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Abstract 

Atolls, which develop as reef-building corals extend to near sea level, typically consist of a shallow reef flat encircling a central lagoon. Often the reef flat is mounted by sub-aerial islets, known as motu or reef islands, which consist of sand, gravel, and coral detritus. Here we use hydrodynamic numerical profile modeling (XBeach) to better understand the role of waves and wave-driven currents on reef flat and motu processes. By differing representative reef-flat profile morphologies (e.g. width and water depth), we investigate the effects of varying wave climate on hydrodynamics and resultant bed shear stresses across the flat. Model results suggest that as a reef flat shallows, bed shear increases, then, after passing a critical value, decreases again. We hypothesize that reef flats should attain a critical water depth just at the threshold for sediment mobilization, resulting in a constant depth flat in both abrasional and depositional settings, as is observed in natural examples. As reef-flats widen, prograding into the back-reef lagoon, shear decreases across the flat, with a minimum in shear arising approximately mid-flat. Motu formation would be expected to initiate at a mid-flat nucleation site, either from a storm, when coarse sediment is mobilized and deposited, or gradually as the reef flat widens. A mid-flat deposit need not be subaerial to form a motu, a deposit shallower than the critical depth would eventually become subaerial. Once a motu is present, reef-flat transport directions reverse and the reef-flat width is expected to decrease until reaching a relatively narrow critical width. 
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Highlights

· Presents conceptual model of motu formation on atolls using hydrodynamic modeling
· Critical reef-flat depth dependent on offshore wave climate and sediment

· Widening of reef-flat may lead to nucleation site of motu on reef flat

· Storms or steady reef flat widening could lead to nucleation site of motu on reef flat

· Reef-flat sediment transport significantly altered by presence of motu
1 Introduction


The sub-aerial islets found atop atoll carbonate reef platforms, known alternately as reef islands, motu, and cays, serve as the only home to terrestrial ecosystems and human infrastructure in remote ocean island nations. Despite the essential role these motu serve, the morphologic processes and environmental forcings responsible for their formation and maintenance remain poorly understood. With predicted global sea-level rise by the end of this century of up to a meter or more (Horton et al., 2014; Kopp et al., 2014), it is important to understand how motu and the reef flats that they reside atop may respond to accelerated sea-level rise, as dramatic changes may be in store for island nations (Barnett and Adger, 2003; Nunn, 1998). 


Here, we conduct a series of hydrodynamic infragravity wave (XBeach) modeling studies of prototype reef flat and motu profile geometries to better understand the morphodynamic controls on these shallow-water systems. By investigating the effects of varying offshore wave conditions and reef flat geometry (depth and width) for reef flats both with and without islets (motu), we develop a process-grounded conceptual model of reef flat shoaling, lagoonwards reef flat growth, incipient motu formation, and subsequent oceanwards growth. These results help inform both the past geologic evolution of reef flat environments as well as provide a framework to understand potential future evolution under sea-level rise. 

2 Background
2.1. Formation of Atolls and Motu
2.1.1. Atoll Geology

Atolls are oceanic reef systems consisting of a shallow carbonate reef platform encircling a lagoon often containing multiple islets around the reef edge (Carter et al., 1994). Atolls come in a variety of different shapes and sizes, and can have circular, elliptical, rectangular, and complex plan-form shapes. Some atolls are quite large with an inner lagoon longer than 50 km across, while others can be less than 5 km across (Figure 1a and 1b). Atolls typically are found in deep ocean basins, where, less than 1-2 km offshore, the water depth exceeds 1,000 m, while the reef flat can be shallower than 1 m and typically encircles an inner lagoon (Jones, 2012).
Starting from the ocean, atolls consist of four distinct geomorphic regions: fore reef, reef flat, subaerial landmass (motu, if present), and inner lagoon (Figure 2). The primary component of atolls are reef flats (carbonate reef platforms), which are slightly submerged rims (typical depths of 1-2 m below sea level) that can extend from 100’s of m to several km towards the atoll lagoon (Figure 2b). The reef flat typically contains “remarkably level surfaces and their low-tide elevation varies little for hundreds of meters” (Blanchon, 2011). The majority of active coral growth occurs on the oceanwards edge of the reef flat (fore reef) rather than on the reef flat itself. At low tide, for example, on Ebeye Motu, the water depth is less than 0.5 m (Figure 3c and 3d). The reef flat tends to be comprised of growing coral and hard, cemented coral and coralline algal detritus as well as, moving lagoonwards, unconsolidated sandy sediment; interestingly, the reef flat generally maintains a constant depth across these environments. Because reef flats are shallow, most ocean waves tend to break at the reef edge and do not propagate over the reef flat (Figure 3d). 

2.1.2. Effects of Sea-level Change

Darwin’s (1842) framework and conceptual model for atoll formation, based on the mechanism of subsidence of an extant volcanic island that grows a fringing reef over time evolving into a barrier reef and finally an atoll creating vast deposits of reefal limestone (calcium carbonate), has been supported by evidence from drill coring on several atolls (Buigues, 1985; Ladd et al., 1970). However, recent research demonstrates that ~100kyr Pleistocene sea level oscillations, and not subsidence, play a dominant role the modern distribution of fringing reefs, which are predecessors of atoll islands (Toomey et al., 2013). Plate tectonics, hot spot volcanism, karstification of subaerial limestone via carbonate dissolution, and oscillating sea levels, acting over millions of years, all affect atoll location and shape (Kench, 2014; Toomey et al., 2016).

Because of subsidence and karstification during glaciation, Holocene deglacial sea-level rise downed preexisting atoll surfaces from the Pleistocene (Toomey et al., 2016). Three primary styles of vertical reef flat accretion occur with rising sea levels: keep up, catch up, and give up (Montaggioni, 2005; Toomey et al., 2013), where vertical rates of reef flat aggradation range from 1-30 mm/yr (Kench, 2014). Once an actively accreting reef community has reached a vertical growth limit just below sea level, lateral reef accretion becomes the dominant mode of growth, with  rates of 15-300 mm/yr observed in Indo-Pacific Reefs (Montaggioni, 2005). 
Global se-levels stabilized around 6,000 years ago. In the Indo-Pacific region, evidence suggests that there was a mid-Holocene highstand  ~1 m above present at around 3-4 kybp (Dickinson, 2003; Nunn, 1998; Rashid et al., 2014), driven by equatorial ocean siphoning (Mitrovica and Milne, 2002; Peltier, 2001). Since then, sea level has primarily been falling for the Pacific atolls. On the other hand, in the Caribbean, sea level continued to rise steadily, yet slowly throughout the past 5,000 years at decreasing rates (REF).
2.1.3. Motu geology

