform 

(Figure 4.3a). Similarly, the mobile sandy seabed on Maagau reef exhibits lower elevations at 

the outer platform flanks and accumulation of coarser sediments towards the central platform 

regions (Figure 4.4a, b). This pattern of sediment deposition towards the central platform is 

also evident in the leeward regions of the reefs. Both platforms feature lower elevated outer 

reef sections and accumulation of material in form of a sandy cay towards the central 

convergence zones. 

Results of sediment trapping experiments demonstrate that despite low wave energy 

conditions during the field campaign, relatively coarse material was mobilised and 

transported across the reef surface. Analysis of sediment collected in bedload traps on the 

windward platform of Maagau reef indicates that coarser and faster settling sediment is 

transported in close vicinity (< 5 cm) to the seabed. Finer and slower settling material is 

likely to become suspended and transported higher in the water column and was therefore not 

captured in the traps mounted on the seabed (Figure 4.8h). Transfer of coarser sized bedload 

sediment is likely to be controlled by wave induced seabed currents and therefore occurs 

predominantly in the direction of propagating reef flat waves. This implies that on elliptical 

platforms, such sediments are transported from the outer reef flanks towards the central areas 

according to the prevailing platform wave patterns. In contrast, finer material exhibiting 

slower settling properties is likely to become suspended higher in the water column and 

transported by larger scale across reef current flow. As a consequence, transportation of finer 

sediments does not necessarily occur in the direction of propagating reef flat waves, but is 

controlled by the flow regime of currents across the reef flat. 

Gourlay (1995) shows that for elongate elliptical platforms such as Dhakandhoo and Maagau, 

wave setup gradients provide an important driving mechanism for cross reef current flow 
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from high energy windward to lower energy leeward zones. This current regime promotes 

advection of finer, slower settling sediments from windward reef zones towards the leeward 

sediment sinks. Current flow typically diverges around island shorelines and on some 

platforms conduits through a moat formed by island beaches and the elevated outer reef rims 

(Kench et al., 2009). On Maagau reef, such current patterns are likely to result in an 

acceleration of flow through the narrow moat at the north eastern island shoreline and may 

explain the relatively large grain size and selling velocity of sediment collected at site E1. 

Setup driven flow subsequently drains off the leeward platform margins (Gourlay, 1995) and 

is likely to transfer finer suspended material off the reef flat and into the atoll lagoon. Of 

note, the finest and slowest settling sediments analysed in this study was collected from the 

outer reef slopes on the leeward margin of Dhakandhoo platform (Figure 4.8d). In addition to 

reef flat current flow, short period wind wave energy may provide an additional 

transportation mechanism of finer sediments from windward to leeward platform regions. 

Short period (wind) waves do not have the same refraction potential as longer period swell 

and therefore do not exhibit convergence towards central platform regions (Mandlier and 

Kench, 2012). Instead, such lower energy waves propagate across the platform surface with 

small changes in their direction and, depending on the direction of propagation may provide 

an important mechanism in the transfer of sediments from the windward regions towards the 

leeward sediment sinks. 

4.5.4 Implications for platform morphology and island development 

Transfer and deposition of sediment across platform surfaces is controlled by the interplay 

between hydrodynamic processes, sediment characteristics and accommodation space. 

Results of this study indicate that transportation processes predominantly occur along the 

direction of propagating waves which converge from outer platform margins towards the 

central regions of the reefs. At longer time scales, these sedimentation patterns lead to the 
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gradual infill of platform lagoons and the consolidation of reef flat surfaces (Kench et al., 

2005). Sediment flux and infill rates vary according to the broadscale wave energy setting, 

sediment availability and the configuration of accommodation space. Dhakandhoo platform is 

considerably smaller in size than Maagau reef and is exposed to higher incident wave energy. 

Given a similar supply of reef flat sediments, the infill of the Dhakandhoo lagoon therefore 

requires less time than on Maagau reef. This difference in longer term platform sedimentation 

is reflected in the contemporary morphology of the reef flats. Dhakandhoo platform is 

characterised by a higher elevated windward reef flat and the presence of large coral boulders 

forming an elevated central plateau. In contrast, Maagau reef comprises an elevated reef rim 

encircling a lower lagoon which provides accommodation space for future infill and vertical 

platform accretion. Thus, the setting may be regarded as morphologically less mature than 

Dhakandhoo reef since infill processes are likely to prevail. In contrast, infill of the 

Dhakandhoo lagoon has largely seized and sedimentation is characterised by depositional 

processes onto an evolved horizontal reef flat. On both platforms, the most leeward reef 

sections eastwards of the cays are characterised by broad sandy areas which extend from the 

island shorelines towards the eastern platform margins. The outer reef faces at the eastern 

periphery are covered by thin sheets of sandy sediments which cascade down the reef front 

and into the deep atoll lagoon. These features are indicative for the off reef transport of reef 

flat sediments over leeward platform margins and the subsequent infill of the atoll lagoons. 

Increased sedimentation across the leeward reef edges hampers the development and vertical 

accretion of the reef framework and accounts for the low elevation of the leeward platform 

periphery (Figure 4.3e, 4.4e). 

Differences in the longer term evolution of the platforms are also evident in the configuration 

of the leeward sand cays. Dhakandhoo Island occupies a large proportion of the leeward reef 

flat which indicates an advanced stage in platform evolution and sand cay development 
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(Kench et al., 2005). In contrast, Maagau reef exhibits unoccupied leeward areas which 

provide accommodation space for future shoreline extension. As a consequence, the leeward 

cay is likely to exhibit a higher degree of mobility since island beaches readily adjust to 

changes in platform hydrodynamics and may progress to currently unoccupied areas. On both 

platforms, the extension of the islands towards the higher energy windward zones is likely to 

be controlled by the boundary imposed by refracting windward waves. The terminal point 

located near the platform centre marks the limit of windward wave influence and represents a 

spatial boundary for the deposition of finer, slow settling material and hence the extension of 

a sandy cay towards the higher energy western reef flat. 

