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Abstract 

Spatially and temporally explicit numerical models were developed to 

investigate two distinct wave-driven systems. Firstly the generation of internal waves in 

a deep-water lake system and secondly, the combined effect of hydrodynamic and 

biogeochemical processes on the distribution of nutrients, benthic nutrient fluxes and 

alkalinities across a shallow-water fringing coral reef system. Accurately predicting the 

response of these variables and processes to external forcing and its resulting fine-scale 

spatial variability was imperative in both studies. In the well-stratified lake system, 

fetch-dependent wave spectra induced spatial variability in the surface roughness and, 

therefore, the surface drag coefficients. Spatially varying wave and wind fields were 

interpolated from the measurements from several locations across the lake and used to 

force a three-dimensional numerical hydrodynamic model (ELCOM). There was a 

statistically significant impact of this spatial variability on the local generation of high-

frequency internal waves, but not on the low-frequency principal modes, which were 

determined by the spatial-mean wind impulse. In the coastal fringing reef system, 

incident ocean swell surface waves were found to be the main driver of nearshore reef-

lagoon circulation as well as mass transfer of nutrients to benthic reef communities. To 

model the uptake of nutrients, we developed a new benthic biogeochemical module 

using relationships from the coral reef literature relating convective nutrient mass 

transfer velocities to total bottom drag and integrated it in a coupled three-dimensional 

numerical ocean circulation model (ROMS) and numerical spectral wave model 

(SWAN). The coupled model showed high spatial variation in nutrient concentration 

and successfully reproduced the nutrient concentration across a section of Ningaloo 

Reef at Sandy Bay. The coupled physical-biogeochemical model was further extended 

to investigate the system-scale response to reef calcification within a section of 

Ningaloo Reef at Coral Bay. We modeled the residence time ( Rτ ) and the deviation in 

total alkalinity from offshore values (TA∆ ) of this reef-lagoon using the same physical-

biogeochemical coupling approach. While Rτ  was calculated entirely from the 

hydrodynamic model alone using a conservative tracer, TA∆  was modeled as a reactive 

tracer whose ‘release’ was driven by light-dependent community calcification through a 

relationship derived from measurements made on an adjacent reef flat. Results showed 

that 1) the coupled model was capable of reproducing the observed spatial variability of 

TA∆  on a scale much larger than the ~100 m control volume where the calcification 

measurements were made; and 2) that both TA∆  and Rτ  varied strongly as a function of 
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the incident wave forcing and location within the reef-lagoon system. This new 

modeling approach provides a framework for accurately estimating nutrient uptake and 

calcification rates across entire reef systems based on observed gradients in nutrient and 

TA  within a coral reef system, thus providing a new powerful tool for coral reef 

research and monitoring.   
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Chapter 1 Introduction 

Hydrodynamic processes in marine and freshwater systems vary spatially and 

temporally according to the forces that drive them. For example, differences in shelf 

topography, gravitational attraction and Coriolis forces drive variation in tidal heights 

and phases globally (Masselink and Hughes 2003). spatial differences in radiative 

heating drive thermohaline circulation in the ocean (Gill 1982; Siedler et al. 2001). 

Spatial variations in wind stresses can drive spatial variability in Ekman pumping and 

upwelling (Brink 1989; Gill 1982; Nilsson 1995). Wind-induced surface waves (Smith 

1988) and internal waves can transport wave energy distances far away from their 

source of generation (Alford 2003; Holthuijsen 2007; Moum et al. 2007; Thorpe 1975). 

As surface gravity waves approach shallow water, they can also shoal and break driving 

circulation in the nearshore (Holthuijsen 2007). The resulting wave transformations and 

circulation may be further influenced by the presence of ‘biogenic’ roughness such as 

corals, seagrasses and macrophytes which increase the amount of bottom friction and, 

over time, cause significant changes to bathymetry itself (e.g., Fonseca and Cahalan 

1992; Fonseca and Koehl 2006; Lowe et al. 2005a; Madsen et al. 2001; Peterson et al. 

2004; Sand-Jensen and Mebus 1996; Worcester 1995). . 

The spatial and temporal distribution of important chemical compounds in 

aquatic systems; such as nutrients, oxygen, carbon dioxide, dissolved carbonate species 

and living particles; are as much dependent on the hydrodynamic processes governing 

their mixing and advection as the biogeochemical processes governing their uptake and 

release (e.g., Brewer et al. 1989; Chavez et al. 1991; Epifanio and Garvine 2001; 

Jickells 1998; Maier-Reimer and Hasselmann 1987; McGillicuddy et al. 1998; 

Reidenbach et al. 2009; Roemmich 1989; Steinberg et al. 2000). Adding to this 

variability is the fact that many important biogeochemical processes vary spatially and 

temporally due to their dependence on key environmental variables such as light, 

temperature, water chemistry and water motion which, in turn, also exhibit their own 

spatial and temporal variations (Atkinson and Falter 2003; Hatcher 1997; Kinsey 1985; 

Monismith 2007; Ries et al. 2009).  