Motu, cays, and reef islands are different names for geomorphic islets found atop reef flats. Mostly low-lying with a mean elevation of 1-2 m above sea level (Woodroffe, 2008), these islets are typically composed of coral reef sediment, dead micro-organisms living on the reef (such as forams), and rubble from the surrounding coral reefs and are capable of sustaining vegetation. Grain sizes, however, can vary from very fine-grained sand to large boulder-sized pieces of coral detritus as seen in a cross-section of a trench from a motu on Fakarava Atoll in French Polynesia (Figure 3a) and a motu on Kwajalein Atoll in the Marshall Islands (Figure 3b). Motu are comprised of carbonate sediment mostly produced from the surrounding reef from the skeletal remains of coral and organisms living on the reef. For example in the Maldives, 75% of the estimated annual sand-sized sediment budget on the reef flat was produced on the reef-flat rim (ocean-side) (Perry et al., 2015). The rate of motu formation on atolls varies greatly from decadal to millennial timescales (Ford and Kench, 2014; Kench et al., 2014; Woodroffe et al., 2007; Woodroffe and Morrison, 2001) with most motu forming 3,000 years ago (Brander et al., 2004; Toomey et al., 2013). 

Around a given atoll, the morphology of motu may change significantly from small (100s of m to several km) individual islets or larger continuous islets that are more suitable for human habitation (Figure 1c and 1d). On the same atoll, motu can stretch for tens of kilometers long on one side but less than a half kilometer elsewhere (Figure 1c and 1d). Motu are morphologically dynamic landforms that respond to external forcing like sea-level change or a change in wave climate. 

2.1.4. Reef flat hydrodynamics
The configuration of atoll reef flat strongly controls reef hydrodynamics. For an idealized atoll, the seafloor is extremely deep offshore (1-2 km depth), quickly shallowing up to a shallow reef flat (1-5 m depth) (Figure 2b). On top of the reef flat, there may be subaerial land, our motu (Figure 2a), and behind the reef flat is the inner lagoon with depths ranging from 5 - 80 m (Toomey et al., 2016). The majority of waves arriving from offshore break at the reef crest on the oceanside of the reef flat. Field measurements on barrier reefs and reef-flats sees waves attenuating across the reef flat where wave energy is dissipated (Kench and Brander, 2006; Monismith et al., 2013) due to continued breaking and bottom friction (Becker et al., 2014; Lugo-Fernández et al., 1998; Péquignet et al., 2011). Bottom friction factors across reef flats have been found to be at least an order of magnitude greater than for sandy bottoms, but with significant variability (Lugo-Fernández et al., 1998; Quataert et al., 2015). The water depth over the reef flat locally controls the wave energy and wave height (Kench and Brander, 2006; Péquignet et al., 2011) due to increased friction leading to dissipation of wave energy. Increased water depth decreases set-up on the reef flat and decreases wave energy dissipation (Lugo-Fernández et al., 1998).
2.2. Evolution of Atolls and Motu
2.2.1. Motu Evolution
 Kench (2014) argues that formation and evolution of motu on atolls is dependent on 5 factors: sea level change, substrate characteristics, accommodation space, sediment supply, and process regime (wave energy). Motu often have seaward (ocean-side) shingle ridges and leeward (lagoon-side) sand deposits containing two different sediment sizes: fine-grained sand and large-grained coral rubble respectively (Murphy, 2009). These two-grain sizes are hypothesized to be deposited and eroded by different processes. The coarse-grained rubble may be deposited on the reef rim during large storm events (e.g., tropical cyclones). High-energy events can also easily transport fine-grained sand inwards towards the lagoon (Carter et al., 1994). The fair-weather wave climate, on the other hand, should tend to deposit sand and fine-grained sediment on the motu (Stoddart et al., 1971). Beetham and Kench (2014) found rapid response (weeks) of motu shorelines to varying wave climate conditions in the Maldives using field measurements of wave data coupled with surveyed beach data. 
Tropical cyclones are hypothesized to be extremely important in both the formation and the evolution of motu, particularly as storms have been observed to dislodge reef framework and deposit piles of rubble debris on top of the reef flat (Bayliss-Smith, 1988; Harmelin-Vivien and Laboute, 1986; Kench et al., 2006; Stoddart et al., 1971). For example, on Takapoto Atoll, Tropical Cyclone Orama contributed up to 62% of sediment for island accretion over the last 30 years (Duvat and Pillet, 2017). While motu are hypothesized to form and be replenished by tropical cyclone activity, the response of these islets to an increase or decrease in storm activity or intensity is unknown.

Some authors argue that motu formation depends on falling sea level (from the mid-Holocene Indo=Pacific highstand) (Dickinson, 2009, 2003; Yasukochi et al., 2014), although modern observations demonstrate that motu formation has happened during rising sea level (Kench et al., 2005; Mandlier and Kench, 2012). On Nadikdik Atoll in the Marshall Islands, a motu formed and stabilized over the past 61 years (Ford and Kench, 2014). 
Historically, motu have grown in size even as sea level has risen. In French Polynesia, for example, over the last 100 years, there has been a 2.9 mm/yr rise in sea-level (Church et al., 2006), and the majority (745) of motu on Takapoto Atoll in French Polynesia either increased in area or remained stable from 1969-2013 (Duvat and Pillet, 2017). A survey of atolls over the last 60 years using historical photographs and satellites found that 86% of the atolls surveyed either increased their land mass or their area stayed the same (Webb and Kench, 2010) concluding that atolls are geomorphically resilient landforms. 
2.2.2. Modeling of Reef Environments 
In terms of reef hydrodynamics, most studies have focused on fringing reefs (backed by land) or reef  as has been done previously (Buckley et al., 2014; Péquignet et al., 2011; Pomeroy et al., 2012; Van Dongeren et al., 2013). Gelfenbaum et al. (2011) modeled varying geometries of incised channels and fringing coral reefs using Delft3D,  finding that landward-narrowing embayments increase wave inundation and that increasing reef-flat width increases wave dissipation. Using XBeach, a two-dimensional numerical model of wave propagation, sediment transport, and morphology (Roelvink et al., 2009), Van Dongeren et al. (2013) modeled wave dynamics over a fringing coral reef. Infra-gravity (IG) waves are highly important in transporting energy over the reef flat and are strongly modulated by depth variations because of frictional dissipation, with IG waves contributing more than half of the total bottom shear stress. Buckely et al. (2014) compare 3 different numerical wave models including XBeach to a laboratory created fringing reef and find that XBeach is capable of accurately predicting wave height and IG wave height and spectral transformation. Moreover, they see a strong sensitivity of XBeach to the breaking wave parameter when ignoring the effect of wave-energy dissipation from bottom roughness.
Other modeling approaches address potential morphologic changes to motu. Using the a modified version of the morphokinematic profile Shoreface Translation Model (STM), Cowell and Kench (2001) simulate the response of motu to changes in sea level. Their model results that, sea-level rise should drive shoreline recession, thus widening of the reef-flat (Kench and Cowell, 2001), with a strong sensitivity of motu to sediment availability. Barry et al. (2008), using a non-linear box model, the Sediment Allocation Model (SAM), simulate a pattern of motu growth characterized by rapid lateral expansion and diminishing vertical accretion assuming constant sediment supply and static accommodation space. Mandlier and Kench (2012) simulate wave refraction in planform over varying reef-platform shapes, arguing that focal points or zones of wave convergence can lead to sub-aerial landmass formation on small reef flats (area ~1 km2) in the Maldives. 