 

4.6 Conclusions 

Results of wave measurements conducted on two elliptical reef platforms in the Maldives 

demonstrate that platform surfaces can be divided into distinctive wave process and energy 

zones. Windward reef regions comprise high energy focal and interference zones which 

promote the convergence, focussing and breaking of reef flat waves. In contrast, leeward 

platform regions are characterised by the convergence of low energy waves which refract at 

sheltered platform periphery. Across reef wave energy gradients control spatial variations in 

the potential to entrain and mobilise sediments of different texture. Due to the presence of 

larger wave energy and the occurrence of wave breaking processes, windward regions exhibit 

a higher potential for sediment mobilisation and transport than leeward platform sections. 

Centripetal wave patterns control the transportation of material from outer reef zones towards 

the central platforms regions. It is likely that wave setup driven current flow provides an 

important mechanism in the transfer of sediments from windward wave zones towards the 

leeward sediment sinks. 
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Results demonstrate that platforms encompass characteristic hydrodynamic process 

signatures which control transportation processes and hence spatial distributions and textual 

characteristics of reef flat sediments. Analysis of bathymetric data indicates that sediment 

deposition and accumulation predominantly occurs along the central reef long axis of the 

platforms. Central reef regions subsequently feature higher topographic elevations than 

lateral platform zones. The presence of high wave energy in windward zones promotes 

deposition of coarse coral debris and boulders within the central interference zones. In 

contrast, low energy leeward convergence zones are characterised by the accumulation of 

finer material in the form of sandy cays. Results of sediment analysis demonstrate a clear 

spatial trend in the textual characteristics of surface material which can be explained by cross 

reef gradients in wave energy and potential for sediment entrainment. Coarser and faster 

settling sediments reside in high energy windward zones, whereas leeward reef regions are 

characterised by the presence of finer and slower settling material. The study provides field 

evidence for theoretical projections of platform sedimentation and the development of reef 

top islands. 

 

4.7 Acknowledgements 

We wish to acknowledge the Angsana Velavaru Marine Laboratory for logistical support 

during the field campaign on Maagau reef. 

 

4.8 References 

Brander, R.W., Kench, P.S., Hart, D.E., 2004. Spatial and temporal variations in wave 
characteristics across a reef platform, Warraber Island, Torres Strait, Australia. Mar. Geol. 207, 
169-184. 
 
Dawson, J.L., Hua, Q., Smithers, S.G., 2012. Benthic foraminifera: Their importance to future 
reef island resilience. Proc. 12th Int. Coral Reef Symp., Cairns 2012. 
 



 

89 
 

Flood, P.G., Scoffin, T.P., 1978. Reefal sediments of the northern Great Barrier Reef. Philos. 
Trans. R. Soc. Lond. A 291, pp. 55-68. 
 
Folk, R.L., Robles, R., 1964. Carbonate sands of Isla Perez, Alacran reef complex, Yucatán. J. 
Geol. 72, 255-292. 
 
Gourlay, M.R., 1988. Coral cays: Products of wave action and geological processes in a biogenic 
environment. Proc. 6th Int. Coral Reef Symp. (2), pp. 491-496. 
 
Gourlay, M.R., 1995. Wave generated currents at Raine Island. Rep. CH44/95, Dept. Civ. Eng., 
Univ. Qld., Australia. 
 
Hardy, T.A., Young, I.R., 1996. Field study of wave attenuation on an offshore coral reef. J. 
Geophys. Res. 101(C6), 14311-14326. 
 
Hart, D.E., 2008. The maintenance of reef islands. Proc. 11th Int. Coral Reef Symp. (1), pp. 416-
420. 
 
Hart, D.E., Kench, P.S., 2007. Carbonate production of an emergent reef platform, Warraber 
Island, Torres Strait, Australia. Coral Reefs 26, 53-68. 
 
Hopley, D., Smithers, S.G., Parnell, K.E., 2007. The geomorphology of the Great Barrier Reef: 
Development, diversity, and change. Cambridge University Press, Cambridge, UK, 532 pp. 
 
Hubbard, D.K., Miller, A.I., Scaturo, D., 1990. Production and cycling of calcium carbonate in a 
shelf-edge reef system (St. Croix, U.S. Virgin Islands): applications to the nature of reef systems 
in the fossil record. J. Sediment. Petrol. 60, 335-360. 
 
Jago, O.K., Kench, P.S., Brander, R.W., 2007. Field observations of wave-driven water-level 
gradients across a coral reef flat. J. Geophys. Res. 112, C06027. 
 
Kench, P.S., 1998. A currents of removal approach for interpreting carbonate sedimentary 
processes. Mar. Geol. 145, 197-223. 
 
Kench, P.S., Brander, R.W., 2006. Wave processes on coral reef flats: Implications for reef 
geomorphology using Australian case studies. J. Coast. Res. 22, 209-223. 
 
Kench, P.S., McLean, R.F., Nichol, S.N., 2005. New model of reef-island evolution: Maldives, 
Indian Ocean. Geology 33, 145-148. 
 
Kench, P.S., Parnell, K.E., Brander, R.W., 2009. Monsoonally influenced circulation around 
coral reef islands and seasonal dynamics of reef island shorelines. Mar. Geol. 266, 91-108. 
 