This thesis specifically focuses on exploring the influence of waves on the 

hydrodynamics and biogeochemistry of aquatic systems. In lake systems, fetch-

dependent surface wave spectra can create inhomogeneous surface roughness, and 

together with spatially varying wind, generate a spatially and temporally variable wind 

stress field. These differences in wind stress field may initiate a different set of basin 
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scale internal wave fields than would be expected under a uniform wind stress field. In 

fringing coral reef systems, surface waves breaking near the reef crest provides the 

primary source of energy driving the circulation of many wave-exposed reef systems 

(Lowe et al. 2009). These wave-driven currents may also interact with wind- and tide-

driven currents, as well as any larger-scale offshore currents. The resultant spatial 

variability in wave heights and currents causes corresponding spatial variability in rates 

of nutrient uptake (Atkinson and Bilger 1992; Falter et al. 2004) as well as the spatial 

distribution of water chemistry based on the combined influence of uptake, release, 

mixing and advection.  

To investigate the spatial and temporal variability of these processes, this thesis 

is structured as follows.  

Chapter 2 provides the general background information for hydrodynamic and 

biogeochemical processes in lakes and coral reefs, numerical modeling techniques 

available in literature and an overview of the field sites that are the focus of this thesis.  

In Chapter 3, the effect of spatially varying wind stresses (particularly due to 

wave-dependent surface roughness) on the phases and amplitudes of wind-induced 

internal waves across the whole internal wave spectrum was investigated. This study is 

of general interest, as the assumption of a uniform surface roughness has been 

conventionally adopted in standard models of lake hydrodynamics. Although the effect 

of spatially varying wind fields has previously been investigated in other studies (Laval 

et al. 2003b; North 2006), this is the first time that the effect of spatially varying surface 

roughness on internal wave generation has been assessed using a hydrodynamic model 

based on field-measured wave spectra.  

In Chapter 4, a process-based model capable of resolving the spatial variability 

of nutrient uptake driven by hydrodynamic forcing in a reef-lagoon system was 

developed. Applying a universal nutrient-uptake relationship, the modeling system 

developed here thus should be transferrable to other coral reef systems and perhaps 

other shallow-water benthic systems as well.  

In Chapter 5, a coupled hydrodynamic-calcification model was developed to 

resolve spatial variations in water residence time and total alkalinity within a fringing 

reef-lagoon system. The predicted residence time from this coupled wave-circulation 

model could ultimately be used together with the measure gradient in total alkalinity to 

accurately estimate community calcification rates (Smith 1973). It thus provides a 
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powerful new tool to monitor the response of calcification in real reef systems to short-

term change in oceanic and atmospheric forcing as well as long-term changes in climate.   

Chapter 6 provides a summary of the main findings from Chapter 3-5 and how 

this thesis contributes to the general use of numerical hydrodynamic and 

biogeochemical models in studying aquatic systems.  
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Chapter 2 Background 

The first two sections (2.1 and 2.2) of this chapter provide a general overview of 

hydrodynamic processes in both lake and coral reef systems. Next, a summary of 

hydrodynamic models and their current focus of development are presented in section 

2.3. This is followed by two sections (2.4 and 2.5) reviewing the general 

biogeochemical processes in coral reef systems and the coupled hydrodynamic–

biogeochemical modeling approaches applied in other aquatic systems. Finally, section 

2.6 introduces two study sites used in this thesis: Lake Kinneret (Israel) and Ningaloo 

Reef (Western Australia).  

2.1 Lake Hydrodynamics 

Radiative heating of lake surface waters causes the water column to vertically 

stratify. Wind stresses, surface cooling  and shear instabilities introduce mixing that can 

act to de-stratify the water column (Imboden and Wüest 1995; Spigel et al. 1986). 

Competition between these opposing forces typically results in a vertical structure with 

a well-mixed surface layer, a fairly well-mixed bottom layer and a continuously 

stratified middle layer (thermocline). Wind stresses can also cause temporal 

displacements of the thermocline, which in turn generate internal waves. On the basin 

scale (~order of kilometers), the depth of the surface mixed layer, the density gradient 

across the thermocline and the lake bathymetry can determine the modes of low-

frequency internal waves generated within a lake (Antenucci et al. 2000; Shimizu et al. 