2.3. Outline

To better understand the hydrodynamic processes affecting reef flats and motu, we use XBeach to see how different wave conditions affect hydrodynamic conditions of reef flats both with and without islands present. Previous work has mostly focused on using XBeach to model IG wave transformation on a fringing reefs (REFS); here we specifically model hydrodynamic transformation of IG waves on submerged reef flats backed by a deep lagoon. The hydrodynamic results, and in particular computed bed shear stress magnitudes and directions, are interpreted to better understand reef flat evolution and potentially how motu form and evolve. To do this, we explore a range of external forcing and underlying geometry for prototype reef flat systems. 
In this paper, first, we explain the underlying model framework and reasons for choosing it. Then we detail results, showing how varying offshore wave climate, reef-flat water depth, and reef flat width affects local hydrodynamics. We then add a subaerial landmass, representing a motu, on the reef flat and rerun the simulations to examine how the presence of land affects local hydrodynamics. These results are then interpreted to develop a conceptual model reef flat development and motu formation and evolution. 
3 Methods

We developed a simplified profile geometry for the XBeach modeling based on characteristic shapes of atolls, reef flats, and motu (Figure 2c). XBeach was selected because it specifically models infragravity waves (Roelvink et al., 2009), which have been demonstrate in the field to be important in energy transfer and bottom shear stress across the reef flat (Pomeroy et al., 2012; Van Dongeren et al., 2013). Utilizing XBeach, we numerically model wave propagation and transformation over generic reef flats with and without sub-aerial landmasses (representing motu). For our simulations, we vary the geometry of the atoll focusing on the reef-flat width and water depth and the external forcings (offshore wave heights). Our objective is not to simulate any specific atoll, but rather to investigate how different geometries of an atoll reef, and in particular the reef flat, affect wave transformation and hydrodynamics, with a goal to better understand the impact of reef flat geometry on currents and sediment transport. Modeling simplified cross-shore profiles allows us to explore a wide range of potential reef flat and island morphologies, while avoiding onerous simulation times.



XBeach is run in 1-D profile mode with a flat and constant-depth reef flat on top of which there may be sub-aerial landmass of a constant elevation (Figure 2b & 2c). The model is run in “surfbeat” or instationary mode, where the short wave variations on the wave group scale (short wave envelope) and the long waves associated with them are resolved (Holthuijsen et al., 1989; Roelvink et al., 2009). Because most atolls, such as those in the Marshall Islands and French Polynesia, have a steep, almost vertical bathymetric profile (less than 2 km offshore of atoll the water depth can be over 1,000 m) the offshore geometry is steep (Blanchon, 2011). The offshore profile then reaches the constant-depth reef flat (hr). The 2 km domain offshore of the reef flat was also found to be important to avoid ocean-side boundary affects, particularly for the IG waves. The reef flat terminates in a backbarrier lagoon with a water depth of 40 m, extending past the reef flat for a distance of 200 m. The lagoon also allows us to avoid land-side boundary effects. We do not model tidally driven flows or locally generated waves, and for all runs the water level in the lagoon is held at a constant value. The latter assumes that the lagoon is well-drained, even during storm events. 

The offshore waves are generated using the XBeach built-in JONSWAP spectrum for a peak wave period (T) of 10 seconds and, to simulate both background and storm conditions, varying offshore wave height (H0) from 0.5 – 4 m. We vary the geometry of the system: the water depth over the reef flat (hr) from 0.1 to 5 m, the width of the reef flat (wr) from 0.1 to 1.5 km, and the motu height a (hm) from 0 (no motu present) to 2 m (fully subaerial motu). Horizontal resolution varies to optimize model run time from 100 to 2 m; in areas of interest such as near the reef edges, horizontal resolution is high at 2 meters. Each XBeach simulation is for 6 hours of model time and variables are output every 10 seconds. Output data at each spatial location is averaged over all time steps to compute temporal means and standard deviation. 


Although XBeach has the capability to model morphodynamic evolution of sandy environments, reef flats are heterogeneous, containing corals, concreted bed material, and variable sediment distribution. Therefore, we run XBeach with no morphodynamics or sediment transport to focus on the hydrodynamic transformation across the reef flat. However, the effects of waves and currents on potential sediment transport can be investigated as XBeach calculates the bottom shear stress (τb) based on the near bottom orbital velocity (generated by the waves) and the mean Eulerian velocity (generated by any induced currents). 


 

(1)

Where cf is the bed friction coefficient associated with mean currents and IG waves (Feddersen et al., 2000), 0.1 (Van Dongeren et al., 2013), ρ is the density of saltwater, 1.027 g/cm3, ueu is the mean Eulerian velocity, and urms is the near-bottom orbital velocity. To account for wave-induced mass flux and subsequent return flows, the mean Eulerian current is the short-wave averaged velocity (ueu), and sets the direction of bottom shear stress. The sign of bottom shear stress is positive directed landwards (lagoonwards) and negative directed offshore (oceanwards).


While we do not explicitly model sediment transport, we can infer how wave-driven processes may affect sediment transport based on the modeled bottom shear stress. Initiation of motion of sediment can be estimated using a critical bottom shear stress criterion (Fredsøe et al., 1992; Miller et al., 1977). Direction of modeled bottom shear stress (τb) indicates the potential net direction of transport of sediment (oceanwards for negative shear stress, τb < 0, or landwards for positive shear stress, τb > 0,). 
Critical shear stress, τcr, values vary greatly depending on the density and grain size of the bed sediment. In atolls, sediment ranges from very fine-grained sand (1/16 mm) of primarily carbonates to large pieces of coral rubble, from gravel to boulder-sized pieces (15 – 300 mm or larger) (Perry et al., 2011).  Coral clasts, limestone, and beach rock sediment are light and have variable density, ranging from 1.1 to 2.4 g/cm3, compared to a typical density of quartz sand of 2.65 g/cm3. Based upon these ranges, the critical shear stress calculated to initiate movement of sediment types found in reef flat environments ranges from 1.2 to 230 N/m2 utilizing Shield’s method (Fredsøe et al., 1992; Madsen, 1991). 