Lugo-Fernández, A., Roberts, H.H., Wiseman, W.J., 1998a. Tide effects on wave attenuation and 
wave set-up on a Caribbean coral reef. Estuar. Coast. Shelf Sci. 47, 385-393. 
 
Lugo-Fernández, A., Roberts, H.H., Wiseman, W.J., Carter, B.L., 1998b. Water level and 
currents of tidal and infragravity periods at Tague Reef, St Croix (USVI). Coral Reefs 17, 343-
349. 
 
Macintyre, I.G., Graus, R.R., Reinthal, P.N., Littler, M.M., Littler, D.S., 1987. The barrier reef 
sediment apron: Tobacco Reef, Belize. Coral Reefs 6, 1-12. 



 

90 
 

 
Mandlier, P.G., 2012. Field observations of wave refraction and propagation pathways on coral 
reef platforms. Earth Surf. Process. Landf., doi: 10.1002/esp.3328. 
 
Mandlier, P.G., Kench, P.S., 2012. Analytical modelling of wave refraction and convergence on 
coral reef platforms: Implications for island formation and stability. Geomorphology 159-160, 
84-92. 
 
May, J.P., 1981. Chi (χ): A proposed standard parameter for settling tube analysis of sediments. J. 
Sediment. Petrol. 51, 607-610. 
 
McKoy, H., Kennedy, D.M., Kench, P.S., 2010. Sand cay evolution on reef platforms, Mamanuca 
Islands, Fiji. Mar. Geol. 269, 61-73. 
 
McLean, R.F., Stoddart, D.R., 1978. Reef island sediments of the northern Great Barrier Reef. 
Philos. Trans. R. Soc. Lond. A 291, pp. 101-117. 
 
Orme, G.R., 1977. Aspects of sedimentation in the coral reef environment. In: Jones, O.A., 
Endean, R. (Eds.). Biology and Geology of Coral Reefs, vol. 4, Academic Press, New York, pp. 
129-182. 
 
Perry, C.T., Kench, P.S., Smithers, S.G., Riegl, B., Yamano, H., O’Leary, M.J., 2011. 
Implications of reef ecosystem change for the stability and maintenance of coral reef islands. 
Global Change Biol. 17, 3679-3696. 
 
Richmond, B.M., 1993. Development of atoll islets in the central Pacific. Proc. 7th Int. Coral Reef 
Symp. (2), pp. 1185-1194. 
 
Roberts, H.H., Suhayda, J.N., 1983. Wave-current interactions on a shallow reef (Nicaragua, 
Central America). Coral Reefs 1, 209-214. 
 
Roberts, H.H., Wilson, P.A., Lugo-Fernández, A., 1992. Biologic and geologic responses to 
physical processes: examples from modern reef systems of the Caribbean-Atlantic region. Cont. 
Shelf Res. 12, 809-834. 
 
Scoffin, T.P., 1987. Introduction to Carbonate Sediments and Rocks. Blackwell, Glasgow, 274 
pp. 
 
Stearn, C.W., Scoffin, T.P., Martindale, W., 1977. Calcium carbonate budget for a fringing reef 
on the west coast of Barbados. Bull. Mar. Sci. 27, 479-510. 
 
Stoddart, D.R., 1965. British Honduras cays and the low wooded island problem. Transactions of 
the Institute of British Geographers 36, pp. 131-147. 
 
Stoddart, D.R., Steers, J.A., 1977. The nature and origin of coral reef islands. In: Jones, O.A., 
Endean, R. (Eds.), Biology and Geology of Coral Reefs, vol. 4. Academic Press, New York, pp. 
59-105. 
 
Suhayda, J.N., Roberts, H.H., 1977. Wave action and sediment transport on fringing reefs. Proc. 
3rd Int. Coral Reef Symp. 2, pp. 65-70. 
 



 

91 
 

Symonds, G., Black, K.P., Young, I.R., 1995. Wave-driven flow over shallow reefs. J. Geophys. 
Res. 100(C2), 2639-2648. 
 
Woodroffe, C.D., McLean, R.F., Smithers, S.G., Lawson, E.M., 1999. Atoll reef-island formation 
and response to sea-level change: West Island, Cocos (Keeling) Islands. Mar. Geol. 160, 85-104. 
 
Woodroffe, C.D., Samosorn, B., Hua, Q., Hart, D.E., 2007. Incremental accretion of a sandy reef 
island over the past 3000 years indicated by component-specific radiocarbon dating. Geophys. 
Res. Lett. 34, L03602. 
 
Yamano, H., Miyajima, T., Kioke, I., 2000. Importance of foraminifera for the formation and 
maintenance of a coral cay: Green Island, the Great Barrier Reef, Australia. Coral Reefs 19, 51-
58. 
 
Young, I.R., 1989. Wave transformation over coral reefs. J. Geophys. Res. 94(C7), 9779-9789.  



 

92 
 

 



 

93 
 

5. Wave focussing and sedimentation on a coral reef platform 

 

Philipp G. Mandlier 

 

Abstract 

Field measurements were conducted on a coral reef platform in the Maldives to investigate 

the transformation of wave energy across a quasi-horizontal sandy reef flat. Records of high 

frequency (2Hz) measurements of water level fluctuations across the 300 m wide reef top 

indicate that wave heights gradually increased by 51% from windward to leeward reef 

regions due to the effects of wave focussing. Two main mechanisms controlling the 

transformation of wave energy across the platform surface have been identified. Firstly, the 

cross spectral redistribution of energy and generation of secondary waves and secondly, the 

lateral transfer and conjunction of energy along individual wave crests, i.e. wave focussing. 