2007; Wake et al. 2007). When these internal waves reach the shore, they can cause 

further mixing on the scales of 10s of meters (Ivey et al. 2008; Monismith 1986). Wind-

induced shear instability on the thermocline can also generate high-frequency nonlinear 

internal waves that steepen as they propagate (Boegman et al. 2003; Botelho et al. 2009; 

de la Fuente et al. 2008). Given that the exchange of heat and momentum at the air-

water interface induces most of the lake hydrodynamic processes mentioned, it is 

essential to correctly budget these fluxes and apply the appropriate momentum 

boundary condition on the water surface to numerically simulate these flows (Imberger 

and Patterson 1990).  

2.2 Coral reef hydrodynamics 

In coral reef systems, circulation of water is driven by incident swell, wind and 

tides (Black and Moran 1991; Hench et al. 2008; Kraines et al. 2001; Kraines et al. 1999; 

Nadaoka et al. 2001), and the influence that each forcing has on reef circulation depends 
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on the particular morphology and hydrodynamic setting of the reef (Kench 1998; Kench 

and Brander 2006; Lowe et al. 2010a). In general, wide and shallow reef flats are less 

influenced directly by oscillatory wave motion than narrow and deep reef flats 

(Atkinson et al. 1981; Kench and Brander 2006). Under strong wind forcing, such as 

during cyclones, reef circulation can become mainly wind-driven (Frith and Mason 

1986) while for more isolated reef lagoons, tides can be the most important process 

driving lagoonal circulation and flushing (Ludington 1979). However, in most reef 

systems exposed to wave energy, forces by wave-breaking predominantly drive the 

circulation (Andrefouet et al. 2001; Lowe et al. 2009; Taebi et al. 2011; Tamura et al. 

2007; Wyatt et al. 2010),  whereas the effect of tides and wind is secondary (Coronado 

et al. 2007; Hench et al. 2008). These wave forces are produced by radiation stress 

gradients that produced the breaking waves (Longuet-Higgins and Stewart 1962), which 

are well known to drive the circulation in other nearshore environments such as beaches. 

Thus for a typical reef-lagoon system, incident waves break near the shallow reef crest, 

and drive offshore waters across the reef, into the lagoon and out channels linking the 

lagoons to offshore waters (Coronado et al. 2007; Lowe et al. 2010a).  

2.3 Hydrodynamic modeling 

Hydrodynamic models allow for simulation of physical processes in aquatic 

systems at multiple temporal and spatial scales. Some of these models are based on 

algorithms specific to the processes of interest, such as a conceptual model for one-

dimensional diurnal surface mixing (Spigel et al. 1986) or an eigenfunction model for 

multiple-layer stratified systems (Shimizu et al. 2007). However, most numerical 

models simulate water motions and tracer field by solving the more generic Reynolds-

averaged Navier-Stokes equations using various numerical schemes (Morinishi et al. 

1998; Sengupta and Dipankar 2004; Yeh and Yeh 1995) and using various coordinate 

systems (e.g., Kleptsova et al. 2009). Examples of some common numerical 

hydrodynamic models used for scientific study includes: HYCOM for simulating 

global-scale ocean circulation (Bleck 2002), ROMS (Shchepetkin and McWilliams 

2005) for simulating three-dimensional coastal and oceanic-scale circulation, DYRESM 

(Yeates and Imberger 2004) for modeling pseudo two-dimensional (2-D) seasonal 

vertical mixing processes, Delft3D (Lesser et al. 2004) for resolving nearshore 

hydrodynamic processes, ELCOM (Hodges et al. 2000) for modeling 3-D 

hydrodynamic processes in lakes and estuaries and SWAN (Booij et al. 1999) for 

simulating 2-D surface wave spectra.  
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While most of the models listed have repeatedly demonstrated their capability of 

solving hydrodynamic processes of surface waves, internal waves, circulation and tracer 

fields; more recent developments have focused on two important areas. The first area 

has been to more accurately model the forcing and boundary conditions on the 

hydrodynamic models. For example, the coupling between an atmospheric model and a 

hydrodynamic model improves the resolution of surface momentum and tracer fluxes 

(e.g., Shilo et al. 2007; Warner et al. 2008c) and the coupling between a regional model 

with a global model can result in better resolution of the current boundary conditions for 

the regional model (Chassignet et al. 2007; Egbert et al. 1994). The second area of 

development has been to couple internally related processes. For instance, surface wave 

models can be coupled with circulation models to resolve wave-driven flows (e.g., Haas 

and Warner 2009; Lowe et al. 2009; Warner et al. 2008a); benthic boundary layer 

models can be coupled with hydrodynamic models to correctly simulate bottom stresses 

and mixing coefficients (e.g., Madsen 1994; Soulsby 1995; Styles and Glenn 2002) to 

resolve suspension, settling and transport of sediment particles (Blaas et al. 2007; 

Warner et al. 2008a; Warner et al. 2008b). Hydrodynamic models can be coupled with 

biogeochemical models to take advantage of both the spatial-explicitness of 

hydrodynamic models and the trophic complexity within the biogeochemical models 

(see more details in section 2.5).  