The XBeach model results were most sensitive the friction coefficients used in calculating bottom shear stress, and the presence of a backbarrier lagoon. Model runs of 6 hours were required for convergence of mean model results. We found that if the model was run for less time (e.g. 2 hours), there were variations of about 10-20% in computed mean bottom shear stress between runs for the same initial inputs. For longer model runs (10 or 24 hours), the variation in mean bottom shear stress was significantly less (< 2%); simulations run for 6 hours enabled us to run multiple simulations and scenarios relatively quickly. 


There are two friction coefficients that are used by XBeach in the calculation of wave height and bottom shear stress that affect modeled wave transformation over the reef flat. XBeach was originally designed for a sandy bottom where friction is much less than a hard coral reef-flat bed, typically at least an order of magnitude smaller (Brander et al., 2004; Gelfenbaum et al., 2011; Kunkel et al., 2006; Lugo-Fernández et al., 1998). We used 0.6 instead of 0 for the short-wave friction coefficient (fw) following the model calibration of Van Dongeren et al. (2013) for a fringing coral reef. In addition, we also used the same bed friction coefficient of 0.1 (cf) instead of 0.003. The default XBeach values for the friction coefficients in wave dissipation and bed shear stress correspond to a significant decrease in bottom shear stress over the entire reef flat (sample runs suggest at least a 25% reduction).  

4 Reef-flat Hydrodynamic Modeling

4.1. Results – Reef-flat Hydrodynamics


The shallow reef flat (hr) filters the wave field as short-period waves break on the ocean edge of the reef flat (Figure 4). As waves shoal, wave height, water level, and near bottom orbital velocity peak at ocean-side edge of the reef flat. If only short waves were present, shallow-water waves would be expected to completely break at the reef interface for shallow reefs. However, water level oscillations associated with infragravity waves allow incident waves to penetrate into the reef flat; infragravity waves account for 25% of the water set up (Supplemental Information, Figure S2). The infragravity waves then slowly decay as they propagate landwards over the reef flat (Figure 4a and 4d). Deeper reefs allow short-period waves to penetrate further onto the reef flat. There is consistently a large, narrow peak of offshore-directed bottom shear stress at the ocean-side edge of the reef flat. Vigorous wave breaking at the fore-reef sets up the water elevation, driving an onshore flow (Figure 4b and 5c). 

4.2. Results: Changing Reef-flat Depth


Increasing the water depth over the reef flat increases both the wave heights (Figure 4a) and the near-bottom orbital velocities across the reef flat (Figure 4d). Increasing the water depth, however, decreases the setup (Figure 4b), thus decreasing the current generated over the reef flat (the mean Eulerian velocity) (Figure 4c). While all values peak at the ocean-side edge of the reef flat, for a shallow reef flat, the mean Eulerian velocity has a secondary peak at the lagoon-side edge. The shallow reef flat develops a considerable current due to the breaking-wave-driven setup at the ocean-side of the reef flat. Cross-shore radiation stress gradients drive the water setup at the ocean-side reef-flat edge, which drives the mean Eulerian current (Supplemental Information, Figure S1). If the reef flat is sufficiently shallow, the flow accelerates towards the lagoon as decreases in the setup reduce ambient water elevations. Becker et al. (2014), measuring water level variations and waves over reef flats in the Marshall Islands and Mariana Islands, found that as ambient water levels over a reef flat increase, there is a corresponding decrease in the setup, as we see in the simulations (Figure 4b).  


Increasing the water depth over the reef flat decreases the magnitude and temporal variability of the bottom shear stress (Figure 5). Moreover, except for the initial large local minima in offshore-directed bottom shear stress at the ocean edge of the reef flat, bottom shear stress stays positive (onshore-directed sediment transport) across the entire reef flat. Just landwards of this large minimum at the reef-flat ocean edge, there is a corresponding local maximum in onshore shear stress. Bottom shear stress then decreases over the width of the reef flat; however, for shallow depths (less than 1-2 m) there is a secondary peak of bottom shear stress at the reef-flat edge at the lagoon, due to the current, ueu, generated across shallow reef flats (Figure 4c). IG waves account for 50% of bottom shear stress across the reef flat and are important in sediment transport (Supplemental Information Figure S3). 


Increasing the offshore wave height increases the bottom shear stress for all locations over the reef flat (Figure 6). For a given offshore wave height, the bottom shear stress increases with increasing water depth up to a maximum at 1-2 m depth and then decreases with increasing depth. For offshore wave heights less than 2 m, bottom shear stress is below the critical shear stress for moving sand (τcr, sand  = 1.5 N/m2). As offshore wave heights increase, the peak in bottom shear stress occurs at increasing depths.
4.3. Discussion: Reef-flat Depth

At the oceanward side, coral growth and accumulation sets the elevation of the reef flat. In general, corals and coralline algae accumulate the reef to the intertidal region such that they remain submerged. Vigorous wave breaking on the fore reef does not generally limit coral growth—instead waves tend to break apart actively growing corals, creating a mix of mobile sediment, from sand to rubble (Perry et al., 2011). Coral growth continues behind the fore reef, where numerous processes, including bioerosion, Halimeda and Foraminifera growth, and Parrotfish grazing tend to generate sand-sized particles (Perry et al., 2015). Moving towards the lagoon reef flats often steadily transition, typically with little to no elevation change, from a rocky, cemented bed into a sandy flat without significant bed changes (Figure 2).

The model results for differing reef flat depth provide a framework to explain the emergence of a near-constant elevation reef flat that extends for 100’s of meters and in some cases for kilometers. Where the bottom shear stress exceeds a critical shear stress (τb  > τcr), sediment is mobilized and can be transported landwards by the wave-driven currents. There are two ways that sediment mobilization can set reef flat elevation. In the distal, sediment-rich portions of the reef flat, if bottom shear stress is below the critical shear stress (τb  < τcr), sediment is deposited. In coral- and hard-bottom-dominated portions of the reef, if waves are able to move bed sediment on a regular basis, it will be difficult for the sediment to be cemented to the bed and moving sediment will abrade the reef framework and inhibit coral growth. Therefore, we hypothesize the bed will erode if fair-weather wave conditions can surpass the critical sediment shear stress for a given depth.