Results are in contrast to previous investigations of wave transformations across coral reefs 

which have predominantly reported a decrease in the amplitude of propagating waves as a 

result of wave breaking and frictional energy dissipation. Platform specific wave patterns 

subsequently control the entrainment, transport and deposition of sediment across the reef 

structure. Results of sediment trapping experiments demonstrate spatial differences in the 

quantity and textual characteristic of transported material which correspond to prevailing 

cross reef wave energy gradients and propagation patterns. Larger quantities of coarser 

sediment is being mobilized at high energy leeward reef sections while smaller amounts and 

finer material were collected in traps installed at lower energy windward and central stations. 

Results demonstrate that sediment transportation pathways are controlled by platform wave 

patterns which transfer material across the reef surface and off the leeward platform margin. 
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Cross reef sediment flux has subsequently resulted in the formation of distinctive subtidal 

sand aprons behind the platform structure. The study provides field evidence for theoretical 

projections of wave processes on coral reefs and the formation of leeward sand aprons. 

 

Keywords: Reef hydrodynamics, Wave refraction, Sediment transport, Sand aprons 

 

5.1 Introduction 

Wave action is widely known to modulate a range of ecological and morphological processes 

in coral reef systems (Roberts et al., 1992). The initial interaction of ocean waves with the 

reef structure induces various transformation processes including reflection, shoaling, wave 

breaking and generation of secondary waves (Lee and Black, 1978; Gerritsen, 1981; Young, 

1989; Lugo-Fernández et al., 2004). Furthermore, on platforms which exhibit a curved 

periphery, wave refraction and convergence can be an important process in controlling the 

transformation and distribution of wave energy across reef surfaces (Gourlay, 1988; 

Mandlier, 2012). To date, the majority of reef hydrodynamic studies have focussed on the 

investigation of oceanographic processes without considering implications for sediment 

transport and platform morphodynamics. 

Wave interactions induce important mechanisms controlling the generation of sediment 

which is subsequently transported across platform surfaces to infill lagoons (Kench et al., 

2005), accumulate reef top islands (Mandlier and Kench, in press) or form subtidal sand 

aprons (Macintyre et al., 1987; Mandlier and Kench, 2012). While the infill of lagoons and 

presence of leeward sand aprons is frequently acknowledged, few studies have undertaken 

detailed investigations of the mechanisms that control sediment transportation and 

accumulation on platform reefs. The main objective of this study is to provide field evidence 
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for theoretically projections of hydrodynamic process controls on platform sedimentation and 

formation of subtidal leeward sand deposits. 

 

5.2 Field site 

 

Figure 5.1 Location of study site indicating (a) Maldives archipelago; (b) Huvadhoo atoll; and 
(c) platform configuration of Kandumeygalaa reef including locations of wave gauges and 
sediment traps. The propagation of wave fronts is simulated using an analytical wave refraction 
model (Mandlier, 2012). 
 

Kandumeygalaa platform is a small (25.9 ha), oval shaped lagoonal patch reef located in the 

south-western sector of Huvadhoo atoll in the southern Maldives (Figure 5.1). The platform 

measures approximately 750 m and 450 m along its long and short axis, respectively and is 

exposed to open ocean swell which penetrates through the atoll’s peripheral reef network and 

impacts the platform from a south-westerly direction (Mandlier, 2012). Kandumeygalaa is 

orientated with its long axis parallel to incident wave fronts which enter the lagoon through 

the nearby channel. In addition to open ocean swell, the platform is furthermore exposed to 

short period wind wave energy which develops across the atoll lagoon according to 

prevailing wind conditions (Mandlier, 2008). During the westerly monsoon season (April to 

November) which exhibits winds from a south-west to north-westerly direction, the platform 

is exposed to wind wave energy which develops across the south-western quadrant of 
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Huvadhoo atoll and impacts from a westerly direction. Multiple other patch reefs located to 

the north and east of Kandumeygalaa shelter the platform from lagoonal wave energy from a 

north to north-easterly direction. 

 

 

Figure 5.2 Bathymetry of Kandumeygalaa platform depicting variations in reef flat topography. 
 

The morphology of the reef is characterised by an elevated rim of live coral framework which 

encloses a lower sandy lagoon (Figure 5.2, 5.3). The width and elevation of this coral 

network varies around the perimeter of the platform and is notably wider and higher (~0.5 m) 

on the exposed south-western side. The leeward framework comprising the north-eastern reef 

rim is characterised by the presence of three distinctive channels which represent conduits 

between the sandy reef flat and subtidal sand bodies which have developed in the deeper 

water leeward of the platform. The sand aprons have a width of approximately 10 m and are 

adjoining the leeward reef rim at a water depth of 3 m (Figure 5.3c). It appears that sediment 

transportation and nourishment of sand aprons occurs through the channels in the reef rim. 

Similarly to the live coral framework, elevations of the sandy reef top vary spatially across 

the platform surface. Regions along the central reef axis (Transect T1) are notably higher (~ 1 
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m) in elevation than areas near the lateral platform flanks. The north-western reef flat exhibits 

the lowest elevations and water depths up to -2.1 m below mean sea level (MSL). 

 

 

Figure 5.3 Topographic variations along transect lines (a) T1; and (b) T2. (c) Platform elevation 
across leeward reef rim and adjoining sand apron. 
 