2.4 Coral reef biogeochemistry 

Coral reefs are shallow-water marine ecosystems noted for their high 

biodiversity and high productivity. Reefs carry out the same suite of biogeochemical 

processes that occur in most marine systems (e.g., production, respiration, calcification, 

nutrient uptake and release, etc.; Atkinson and Falter 2003). Nutrients play a 

particularly critical role in the benthic metabolism and coral reef calcification. Nutrient 

availability limits the growth of reef algae (Carpenter and Williams 2007; Hatcher and 

Larkum 1983; Schaffelke and Klumpp 1998) which, in turn, provides an important food 

source for grazing fish and invertebrates (Carpenter 1986; Odum and Odum 1955). 

Rates of nutrient loading can affect the sensitivity of coral growth (calcification) to 

changes in saturation state of calcium carbonate (aragonite) in seawater (Langdon and 

Atkinson 2005). Any changes in nutrient loading can subsequently have an indirect but 

important impact on coral reef communities: high levels of nutrient loading coupled 

with reduction in herbivore biomass or other stressors (e.g., bleaching) can cause reef 
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communities to shift from coral- to algal-dominated (Naim 1993; Pastorok and Bilyard 

1985; Walker and Ormond 1982). 

Most recent research has focused on those factors that most influence rates of 

calcification given the widespread concern over how the growth of coral reefs will 

respond to increasing thermal stress and ocean acidification as a result of man-made 

changes to the earth’s climate (Hoegh-Guldberg 1999; Kleypas et al. 1999). 

Simultaneously evaluating the combined effects of light, temperature, water motion, 

carbonate chemistry and nutrient uptake remains the biggest challenge for in-situ studies 

of reef growth and calcification in real reef systems (Allemand et al. 2004; Atkinson 

and Cuet 2008; Cohen et al. 2004; Langdon and Atkinson 2005; Marubini et al. 2008). 

Also important will be discriminating the longer-term changes in in-situ calcification 

rates from diurnal changes (Schneider et al. 2009) and seasonal changes (Kinsey 1985).   

While it is possible to make direct measurement of calcification rates for 

individual coral through the changes in the weight of coral fragments or colonies (e.g., 

Bates et al. 2010; Davies 1989; Langdon et al. 2010; Marubini and Atkinson 1999; 

Reynaud et al. 2003) and the seasonal change in skeleton density and extension in 

massive corals (e.g., Cohen et al. 2004; Cooper et al. 2008; Huston 1985; Lough and 

Barnes 1992; Lough and Barnes 2000; Scoffin et al. 1992), it is difficult to scale such 

measurements up to the community (> 100s m) or system scale (> kms) which involves 

multiple classes and species of benthic primary producers and calcifiers.  

At the community scale, the rate of key biogeochemical processes such as 

calcification and nutrient uptake are typically derived from in-situ changes in ambient 

water chemistry, an approach more generally referred to as ‘flow respirometry’ 

(although it can be used for more than just respiration). In this approach, changes in 

water chemistry are tracked within a parcel of water (marked by either a drifter or dye 

patch) and the flux to benthos calculated as the change in concentration of some species 

with respect to time times the average depth of the path traversed. This approach was 

first used to measure rates of production and respiration in shallow reef communities 

(Odum and Odum 1955; Sargent and Austin 1949), but then later adapted to measure 

rates of community calcification as well (Kinsey 1977; Smith 1973; Smith and Kinsey 

1978). This same approach has also been used to estimate in-situ rates of nutrient uptake 

(Atkinson 1987; Cuet et al. 2011; Steven and Atkinson 2003). It is important to 

recognize that any spatial or temporal changes in important biogeochemical species 

(such as oxygen, CO2, carbonate species and nutrients) are not only dependent on their 
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corresponding rates of uptake or release, but also on their advection and mixing as 

dictated by the prevailing hydrodynamic environment. The rate kinetics governing the 

uptake of dissolved inorganic nutrients (e.g., ammonium, nitrate and phosphate) by reef 

corals and algae is particularly dependent on the type and degree of water motion, as 

well as the morphological roughness of the community itself (Atkinson and Bilger 1992; 

Badgley et al. 2006; Falter et al. 2004; Thomas and Atkinson 1997). Thus, it is not 

possible to measure in-situ rates of key biogeochemical processes at the community and 

system scale, let alone understand how they respond to changes in their environment, 

without simultaneously understanding the prevailing hydrodynamic conditions as well 

as underlying biogeochemical mechanics driving these reaction rates. 