As stated earlier, the variety of sediment sizes upon a reef flat results in a large range of potential critical bottom shear stress, although production of sand-sized sediment is common. For a given critical shear stress, there may be two depths where the critical shear stress equals the bottom shear stress (τb  = τcr), corresponding to two equilibria points. This results in a model for reef flat elevation control similar to the model of Fagherazzi et al. (2006) for tidal flat elevations controlled by locally generated waves. 
If the reef flat is deeper than the unstable equilibrium but shallower than the stable equilibrium (where the bottom shear stress is greater than the critical shear stress), then the reef-flat will tend to erode and deepen, either through advection of bed sediment lagoonwards or erosion of the coral reef or reef hard-bottom, until the bottom shear stress equals the critical shear stress. If, on the other hand, the reef flat is deeper than the stable equilibrium depth, the sediment will tend to deposit, shallowing until the bottom shear stress equals the critical shear stress at the stable equilibrium. In the distal reef flat, sediment may remain noncohesive; near the ocean, where nutrients are more available, the sediment may be bound by coralline algae, solidifying the bed before the next storm event. 
The second, shallower, equilibrium point is unstable. If the reef flat is shallower than this unstable equilibrium depth, sediment can continue to deposit and thus continue to shallow the reef flat up to sea level, potentially becoming sub-aerial land. Of course, the sediment size and the critical shear stress are paramount in controlling the behavior of the reef flat.


Bottom shear stress varies along the reef flat (Figure 6). For a given grain size and density, there may be a distance landwards on the reef flat that the bottom shear stress no longer exceeds the critical shear stress where sediment would likely be deposited. This distance landward varies with water depth over the reef flat. For example, for a 5 m deep reef flat with a 2 m offshore wave height, sand would be predicted to be deposited around 0.8 km inland of the reef flat, but for shallower reef flats or larger offshore wave heights, sand would be transported across the flat, and deposited into the lagoon (Figure 6). For a sample critical shear stress, τcr, sand, approximating a 2.0 mm grain of high-density sand (ρs = 2.65 g/cm3), waves with H0 = 2 m can mobilize sandy sediment across an entire 1 m deep reef flat (Figure 6). However, for a sample τcr, boulder representing for a lightweight piece of coral rubble (ρs = 1.1 g/cm3 and d = 30 cm), the mean shear stress never exceeds this critical shear stress, meaning that coarse gravel and coral rubble will not be easily mobilized by 2 m offshore waves.
4.4. Results: Changing Reef-flat Width

Increasing the total reef-flat width decreases the overall bottom shear stress (by decreasing the mean current, ueu) and decreases the positive peak of bottom shear stress (onshore-directed sediment transport) (Figure 7). Wider reef flats also have smaller local maxima at lagoon edge of the reef flat. Similar to Gelfenbaum et al. (2011), we see that increasing the width of the reef flat decreases the wave height and water level over the reef flat with subsequent decrease of bottom shear stress.

Interpolating the bottom shear stress for different water depths over the reef flat and at different locations for varying reef-flat widths shows how reef flat geometry affects bottom shear stress (Figure 8). Larger offshore wave heights generate a significantly larger bottom shear stress over the entire range of reef-flat widths and depths (the phase space we explore in Figure 8). 
For all reef-flat widths, increasing depth decreases the bottom shear stress. For a narrow reef flat (wr = 250 m), there is increased bottom shear stress at all depths (the reef flat is much more energetic) compared to a wider reef flat. A 1 km wide reef flat would have lower bottom shear stress (less energetic). Interestingly, as the reef-flat width increases, a parabolic pattern of higher bottom shear stress emerges in depths between approximately 1-2 m, with the parabolic space delineating the area of high bottom shear stress, one concave up, the other deeper in the water level convex down. The saddle, or bow tie pattern, has higher bottom shear stress at either edge of the reef-flat (ocean-side and lagoon-side) that is connected by a narrow bridge in the mid part of the reef flat (most easily seen in Figure 8, wr = 1.0 km, H0 = 4 m). This saddle pattern emerges for reef flats with a width greater than half a kilometer, and the cross-shore location of the minimum in bottom shear stress varies with reef flat width, but it tends to be near the middle of the reef flat. 

The location of the bottom shear stress minimum also varies with depth and offshore wave height (Figure 9a). For a wide reef flat (wr = 1.0 km), the location of the minimum of bottom shear stress first moves oceanwards than steadily moves onshore until, at the deepest reef-flat depths, the minimum in bottom shear stress is at the back edge of the reef flat (Figure 9a). For increasing offshore wave height, the location of the minimum of bottom shear stress moves oceanwards. The minimum also moves oceanwards for deeper reef flats (i.e. 1-2 m vs. 0.5 m). The location for the minimum of bottom shear stress for varying total reef-flat widths and varying reef-flat depths over the reef flat follows a linear pattern (Figure 9b). At some distance landward of the reef-flat edge, the location of the minima of bottom shear stress follows a linear trend that varies between 0.5 – 0.4 of the total reef-flat width. 
4.5. Discussion: Reef-flat Width

For a given grain size, if a reef-flat is narrow, high bottom shear stress should tend to move sediment across the reef flat, bypassing the flat itself and depositing in the lagoon, extending the flat lagoonwards. As the reef flat widens, the bottom shear stress will decrease across the flat., and should eventually fall below the critical shear stress to mobilize sediment, most likely at the mid-flat where the bottom shear stress reaches a minimum. For given offshore wave conditions, there may be some landward distance over the reef flat that the mean grain size of sediment can be transported (where τb > τcr). This location of minimum bottom shear stress may serve as a locus of deposition. Beyond this landward distance over the reef flat, the mean bottom shear stress may be below the critical shear stress for initiation of motion of sediment resulting in no sediment transport under low offshore wave heights. For larger offshore waves (from a storm for example), deposits sediment could be transported further onshore (or across the entire reef flat) by larger bottom shear stress.
The minima in bottom shear stress for a given reef-flat width indicates locations of possible deposition (Figure 9). In other words, these minima might be the locations during a high-energy event (like a storm or extreme event) where the bottom shear stress falls below the critical shear stress for large sediment, resulting in deposition (Figure 15c). These potential depocenters tend to be on the order of half to a third of the total reef-flat width (Figure 9b). Once the large sediment is deposited (a pile of coral rubble), the local depth will decrease, possibly becoming shallower than the unstable equilibrium depth for the mean wave climate (Figure 6), allowing even sand-size sediment to accrete during fair weather, eventually causing a sub-aerial landmass to emerge, a proto-motu (Figure 15d and 15e). 