5.3 Methods 

The propagation of incident swell across the platform surface was simulated using an 

analytical wave refraction model (Mandlier and Kench, 2012). The model calculates the 

refraction of incident wave orthogonals at the reef periphery and determines the constellation 

of caustic points across the platform surface (Figure 5.4). Primary wave fronts were 

reconstructed by considering the advance of a monochromatic wave field along refracted 

wave rays. The focussing of reef flat waves was modelled by considering changes in the 

length of crest segments between adjacent wave orthogonals and inferring associated 

increases in wave energy and height. A field data set described in Mandlier (2012) was used 

to validate theoretical projections. The data are based on high frequency (2 Hz) 

measurements of water surface elevations obtained at five locations (A - E) across the 

platform surface (Figure 5.1). Instruments sampled for 17.07 min (2048 contiguous data 
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points) every hour and recorded a total of 214 wave bursts. Wave data which were used for 

analysis in this study are based on 19 bursts recorded during the first five high tides (19th June 

- 22nd June, 2011) of the deployment when water level above the platform was at least 0.2 m 

above mean sea level (MSL). This selection of high tide bursts was chosen due to the 

extraordinary long period of incident swell which impacted the platform during this period. 

Wave spectra for water level time series were calculated using Welch’s averaged modified 

periodogram method (Welch, 1967) by applying a 256-point Hanning window with 50% 

overlap and a high frequency cut-off of 0.3 Hz (T = 3.33 s). In order to evaluate the 

transformation of wave energy across the platform surface, the difference in energy 

distributions was calculated by subtracting wave spectra obtained at location A from spectra 

at B (Figure 5.5). Likewise, differences in energy distributions between the central and 

leeward stations were calculated by subtracting spectra at B from the spectra obtained at C. 

All spectra were partitioned into four different frequency bands; B1 (0 - 0.03 Hz), B2 (0.03 - 

0.09 Hz), B3 (0.09 - 0.15 Hz) and B4 (0.15 - 0.3 Hz) to examine cross spectral energy 

transfer. In addition to spectral analysis, zero-downcrossing was used to determine significant 

wave height and period for water level time series (Table 5.1).  

 

Table 5.1 Mean values of significant wave height Hs and period Ts measured across the 
platform. 
 
 

Location Sensor elevation 
 to MSL (m) Hs (m) Ts (s) 

A -1.8 0.21 12.5 
B -1.8 0.22 11.1 
C -1.6 0.32 10.9 
D -1.9 0.23 12.9 
E -1.8 0.26 11.6 
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Bathymetric surveys across the platform were performed using a single beam echo sounder 

mounted off the side of a boat and connected to a GPS system. A series of transect lines were 

performed during two days of fine weather to determine the topography of the platform 

surface. Bathymetric data were subsequently converted into a topographic map using a 

Kriging interpolation method (Figure 5.2). 

In addition to hydrodynamic and bathymetric measurements, a total of twelve sediment traps 

were deployed at three locations across the platform surface (Figure 5.1). Each trap 

comprised a meshbag (100 μm) attached to a rectangular (25 cm x 5 cm) metal frame which 

was mounted on the seabed to ensure trapping of sediment which was transported along the 

seafloor. At each station (A - C) a total of four traps were installed with trap openings facing 

in opposite directions along the T1 (south-west to north-east) and T2 (north-west to south-

east) transect, respectively. The deployment provided for an estimation of the quantity and 

direction of sediment transport during nine days (19th June - 28th June, 2011) of deployment. 

Following retrieval, each meshbag was hung and weighted to determine the amount of 

trapped material. A sediment sample from each of the south-west facing traps was taken in 

order to analyse the characteristics of material which was transported north-eastwards along 

the predominant wave propagation pathway (T1 transect). Each sample was split into three 

subsamples for further analysis. The first set of subsamples was wetsieved through a nest of 

three screens (-1 ɸ, 2 ɸ, 4 ɸ) to determine the percentage (based on weight) of sediment size 

constituents. The second set of subsamples was sieved through a 1.4 mm (-0.5 ɸ) screen 

before quantifying sediment size distributions using a Malvern Mastersizer 2000. The last set 

of subsamples was settled through a cylindrical settling tube with diameter 0.25 m and a 

vertical fall distance of 1.79 m from release mechanism to balance pan in order to determine 

settling velocity distributions. Results of the sediment analysis are summarised in Table 5.2 

and Figure 5.6. 
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Table 5.2 Summary results of sediment analysis depicting quantity of trapped material. 
Sediment size composition (sieving), mean grain size (laser sizing) and settling velocity of 
samples taken from south-west facing traps. 
 

Location  Weight of wet material (kg)  Sediment composition (%) Mean 
grain size 
(μm) 

Mean 
settling 
velocity 
(cm/s) 

  Direction of trap opening 
Total 

 Gravel 
< -1 ɸ 

Coarse 
Sand 

-1 to 2ɸ 

Fine 
Sand 

2 to 4 ɸ 
Silt 

> 4 ɸ   NE SW SE NW  

A  0.12 0.3 0 0 0.42  0.7 29.9 64.8 4.6 359 2.4 
B  0.21 0.82 0.25 0.17 1.45  5.7 88.8 1.5 3.9 660 4.9 
C  3.84 6.68 2.77 0 13.29  15.5 67.2 13.0 4.3 765 6.1 

 

 

5.4 Results 

5.4.1 Refraction analysis 

Results of model simulations demonstrate that incident waves refract at the exposed platform 

periphery and converge towards the focal point located in the leeward region of the reef 

(Mandlier, 2012). As waves propagate across the platform surface, crest lengths become 

progressively shorter as a result of wave focussing (Figure 5.4b). As a consequence, wave 

amplitudes increase from windward to leeward platform regions. Results of model 

simulations demonstrate an average amplification of 15% and 51% between stations A and B, 

and locations A and C, respectively. These estimates represent height increases averaged over 

the length of a propagating front and imply unrestricted lateral transfer of energy along the 

crest. However, estimates of wave height variations inferred from changes in the spacing 

between adjacent wave orthogonals demonstrate that amplitudes along individual fronts are 

not uniform but generally larger at the outer sections than at the central portion of a crest 