2.5 Coupled physical-biogeochemical modeling 

In pelagic systems, spatially explicit models which couple biogeochemical 

reaction models to physical transport models have been developed and tested for the 

study of plankton communities (see the review by Jørgensen 2010). The complexity of 

the coupled biogeochemical models has been increased from simple four-component 

NPZD (Nutrient-Phytoplankton-Zooplankton-Detritus) models (Fiechter et al. 2009; 

Franks et al. 1986; Powell et al. 2006) to models resolving higher trophic dynamics (e.g., 

Bradbury and Young 1981; Polovina 1984). These coupled models can be used to 

validate and improve the parameters and structure of the biogeochemical module, 

especially when combined with a data assimilation approach (see review by Brasseur et 

al. 2009; Dickey 2003). Model nesting approaches have also been widely applied (e.g., 

Samuelsen et al. 2009; Zhao and Guo 2011) to these coupled models to create a more 

realistic physical and biogeochemical boundary conditions.  

In coral reef systems, however, most of the model development has focused on 

ecological box models designed to resolve the complexity of trophic interactions within 

a defined ecosystem, but nonetheless ignore spatial variation in environmental variables 

and important process rates (e.g., Polovina 1984; Porter et al. 1999; Tanner et al. 1996). 

To date, the only application of a coupled hydrodynamic-biogeochemical model to a 

coral reef ecosystem has still been for plankton rather than benthic communities (e.g., 

Pinazo et al. 2004). 

Due to the strong link between reef biogeochemical compounds and 

hydrodynamic processes (see section 2.4), three-dimensional hydrodynamic numerical 

models can provide a powerful and flexible tool to resolve the transport and dispersal of 
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biogeochemical compounds within complex systems, such as in coral reef-lagoon 

systems (Jouon et al. 2006; Tartinville et al. 1997; Torreton et al. 2007), where the 

circulation pattern is driven by waves, tides and wind. Coupling biogeochemical 

algorithms to these numerical hydrodynamic models provides a new approach for 

studying the growth and metabolism of coral reef communities and systems. Thus, they 

will provide an important tool for monitoring the response of coral reefs to, adverse 

changes in climate change such as rising water temperatures and ocean acidification 

(Hoegh-Guldberg 1999; Kleypas et al. 1999). Knowledge on the response of different 

benthic species to nutrient loading (e.g., Ferrier-Pages et al. 2000) and the impact that 

such loading has on higher trophic levels (e.g., reef fishes) could also be incorporated in 

the biogeochemical sub-model to examine spatial variation in the response of reef 

trophic dynamics to physical forcing (e.g., Bradbury and Young 1981; Polovina 1984). 

2.6 Study sites 

2.6.1 Lake Kinneret, Israel 

Lake Kinneret (32°50′N, 35°35′E) is an excellent experimental site for 

investigating the effect of spatially varying wind stresses on the dynamics of internal 

waves in a lake. It is a moderate-sized monomictic lake (mixed from top to bottom once 

a year) which consists of a simple elliptical-shaped basin with longitudinal and 

latitudinal lengths of 12 km and 24 km, respectively, and an average depth of 40 m. The 

lake is strongly stratified from Spring to late Autumn, and a strong regular westerly 

wind which occurs daily at around 13:00 hr (Bitan 1981; Serruya 1975) actively forces 

the internal waves within the lake. As influenced by Coriolis force, the principle long-

wave modes of mode 1 internal Kelvin waves and Poincaré waves with vertical modes 1, 

2 and 3 were identified during the stratified season (Antenucci et al. 2000; Shimizu and 

Imberger 2010). High-frequency internal waves due to shear instability have also been 

observed (Boegman et al. 2003). The major inflow of water from Jordan River does not 

influence the general hydrodynamic processes across the lake, though the inflow can 

provide the major source of nutrients for the biogeochemical processes in the lake 

(Gophen et al. 1990; Shaked et al. 2004; Smith et al. 1989).    

2.6.2 Ningaloo Reef, Western Australia 

Ningaloo Reef is the longest fringing coral reef system in Australia and an ideal 

site for the development of spatially explicit modeling approaches in coral reef systems. 