4.6. Discussion: Reef-flat Evolution

Our model results suggest that, similar to tidal basins, reef flats depths may self-organize; there is a tendency for reef flats to develop towards constant depth based on the available sediment and the wave climate. If a hypothetical reef flat is deeper than the stable equilibrium for the predominant sediment and wave climate, the reef flat would be expected to accrete, either through sediment deposition or through carbonate reef accumulation (coral growth, bed cementation) because bed shear stresses are too low to agitate bed sediment and abrade a rocky bottom. On the other hand, reef flats shallower than the stable equilibrium (but deeper than the unstable equilibrium) will tend to deepen as sediment is continually mobilized by the high bottom shear stress (Figure 6b), abrading the bed or transporting loose sediment into the lagoon. If a flat is too shallow, waves do not frequently mobilize sediment, and the bed can accrete to sea level.

Any changes in local sea level, offshore wave climate, and sediment type would change this equilibrium depth. If relative sea level increases, than the reef flat should accrete to maintain an equilibrium depth. However, an increase in mean wave climate or perhaps a shift in the frequency of storms should deepen the reef flat. Changes to the sediment supply from the reef edge, driven either by sea level and wave climate changes, or by other environmental stressors such as bleaching, acidification, or changes in Parrotfish grazing, could also affect the reef flat. For example, increasing fine sediment would deepen the reef flat (Figure 6). Conversely, if sediment production collapsed (as might happen from coral die-off), the subsequent decrease in sediment could halt the shallowing of a reef flat.

Narrower reef flats have higher mean bottom shear stress (Figure 7) leading to increased mobilization of sediment across the entire width of the reef flat (Figure 8). Narrow reef flats should prograde lagoonwards as sediment is continually driven across the entire reef flat and deposited at the lagoon edge. This widening of the reef flat could continue until the reef-flat is sufficiently wide that the mid-reef minimum bottom shear stress falls below the critical bottom shear stress (Figure 9). A reduction of sea level should decrease bottom shear stress across the reef (Figure 8) and could increase the likelihood of mid-reef deposition. However, our conceptual model suggests that reef widening may play a significant role in motu initiation. As such, our model for motu formation does not require local sea-level fall, in accordance with observations by Kench et al. (2014), and in some cases might not even need to be initiated by a storm event as the reef flat widens. 
5 Motu Evolution

The previous XBeach model simulations were applied to a submerged, constant-depth reef flat. Using these results, we hypothesized a mechanism whereby subaerial land may emerge upon a reef flat at a location onshore of the reef edge, preferentially towards the middle of the flat. Here, to explore the influence of motu on reef flat hydrodynamics, we add a rigid subaerial landmass (a motu) atop the reef flat. As before, we explore how reef hydrodynamics and shear stresses are affected by different wave heights and changes to the depth and width of the reef flat (in this case the reef flat width in front of the motu).
5.1. Results: Motu Effect on Hydrodynamics

The presence of a subaerial landmass has little to no effect on wave heights or the near-bottom orbital velocities over the reef flat (Figure 10a and 10d). However, the emergent land blocks flow and therefore has a strong effect on both water-level elevation and the subsequent currents generated over the reef flat (Figure 10b and 10c). The presence of a landmass creates an increased and sustained elevation of the water level compared to a case where there is no motu, similar to field data collected in front of Fatato Motu on Funafuti Atoll, Tuvalu (Beetham et al., 2016). Currents generated over the reef flat with a motu are minimal. 

The differences in mean Eulerian velocity translate to a significant reduction in the bottom shear stress across the entire flat (Figure 11a), including the strong initial peak of bottom shear stress near the edge of the reef flat. For almost all reef flat depths, the mean bottom shear stress is close to zero and rarely exceeds the critical shear stress for sand. Moreover, the bottom shear stress over the reef flat is no longer consistently positive (onshore-directed), fluctuating between on- and offshore. For many water depths, the mean bottom shear stress is directed offshore on the outer reef flat, with a zero-crossing (bottom shear stress transitioning from negative to positive moving landward) somewhere in the flat. The location of the zero crossing moves oceanwards with increasing reef flat depth.


For a reef flat with a motu, the bottom shear stress follows a generally linear trend, decreasing (becoming more negative) with decreasing depth (Figure 12). Moreover, moving further landwards on the reef flat decreases the magnitude of the bottom shear stress consistently. Also, bottom shear stresses transition from positive to negative (indicating a change in net stress direction) around 1.5-3 m depth (Figure 12).

Interpolating bottom shear stress across varying water depths and locations on the reef flats emphasizes the overall low magnitude of bottom shear stress across the reef flat regardless of offshore wave height or the reef flat geometry (Figure 13). This is especially evident when compared to the same simulations where there is no motu present (Figure 8). With increasing total reef-flat width, there is an increasing percentage of positive- (onshore) directed bottom shear stress (from 5% to 40% for wr = 0.25 and 1.0 km respectively) and a slight increase in the magnitude of bottom shear stress overall. Increasing the offshore wave height does also slightly increase the magnitude of bottom shear stress and expands the region of parameter space experiencing positive (landwards) shear stress. The location of the zero crossing of bottom shear stress varies as the total reef-flat widens (Figure 13).

The location where shear stress changes from negative to positive moves steadily landward (towards the motu) with increasing depth (Figure 14a). Also, at depths greater than 3 m, the bottom shear stress is negative across the entire reef flat. Plotting the location of the zero crossing of bottom shear stress for all possible widths reveals a strong dependence of this location on reef-flat depth (Figure 14b). 
A straightforward deduction would be that positive (onshore-directed) shear stresses would tend to move sediment onshore, thus growing a motu shoreline. Similarly, negative (offshore-directed) stresses at the motu shoreline would suggest offshore sediment transport across the entire reef flat, which should result in motu erosion or at least a cessation of motu growth. Therefore, at the location of the reversal of bed shear, sediment transport should be an important location suggestive of continued growth or contraction of the motu.


In Figure 14b, along the 1:1 line, zero shear stress coincides with the shoreline location. Above this line, bed transport on the flat offshore of the motu is positive and onshore-directed (green and purple shading); below the line, shear is negative across the entire flat, suggesting offshore-directed sediment transport (blue shading). This implies that if there were motu fronted by a reef flat that is narrower than this steady-state line (in the blue shaded area), sediment would be driven offshore, thus contracting the width of the motu and widening the reef flat. Conversely, for a reef flat wider than the steady-state line (purple shading), sediment would be driven onshore by the positive shear stress thus accreting or prograding the motu and narrowing the reef flat.