(Figure 5.4c). Such variations are the result of intensified focussing near the caustic region 

formed by crossing wave orthogonals. In theory, the amplitude of a crest segment 

approaching a caustic point becomes infinite, an effect which obviously does not occur in 

reality. Instead, wave energy is either dissipated by localised wave breaking or transferred 

and redistributed laterally across a propagating front. 
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Figure 5.4 Results of refraction 
analysis across study platform. (a) 
Constellation of refracted wave 
orthogonals, caustic points 
(dashed lines) and primary wave 
crests. (b) Changes in the length 
of wave fronts (bold sections) and 
associated increases in wave 
height and energy. (c) Oblique 
view onto wave fronts along the 
central platform axis (A to C) 
illustrating variations in wave 
height along individual crests as a 
result of wave focussing. 

 

5.4.2 Field measurements 

Model simulations demonstrate that wave heights along propagating fronts are not uniform, 

but generally lower towards the central sections of a crest. Such differences in wave 

amplitudes are corroborated by results of field measurements conducted across 

Kandumeygalaa platform. On average, instruments deployed at the lateral reef sites (D, E) 

recorded wave heights which were 14% larger than at the central station B (Table 5.1). A 

longer record presented in Mandlier (2012) demonstrates that this trend was consistent 

throughout multiple high tide cycles. Wave measurement furthermore demonstrate an 

average increase in wave height of 1.5% and 51% from station A to B and A to C, 

respectively as predicted by model simulations. These results indicate spatial differences in 

the focussing and transformation of wave energy across the platform surface. Evaluation of 
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wave spectra between stations A and B demonstrates that transformation processes across the 

windward platform are characterised by a reduction of the spectral peak (frequency band B2) 

and concurrent increases in energy at lower and higher wave frequencies (Figure 5.5a). 

 

 

Figure 5.5 Differences in 
spectral wave energy 
distributions between (a) 
stations A and B; and (b) 
locations B and C. Insets 
display mean energy increase 
or decrease within each 
frequency band. 

 

Notably, the total energy contained within the spectra remains almost unchanged, indicating 

that wave transformations between these stations are largely confined to a redistribution of 

energy from the dominant peak to higher wave frequencies. In contrast, differences in spectra 

obtained at locations B and C demonstrate that transformation processes in the backreef 

region are characterised by an amplification of energy within all frequency bands (Figure 

5.5b). Largest increases are evident in frequency bands B2 (0.03 – 0.09 Hz) and B3 (0.09 – 

0.15 Hz) which represent energy at the peak frequency (Fpeak = 0.07 Hz; Tpeak = 14.3 s) of 

incident waves and the first harmonic (F = 0.14 Hz; T = 7.14 s). Importantly, the total energy 

in spectra between the stations increases by approximately 140% as a result of wave 
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focussing in the leeward region of the reef. Results demonstrate that transformation processes 

across the platform are characterised by cross spectral transfer of energy between different 

frequency components and amplifications due to wave focussing. Generation of secondary 

waves is most apparent between the windward stations A and B, whereas leeward reef 

regions are dominated by the effects of wave focussing. 

5.4.3 Sediment analysis 

Results of sediment trapping experiments demonstrate spatial differences in the amount and 

type of material which is being entrained and transported across the platform surface (Table 

5.2). Most sediment was collected in traps deployed at the high energy leeward site C, while 

significantly less material was collected at lower energy windward (A) and central (B) 

stations. At all trapping locations most sediment was collected in traps facing in a south-

westerly direction indicating that transportation of surface material predominantly occurs 

along the prevailing wave propagation pathway. Analysis of sediment samples taken from 

south-westerly facing traps demonstrates a clear trend in the textual characteristics of material 

which is being transferred along the seabed. Results demonstrate an increase in the amount of 

coarser (gravel) size constituents from windward (A) to central (B) and leeward (C) locations. 

Accordingly, mean grain size and settling velocity of samples increases across the platform. 

Samples collected at central and leeward sites comprise generally coarser sediments and 

exhibit mean particle sizes of 660 μm and 765 μm, respectively. In contrast, sediment trapped 

at the most windward station A consists of finer material exhibiting a mean grain size of 359 

μm. Figure 5.6 demonstrates that a similar trend is apparent in the settling distributions of 

trapped material. At the most windward location, trapped sediments comprise slower settling 

material with peak concentration at 5.1 chi (2.9 cm/s). In contrast, sediment collected at the 

central site B exhibits a broader distribution and presence of faster settling material. Sediment 

trapped at the most leeward location (C) displays a confined distribution and peak 
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concentration at faster settling speeds (3.9 chi; 6.7 cm/s). Results demonstrate that high 

energy waves at leeward reef regions are able to mobilise larger amounts of coarser and faster 

settling material than lower energy waves at windward and central locations. 

 

 

Figure 5.6 Settling distributions of 
sediment collected in seabed traps along 
the central platform.  

 

5.5 Discussion 

5.5.1 Wave processes across the platform 

Results of spectral analysis demonstrate that wave transformations across Kandumeygalaa 

reef are characterised by two distinct processes which operate at different spatial scales. 