It extends for about 300 km along the west coast of Australia (Wyatt et al. 2010) and 
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encloses a shallow lagoon whose width ranges from 200 m to 7 km and whose depth 

averages 3 m (Cassata and Collins 2008; Simpson and Field 1995). It has a fairly typical 

morphology for a tropical fringing reef and demonstrates similarly conventional wave-

driven patterns of circulation (Taebi et al. 2011; Wyatt et al. 2010). The shelf circulation 

offshore is influenced by two opposing seasonal coastal alongshore currents: the 

southward Leeuwin Current in winter and the northward wind-driven Ningaloo Current 

in summer (Woo et al. 2006). It has a high coverage of coral reef communities, 

predominantly the genra of Acropora and Montipora (Cassata and Collins 2008; 

Simpson et al. 1993), making it an excellent location for studying calcification of coral-

dominated communities (Wyatt et al. 2010).  

2.7 Summary 

In lake systems, the rate of wind stress working is the major source of energy for 

surface and interfacial motions in stratified lakes, thus applying a realistic spatially 

varying surface momentum boundary condition is critical to the correct simulation of 

internal waves. In coral reef systems, coupled hydrodynamic-biogeochemical models 

can provide a powerful tool to model the spatial distribution of biogeochemical 

compounds as well as rates of nutrient uptake and calcification. For both aquatic 

systems, field experiments and numerical models are required to record and simulate the 

physical and/or biogeochemical processes. This thesis is an important contribution to 

both the improvement of surface momentum boundary conditions in lake systems and to 

the development of coupled hydrodynamic-biogeochemical models in coral reef 

systems. Each of these investigations will advance our understanding of these key 

aquatic systems.   
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Chapter 3 The effect of spatially varying wind and surface drag 

coefficient on the internal wave field in a stratified lake:  

Lake Kinneret, Israel 

3.1 Abstract  

The rate of wind stress working is the major source of energy for surface and 

interfacial motions in stratified lakes. We explore the effect of the spatial wind 

variability over the surface of a lake and detail the effects of a spatially variable surface 

drag coefficient resulting from the variable significant wave height and peak frequency 

of the surface waves. In a field experiment in Lake Kinneret, Israel, in 2008, the spatial 

variation of the wind and surface wave fields over the lake and the resulting internal 

wave response were measured. The main improvement in the prediction of internal 

waves was due to correctly describing the wind impulse and the temporal distribution of 

the spatial integrated wind force of each wind event on the lake’s surface; the spatial 

variability of both wind and drag coefficient are of the secondary importance and their 

effect was mainly confined to high-frequency internal waves with period between 5 h 

and 10 h. 

3.2 Introduction 

Wind stress exerted on the air-water interface can be parameterized by the 

simple drag relationship (Donelan 1982; Smith 1980):  

2
0 ),,( UUZSCDairρτ =         (3.1) 

where ρair is the density of the air, CD is called the wind drag coefficient, S is the air 

column stability, Z0 is the surface roughness length and U  is the wind speed in the 

atmospheric boundary layer. It is common to assume (Shilo et al. 2007) that both the 

meteorological condition and the surface roughness are uniform over the lake’s water 

surface, and the objective of this study is to investigate the implication of this 

assumption. Obviously, meteorological conditions vary across the water surface of a 

lake and the surface roughness as measured by the significant wave height and the peak 

frequency depends strongly on the wind fetch (Lin et al. 2002; Vickers and Mahrt 1997). 

This means that the wind stress, given by Eq. 3.1, also varies across the water surface of 

a lake. The implication of such variations is two-fold. First, the momentum input to the 
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surface layer will vary spatially and second, the input of turbulent kinetic energy (TKE) 

will vary spatially so both the local input of momentum and the rate of surface layer 

deepening will not just vary with time, but also with space (Imberger and Parker 1985).  

Together these two effects may be expected to initiate a different set of basin scale 

internal wave modes (eigenfunctions) with different modal amplitudes compared to 

what a uniform stress distribution would initiate (Imberger and Parker 1985; Laval et al. 

2003b).   

The effects of spatially varying wind fields influence the surface stress as the 

square of the wind speed, but the spatially varying drag coefficient enters Eq. 3.1 

linearly. Also noteworthy is that the introduction of TKE depends on the wind speed 

cubed as: 

32

3
3
* ~~ Uu τ           (3.2) 

but depends on the 2/3  power of the drag coefficient as: 

2

3
2

3
3
* ~~ DCu τ           (3.3) 

Therefore, in the literature (as will be mentioned below) the focus has nearly 

always been on the effect of a spatially varying wind field; the effect of spatially 

variable drag coefficients has rarely been investigated.  