The depth of the reef flat should affect motu extension, particularly for shallow flats (Figure 14b). For example, the modeling suggests that 1 m deep reef flat should extend to a maximum width of 200 m regardless of the offshore wave height. However, 2 m deep reef flat’s critical width can be almost 600 m with a motu present. In this case, increasing the offshore wave height affects the location of the critical width. This is because deeper reef flats allow penetration of larger waves (Figure 14), whereas shallow reef flats more effectively filter waves of all sizes.

5.2. Discussion: Motu Evolution

The presence of a motu on a reef flat significantly changes the hydrodynamics and sediment transport. Motu significantly decrease the magnitude of bottom shear stress and can drive negative bottom shear stress (offshore-directed sediment transport) over the reef flat (Figure 11a and Figure 14). The change in potential direction of sediment transport indicates a feedback that could develop for the reef flat with a motu present. If, for example, the reef flat with a motu is wider than critical width, the bottom shear stress is positive and sediment is onshore-directed, any sediment present would be expected to accrete on the motu shoreline, prograding and expanding the motu (Figure 15b). This would narrow the reef flat until it reaches the critical width. This feedback suggests that motu, forming towards the middle of a wide reef flat, should prograde oceanwards up to a critical reef flat width If, however, the motu were very wide with a corresponding reef-flat that is narrower than the critical width, the negative bottom shear stress would be expected to transport sediment offshore, removing it from the motu. This would tend to widen the reef flat fronting the motu. In both cases, feedbacks drive the reef flat to self-organize to the same critical width. 

Ford and Kench (2014) observe motu evolution from an “embryonic deposit”, what we term a proto-motu (Figure 15d), to a vegetated motu over the course of 61 years on Nadikdik Atoll. They also report a progression of motu evolution from landward migration, to accretion, to elongation. All of these varying morphologic responses of motu could be easily placed in context of the equilibrium reef-flat width. Ford (2013) found that oceanside shorelines were primarily accretionary on Wotje Atoll over the last 67 years, during a period of rising sea level. This could also be explained by a simple response of the motu and reef flat to a critical width (Figure 14b). Similar to Woodroffe (2008) and McLean and Woodroffe (Carter et al., 1994), reef flats with a motu are wider where there are no storms (or other high wave energy events); a similar trend can be seen in Figure 14b where the critical width for an offshore wave height of 2 m is larger than that for an offshore wave height of 4 m. 

5.3. Discussion: Model Limitations

It is important to note that our model is run in cross-section with no flow or sediment transport accounted for around the motu. If the motu are significantly elongate, then the effects of flow around the motu would be minimal, as in the modeled profile. Elongated, thin motu are found on many atolls (Figure 1c).
Moreover, we do not investigate the tidal control on non IG waves (swell) propagation and transmission across the reef, as investigated by Beetham et al. (2016) on Funafuti Atoll in Tuvalu. In addition, Rogers et al. (2016) find that tides can significantly modulate wave energy on Palmyra Atoll in the Pacific when modeling with SWAN. However, since we focus on conceptualizing how long-term wave energy and climate can drive sediment transport given certain boundary conditions (reef flat geometry, sea level, and offshore wave climate), tides would merely modulate on a higher frequency. Overall, tides probably play the largest role if the high tide coincides with a large storm event that would enable increased penetration of swell and IG wave energy over the reef flat width and either into the lagoon or onto the motu shoreline.
6 Conceptual Model of Reef Flat and Motu Evolution

The modeling results allow us to present a cohesive, process-based model of reef flat and motu evolution (Figure 15). We make three assumptions about reef flats. First, primary carbonate production occurs at the ocean edge as a fringing reef approaches sea level, producing carbonate sediment ranging from fine sands to coarse gravel or boulders of coral detritus. Second, there is an inner shallower water body (lagoon) that is separated from the much deeper ocean by an existing reef-platform, i.e., the atoll is an “empty bucket” (Toomey et al., 2016). Third, waves are the primary driver of sediment transport, determining the long-term geomorphic evolution of the reef flat. 

Given an initial simple reef platform, the reef flat grows vertically to an equilibrium depth determined not just by coral growth limits but by hydrodynamics (Figure 6,15a), similar to models of tidal flat equilibrium evolution (Fagherazzi et al., 2006). Reef flat elevation can therefore be strongly influenced by local changes in sea level. Once the reef flat has reached a steady-state depth, lateral growth widens the reef flat lagoonwards (Figure 15b). If the reef flat is too narrow (less than a critical width), mean bottom shear stress will exceed the critical shear stress, moving the sediment off of the reef flat and into the lagoon, thus building out the reef flat laterally. 
During an extreme event (like a tropical cyclone), increased bottom shear stress can lead to mobilization of coarser-grained sediment that subsequently will be deposited some distance inland over the reef flat due to the mid-flat shear minimum (Figure 15c). After storm events, background wave conditions could lead to increased deposition of fine sediment over the coarse pile of sediment. Alternatively, once a reef flat has widened significantly that the mid-point minimum of bottom shear stress falls below critical shear stress, deposition of sediment could commence. 
Both cases could lead to the development of a “proto-motu,” an incipient subaerial landmass on the reef flat (Figure 15d). Continued deposition of sediment at the proto-motu, particularly if the mid-flat deposit is shallower than the unstable equilibrium depth, can lead to the formation of a sub-aerial landmass, a new motu (Figure 15e). Finally, once in place, the subaerial motu blocks onshore currents, and the motu shoreline can prograde laterally over the reef flat from continued onshore supply of sediment. This shoreline progradation ends once the reef flat reaches a critical width whereby wave-driven currents become net offshore-directed (Figure 14b and Figure 15f).
Previous research focused on wave crest convergence zones on specific reef-platform shapes (Mandlier and Kench, 2012), the presence of extreme events (Harmelin-Vivien and Laboute, 1986), or falling sea level (Dickinson, 2009; Yasukochi et al., 2014) to form motu. Our conceptual model merges previous field measurements, proposed models of wave convergence, and numerical modeling to explain reef flat evolution and motu formation. Our conceptual model is simple and does not need a specific geometric shape to drive motu formation (Mandlier and Kench, 2012) or a given sea level. Instead, we argue that the system self-organizes to the boundary wave climate conditions. 
7 Conclusions