Transformation processes across the windward platform (between stations A and B) are 

characterised by a redistribution of energy from the spectral peak to lower and higher wave 

frequencies (Figure 5.5a). Such a broadening of the spectrum and generation of secondary 

waves across platform surfaces has been noted in previous reef hydrodynamic studies (Lee 

and Black, 1978; Gerritsen, 1981; Young, 1989; Galvin, 1990). Although frequently 

acknowledged, the phenomenon has predominantly been studied within sandy beach systems 

when waves shoal across a sloping beach or offshore bar (Masselink, 1998). Detailed field 

investigations of secondary wave generation across horizontal reef flat surfaces, however are 

rare. Secondary waves may be generated during propagation across the horizontal reef top or 
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shoaling processes at the windward reef edge. The elevated reef margin represents a barrier 

similar to a submerged bar which is known to stimulate non-linear energy transfer and 

generation of secondary waves. It is difficult to resolve the effect in further detail here since 

transformation processes across Kandumeygalaa reef are controlled by a combination of 

cross spectral energy transfer and wave focussing. Windward regions are predominated by a 

redistribution of energy from the dominant spectral peak to higher wave frequencies. The 

process is likely to prevail across the platform surface and is manifested in a reduction in the 

period of propagating waves (Table 5.1). Towards the backreef area, however the effect is 

inundated by energy amplifications resulting from wave focussing. Focussing and associated 

increases in wave height are the dominant process in the leeward regions (between stations B 

and C) and account for energy amplifications at spectral peak and harmonic frequencies 

(Figure 5.5b). The pattern reflects increases in the height of primary and secondary wave 

crests as they propagate across the focal zone in the backreef region of the reef. 

5.5.2 Sediment entrainment and transportation pathways 

Prevailing wave energy gradients and propagation pathways control the mobilisation and 

transport of sediment across the platform surface. Results of sediment trapping experiments 

demonstrate a clear correlation between material which is being entrained and transported 

along the seafloor and the prevailing wave energy gradient across the reef flat. Coarser and 

faster settling material is predominantly mobilised at high energy leeward regions while finer 

and slower settling sediments are transferred across the lower energy windward and central 

platform. Samples of trapped material provide an indication of the largest and fastest settling 

sediments which are being entrained and transferred along the seabed by propagating waves. 

It is plausible to assume that finer and slower settling material becomes suspended higher in 

the water column where it may be transported by across reef current flow. Sediment analysed 

in this study therefore represents material which is mobilised by wave induced currents at the 
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seabed and transported in the direction of propagating waves. Higher energy leeward regions 

exhibit higher transportation rates and sediment flux than lower energy windward and central 

sectors. Results of topographic surveys furthermore demonstrate that the elevation of the 

mobile sandy reef flat is highest towards the focal zone in the central leeward sector of the 

reef. Considering the increased mobility of sediment in this region, a higher platform 

elevation can only be maintained if, together with the focussing of wave energy there is 

convergence of transported sediment towards the central backreef. Results indicate that 

sediment transport vectors across the reef surface are primarily controlled by the energy and 

direction of propagating waves. Central platform regions along transect line T1 represents the 

major transportation pathway and conduit for reef flat sediments from windward to leeward 

regions. As a result, platform elevations along the central pathway are notably higher than 

lateral areas to the north-west and south-east (Figure 5.2, 5.3). These deeper reef regions 

correspond to the low energy sectors of the platform (Mandlier, 2012). Results demonstrate 

that sediment transportation across Kandumeygalaa reef is controlled by the propagation of 

reef flat waves which transfer material across the reef surface and off the leeward platform 

margin. Windward to leeward sediment flux has subsequently resulted in the development of 

a broad subtidal sand sheet on the central reef flat and the formation of two distinct sand 

aprons behind the platform structure (Figure 5.1, 5.7). 

5.5.3 Implications for platform morphology 

Results of topographic surveys demonstrate that platform morphology exhibits characteristic 

imprints of prevailing wave propagation and sediment transportation patterns. Increased 

sedimentation at leeward platform regions has resulted in the formation of three distinct 

channels in the coral framework constituting the leeward reef rim. Coarser and faster settling 

material which is being transported close to the seabed can be transferred through these 

channels and contribute to the development of adjoining sand aprons. In contrast, finer and 
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slower settling material is likely to become entrained higher in the water column and 

transported across the elevated platform margin. In the deeper water behind the reef, surface 

waves lose their potential to maintain entrainment and sediment is likely to settle into the 

atoll lagoon. The nourishment of leeward sand aprons may therefore be maintained by a 

combination of two effects, the transport of surface material through passages in the leeward 

reef rim and the transfer of finer suspended sediment over the elevated reef edge. Increased 

sedimentation in the leeward regions of Kandumeygalaa reef has subsequently hampered reef 

growth and accounts for the notably lower elevation of the coral framework constituting the 

north-eastern platform margin. 

 

 

Figure 5.7 (a-b) Photographs taken near Channel 1 illustrating leeward sand apron looking (a) 
south-east; and (b) north-west with channel 2 and 3 in distance. (c) Underwater photograph of 
sand apron sloping into atoll lagoon near Channel 3. (d) Widely spaced (30 – 40 cm), 
symmetrical sand ripples near instrument location C. The ripples are approximately 20 cm high 
and solely occur in the focal zone on the central leeward reef flat. 
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5.6 Conclusions 

Results of wave measurements demonstrate that refraction and focussing are important 

processes controlling the transformation of wave energy across the platform surface. Wave 

heights increased by 51% as waves propagated across a 300 m wide, near horizontal reef flat. 

Results are in contrast to the vast majority of previous reef hydrodynamic studies which have 

largely reported decreases in wave amplitudes due to frictional energy dissipation and wave 

breaking. Two main mechanisms controlling the transformation of wave energy across the 

platform have been identified. Firstly, the non-linear transfer of energy between different 

frequency components and secondly, the lateral transfer and compaction of energy along 

individual wave fronts, i.e. wave focussing. These processes operate at different spatial scales 

across the reef flat with focussing being largely confined to the leeward regions of the reef. 