The non-uniformity of wind fields over a lake is normally caused by land 

topographic irregularities and shear in the external weather systems (Radford 1995; 

Rueda et al. 2005), and the inclusion of such non-uniformity may be expected to 

provide a better prediction of the phase and amplitude of internal waves, an improved 

simulation of temperature profiles, an improved prediction of internal gyres and a 

different surface layer circulation pattern (Laval et al. 2003b; Podsetchine and 

Schernewski 1999; Rueda et al. 2009). In oceanic studies winds characterized by a wind 

stress curl, are one of the major mechanisms of internal wave generation, upwelling and 

advection (Brink 1989; Nilsson 1995; Thorpe 1975).  

Surface roughness was first parameterized, using dimensional analysis, by 

Charnock relationship (Munk et al. 1955):   

g

u
Z

2
*

0

α=                 (3.4) 
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where g  is the gravitational acceleration and α  is the Charnock coefficient, which was 

originally thought to be a constant. However, experiments showed large variation in the 

value of α  (Markin et al. 1995), indicating a strong dependence of α  on the 

characteristics of wave field. Manton (1971) thus modified Charnock relationship to 

include wave steepness, given by the ratio of significant wave height to the wave length 

at the peak frequency of the wave spectrum (Hsu 1974). More recent researchers have 

explored the dependence of surface roughness on wave age, defined by */uCp  or 

nP UC 10/ , where pC  is the phase speed at the peak frequency of the surface wave 

spectrum and nU10  is the wind speed at 10 m height under the neutral atmospheric 

condition (Donelan et al. 1993; Johnson et al. 1998). Based on an extensive study of 

data sets from the ocean, lakes, coasts and lab tanks, Taylor & Yelland (2001) proposed 

an empirical equation depending on wave slope and significant wave height. Many 

more parameterizations are available, and all show a strong dependence on significant 

wave height and/or peak frequency, which, for fetch-limited cases, can be parameterized 

by wind fetch length (Carter 1982; Resio 1981).  

Though the spatial variability of the drag coefficients can be well justified, the 

effect of this variation on either the local momentum or energy flux has not been 

addressed in the literature. Further, existing studies provide little quantitative evidence 

of the effect of a spatially variable wind field on the amplitudes and modal distribution 

of the basin scale internal waves resulting from the wind. Internal wave amplitude 

enhancement was identified by North (2006) by applying a spatially varying drag 

coefficient, but under restricted conditions of a spatially uniform wind coming from a 

particular direction. 

The chapter is structured as follows: First we describe a field experiment carried 

out in Lake Kinneret (section 3.3.1); second we introduce the calculation methods for 

the significant wave height, the peak wave frequency and the wind drag coefficient 

(sections 3.3.2-3.3.3); third, with the spatially varying wind and the calculated spatially 

varying drag coefficient, we investigate, in isolate, the implications of a variable 

momentum flux and variable energy transfer over the lake’s surface (sections 3.4.1-

3.4.2); fourth, we describe the procedure for applying different wind stress fields to a 

three-dimensional hydrodynamic model and the comparison between the internal waves 

simulated and those obtained from the measured temperature profiles (section 3.4.3); 

finally we discuss interpretations and detailed comparisons of the simulated internal 
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wave fields for a range of different wind stress inputs (section 3.5). This chapter focused 

on the effect of spatially varying wind and drag coefficient on basin-scale internal 

waves. The circulation pattern, though shown to be greatly influenced by the spatial 

variability of the wind field (Shilo et al. 2007; Stocker and Imberger 2003; Vernieres et 

al. 2006), was not investigated due to the lack of current data.  

3.3 Methods 

3.3.1 Field experiment and data preparation 

To investigate the effect of a spatially variable wind and wave field, an 

experiment was carried out in Lake Kinneret, Israel, by the Centre for Water Research 

from 7-20 April 2008. The basin of Lake Kinneret is approximately elliptical in shape, 

with longitudinal and latitudinal lengths of 12 km and 24 km, respectively (see Fig. 3.1). 

Two Lake Diagnostic System (LDS’s) (Ewing et al. 2004) were deployed: one was 

positioned at the middle of the lake, which is Sta. T4, and the other at Sta. T1 where the 

highest amplitudes of basin scale internal waves were expected from the results of pre-

experiment simulations. Three more stations, denoted as T6, T7 and T8, were equipped 

to measure the wind speed and wind direction at 2.5 m above the water surface, and the 

pressures induced by the surface waves roughly 1.5 m below the surface. The LDS’s 

were equipped with thermistors (accuracy of 0.01oC and resolution of 0.001oC) and 

pressure transducers at 1.5 m below the surface. The thermistor chains contained 38 

thermistors with a spacing of 1.5 m at the thermocline for T1 and 21 thermistors with a 

spacing of 1 m for T4. A short-wave radiation sensor, a net pyrradiometer, a relative 

humidity sensor, a photosynthetically active radiation (PAR) sensor and an air 

temperature sensor were all also mounted on the LDS at T4 to measure meteorological 

forcing. At T4, the humidity sensor and the radiation sensor were mounted 2.4 m and 

2.5 m above the surface, respectively, and the PAR sensor was deployed at 3 m below 

the water surface. The sampling period was 1 s for water pressure (being the shortest 

interval for the available loggers) and 10 s for all other variables.  