Our prototype modeling of the hydrodynamics of reef flats and the interactions with motu emphasizes the self-organizing capability of atolls. Understanding the interplay between hydrodynamics and local geometry leads to insightful ideas of reef flat evolution and motu formation and underlines the importance of IG waves in sediment transport across a reef flat. Model results suggest that the potential for motu formation depends on offshore wave climate and sediment type available for transport and deposition. The higher-energy the offshore wave climate, the deeper the predicted reef-flat depth and wider the predicted reef-flat width. However, if motu are emplaced, reef flats fronting the motu would tend to be narrower for higher-wave energy systems, as increasing wave energy increases the onshore-directed bottom shear stress driving sediment towards the motu that should promote motu accretion. The larger the sediment (or denser it is), the shallower the stable equilibrium depth for the reef flat and the narrower the predicted width for the reef flat. Once there is a motu present on the reef flat, the motu width interacts dynamically with the reef-flat width to an equilibrium width. Thus, our conceptual model argues that the mean wave climate is the predominant driver of motu evolution and when coupled with predicted rates of sea-level rise, can help predict future responses of motu to climate change. Moreover our conceptual model of motu formation may predict increased formative events of motu with potential increases in storm intensities in the coming decades. This work showcases the importance of understanding the primary drivers of motu formation and evolution especially with changing climate patterns. 
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10 Figures
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Figure 1. Aerial imagery of a) Rangiroa Atoll and b) Hikueru Atoll in French Polynesia. Varying motu morphology from Rangiroa atoll on the c) north-western coast and the d) south coast.
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Figure 2. a) Idealized atoll, b) cross-section of idealized atoll, c) zoom in of the blue box– reef flat platform with motu. Both b) and c) adapted from McLean and Kench (2015), and d) diagram of model setup for XBeach simulations with varying offshore wave climate (H0) and differing geometries of the reef flat and motu: reef-flat width (wr), reef-flat depth (hr), and motu height (hm).

[image: image5.png]



Figure 3. a) Exposed trench on Rotoava Motu, Fakarava Atoll, in French Polynesia showing large variation in grain sizes of sediment composing the motu. b) Beach of motu on ocean side of Kwajalein Atoll, c) small acropora coral on a reef flat at low tide on ocean side, and d) ocean-side reef flat at low tide on Ebeye Motu, Kwajalein Atoll, in the Marshall Islands.
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Figure 4. Effect of varying water depth over reef flat of 1 km width on a) wave height, b) water level, c) mean Eulerian velocity, and d) the near-bottom orbital velocity for an offshore wave height of 2 m and a wave period of 10 s and the varying reef-flat depths (gray solid lines).
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Figure 5. Effect of varying water depth over the reef flat of 1 km width on bottom shear stress with plotted critical shear stress for very coarse sand (2 mm diameter and 2.65 g/cm3 density) and a coral clast (30 cm diameter and 1.1 g/cm3 density) for an offshore wave height of 2 m with a zero-line plotted (dashed black line) and the varying reef-flat depths (gray solid lines). 
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Figure 6. a) Example of bottom shear stress (τb) variation with depth showing subsequent stable and unstable equilibria for a given critical bottom shear stress (τcr). b) Bottom shear stress variation with depth at locations every 50 m across a 1 km wide reef flat for different offshore wave heights (H0 = 0.5, 1.0, 2.0, 3.0, and 4.0 m) where the solid line indicates potentially stable equilibria and the dashed lines indicate potentially unstable equilibria. c) Close-up of bottom shear stress variation with depth at locations every 50 m across a 1 km wide reef flat for the smaller offshore wave heights (H0 = 0.5, 1.0, and 2.0 m).
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Figure 7. Effect of varying reef-flat width on bottom shear stress, τb, with plotted critical shear stress for very coarse sand (2 mm diameter and 2.65 g/cm3 density) and a coral clast (30 cm diameter and 1.1 g/cm3 density) with an offshore wave height of 2 m and a reef-flat water depth of 1 m. 
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Figure 8. Phase space plot of bottom shear stress, τb, across the reef flat (x-axis) for varying water depth (y-axis) for different total reef-flat widths for an offshore wave height of 2 m (top row) and 4 m (bottom row). For all cases, shear stresses are directed onshore across the reef flat except for at the reef edge. 
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Figure 9. a) Cross-shore location on the reef flat of the minimum in bottom shear stress, τb, for different reef flat depths for five different offshore wave heights for a total reef-flat width of 1 km.  b) Location of the minimum bottom shear stress, τb, for different reef flat widths with total reef-flat width for two different offshore wave heights.
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Figure 10. Effect of varying water depth over reef flat of 1 km width with a motu and no motu on a) wave height, b) water level, c) mean Eulerian velocity, and d) the near-bottom orbital velocity for an offshore wave height of 2 m and a wave period of 10 s.
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Figure 11. a) Bottom shear stress for 1 m deep reef flat with width of 1 km with a motu and no motu. b) Effect of varying water depth with a motu over reef flat 1 km wide at 0.1 m increments on bottom shear stress with critical shear stress for mobilizing coarse sand (2 mm diameter and 2.65 g/cm3 density) and a coral clast (30 cm diameter and 1.1 g/cm3 density) for an offshore wave height of 2 m.
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Figure 12. Variation in bottom shear stress as a function of depth for a reef flat of 1 km wide with a motu plotted every 100 m for an offshore wave height of 2 m.
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Figure 13. Colored and contoured parameter space of bottom shear stress, τb, for varying water depth (y-axis) and x-location over the reef flat (x-axis) with a motu for varying total reef-flat widths for an offshore wave height of 2 m (top row) and 4 m (bottom row), where the change from negative to positive shear stress is indicated by the black contour line. The black arrows indicate direction of sediment transport onshore or offshore. 
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Figure 14. a) For a 1km wide reef flat with a motu, variation of the location of the zero crossing of bottom shear stress, τb, for different flat depths and for two different offshore wave heights. b) Variation of the location of the zero crossing of bottom shear stress, τb, with total reef-flat width for two different offshore wave heights at two different reef-flat depths. The black arrows indicate direction of hypothesized self-organization of motu to a steady-state reef-flat width.
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Figure 15. Conceptual diagram of possible motu formation and evolution on a reef flat. a) The reef flat accretes vertically until reaching an equilibrium depth, b) subsequent lateral growth as the reef flat depth is maintained. c) During an extreme event increased bottom shear stress leads to mobilization of coarser-grained sediment from the reef edge, which is subsequently deposited at the shear minimum approximately halfway across the reef flat. d) During subsequent fair-weather conditions, even if the coral rubble is below sea level it may be shallow enough that increased deposition of fine sediment over the pile of coarse sediment could lead to the shoaling of a “proto-motu,” an incipient landmass on the reef flat. e) Continued deposition of sediment leads to the formation of a sub-aerial landmass, a motu, onshore of the reef edge. f) The motu progrades laterally over the reef flat until the reef flat reaches a critical width.
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