Further investigations will be required to corroborate the study findings and substantiate 

wave focussing phenomena across coral reefs. 

Wave interactions have important implications for the transport and deposition of sediment 

around the platform structure. Results of sediment trapping experiments demonstrate that 

transportation rates are correlated to cross reef variations in energy resulting from wave 

focussing. Largest sediment flux occurs at higher energy leeward reef regions, while less 

material is being mobilised at lower energy windward and central locations. Wave 

propagation patterns furthermore control transportation pathways and spatial distributions of 

sediment across the platform. Surface material is transferred along the predominant windward 

to leeward propagation pathway and evacuated off the leeward platform margin. Sediment 

transfer over the reef edge has subsequently resulted in the formation of distinctive subtidal 

sand aprons in the deeper water behind the platform. Results provide field evidence for 

theoretical projections of hydrodynamic process controls on platform sedimentation and the 

formation of leeward sand aprons. 
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6. Summary and Conclusions 

 

This thesis comprises four research papers which document a theoretical and empirical 

evaluation of hydrodynamic process controls on coral reef platform sedimentation and island 

formation. An analytical wave refraction model was introduced (Chapter 2) which simulates 

directional wave propagation and convergence on platforms of different size and shape. 

Results of the wave analysis provide a robust physical basis for the conceptual ideas of island 

development presented by Gourlay (1988, 2011). Accordingly, refraction and convergence 

processes control the transport of sediment to depositional centres on platform surfaces which 

subsequently promote the construction of reef top islands. Sediment is more likely to be 

retained on platforms which feature marked wave convergence such as circular and elliptical 

shaped reefs. In contrast, linear platform configurations limit or impede wave convergence 

and are more likely to promote off-reef transfer of sand over leeward reef margins and the 

subsequent infill of adjacent deeper lagoonal areas. Therefore, for a given sediment supply 

and wave energy setting, elliptical and circular reefs are more likely to have the excess 

sediment required for island accumulation, whereas narrow linear structures are more likely 

to develop sand aprons in the lee of sheltered reef margins. 

The third chapter presented results of field measurements which corroborate theoretical 

projections of platform wave dynamics predicted by model simulations. The study provides 

the first field-based assessment of wave refraction processes on two platforms in the 

Maldives. Results of wave measurements demonstrate that elliptical shaped reefs promote 

marked refraction and centripetal wave motion and exhibit a high potential for sediment 

accumulation. Conversely, linear reef configurations limit or impede wave convergence and 

are less likely to form reef top islands. Results provide field evidence for model simulations 
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of platform wave dynamics and deliver a first order explanation for the existence and absence 

of a sandy cay on the study reefs. 

The fourth chapter examined effects of platform wave processes on sediment transportation 

and deposition. Results of field measurements from two elliptical shaped reefs in the 

Maldives are presented which substantiate projections of platform sedimentation inferred 

from model simulations. Accordingly, platform specific wave patterns define spatial 

gradients in wave energy which subsequently control cross-reef variations in the potential to 

entrain, transport and deposit sediment on the reef flat. As a result, platforms exhibit spatial 

differences in the distribution and textual characteristics of reef flat sediments which reflect 

the prevailing hydrodynamic process regime. Analysis of bathymetric data demonstrates that 

sediment accumulation predominantly occurs along the central reef long axes of elliptical 

platforms. As a consequence, central reef regions feature higher topographic elevations than 

lateral platform zones. The presence of relatively high wave energy at windward focal zones 

furthermore promotes deposition of coarser coral debris and boulders. In contrast, lower 

energy leeward convergence zones are characterised by accumulation of finer material and 

sandy cays. Results provide field evidence for theoretical projections of platform 

sedimentation and island formation presented in Chapter 2. 

Finally, the fifth chapter presented results of wave measurements and sediment analysis 

conducted on a linear shaped platform in the Maldives. The study provides the first detailed 

field investigation of wave focussing phenomena on a coral reef. Results demonstrate that 

wave height and energy increase across the platform surface as a result of wave focussing. 

The cross-reef energy gradient subsequently defines spatial variations in the potential to 

entrain and transport reef flat sediments. Results of sediment trapping experiments 

demonstrate that transportation rates and texture of mobilised material correlate to cross-reef 

variations in wave energy. High energy zones exhibit larger transportation rates of coarser 
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surface material than lower energy regions of the platform. Furthermore, sediment is 

transported along the predominant windward to leeward wave propagation pathway and 

evacuated from the platform surface. The continuous transfer of sediment over the leeward 

reef margin has resulted in the formation of distinctive subtidal sand aprons in the deeper 

water behind the reef. The study delivers field evidence for sedimentation processes on linear 

platform configurations inferred from model simulations. 

This thesis provides a detailed investigation into wave dynamics and sedimentation processes 

on coral reef platforms of different shape. Theoretical projections of hydrodynamic process 

controls on platform sedimentation and island formation (Chapter 2) are substantiated by 

field evidence obtained from three platforms in the Maldives (Chapter 3, 4, 5). Wave 

convergence processes have been identified as an integral part of island accumulation and 

development. Platforms which promote centripetal wave motion can retain sediment on the 

reef surface and may form reef top islands. In contrast, platforms which impede wave 

convergence have a high potential for the off-reef transfer of sediment over leeward reef 

margins and the formation of subtidal sand aprons behind the platform structure. Results of 

this study provide a solid basis for future investigations of hydrodynamic process controls on 

reef platform sedimentation and island morphodynamics. 
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