The temperature data, obtained from the LDS thermistors, were linearly 

interpolated to construct temperature contours as shown in Fig. 3.2C, D. Strong 

westerly wind events were recorded on the 11, 16, 17 and 19 April, with wind speed up 

to10 m s-1 at the peak (Fig. 3.2A, B). The first wind events occurred on 11 April and 

this was followed by three calm days during which time the strong attenuation of the 

internal waves was observed (Fig. 3.2C). Also during this time the surface of the water 
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column was heated resulting in an intensification of the surface stratification (Fig. 3.2D). 

The temperature contours at T1 show a strong internal wave response after each wind 

event; internal waves with much smaller amplitudes were observed at T4.  

In Lake Kinneret, during the stratified seasons, strong westerly wind normally 

started in the early afternoon (at around 13:00 h). The wind is at its strongest at the 

western shore and weakens as it travels across the lake due to the blocking effect of the 

eastern mountain range (Bitan 1981; Serruya 1975). Our measurements, at the five 

stations, confirmed these general characteristics (Fig. 3.3). 

 

Figure 3.1 Bathymetry of Lake Kinneret, Israel. The dashed lines indicate the altitude contour 

lines and the circles indicate the locations of the Sta. T1, T4, T6, T7, and T8. 
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3.3.2 Significant wave height and peak frequency of the surface waves 

The method used in this chapter to recover the time series of surface water level 

follows that of Wang et al. (1986). The time series of measured pressure was 

decomposed in the frequency domain, and the wave height of each frequency 

component was calculated by dividing the decomposed pressure by a transfer function 

)( kfKp , which was derived from linear deep-water wave theory and decreases 

 

Figure 3.2 Wind and temperature profiles measured during the experimental period. (A) shows 

the wind speed measured at T4; (B) shows the wind direction measured at T4, which started 

from the north rotating in a clockwise direction to the direction that the wind comes from; (C) 

shows a contour of the temperature profiles measured at T1; (D) shows a contour of the 

temperature profiles measured at T4. 
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monotonically with frequency kf  (Bishop and Donelan 1987). Wave spectra were then 

calculated from the recovered surface water level (inferred from the measured pressure) 

every 15 min, during which wave fields can be assumed to be stationary (Holthuijsen 

2007). Significant wave heights were estimated from the variance of the wave spectrum 

(Holthuijsen 2007) and peak frequencies were estimated using the 4th-order peak 

centroid spectral method (Young 1995); both methods have been shown to give 

accurate estimates (Donelan and Pierson 1983; Young 1995) .  

The sampling frequency of the measured pressure was 1 s-1, the maximum 

allowed by the data loggers. Therefore the highest wave frequency that could be 

unambiguously recovered from the measured pressure (i.e., Nyquist frequency) was 0.5 

s-1. If we assume that wind fetch was equal to the longitudinal distance from each 

station to the western shore (as wind direction was almost always westerly during the 

 

Figure 3.3 Wind speed and wind direction measured at all five stations. (A-E) shows the wind 

speed measured at Sta. T1, T4, T6, T7, and T8, respectively; (F-K) show the wind direction 

measured at Sta. T1, T4, T6, T7, and T8, respectively; the horizontal dashed lines indicate 

270º. 
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windy periods), a comparison with Carter (1982)’s empirical equations (see Appendix 

A) and the range of wind speeds measured during the experimental period show that the 

peak frequencies ranged from 0.3 to 3 s-1, depending on the wind speed and fetch length 

at the station (Fig. 3.4). As a result, wave spectra with peak frequencies between 0.3 and 

0.5 s-1 could be properly resolved, as shown by the good agreement between and the 

significant wave heights and peak frequencies calculated by the wave spectral methods 

and those estimated by the empirical equations suggested by Carter (1982) (Fig. 3.4). 

However, as expected, wave spectra with peak frequencies between 0.5 and 3 s-1 were 

aliased to the lower frequencies (Bendat and Piersol 1986) (Fig. 3.4 F, H, I, J, K), and 

thus a modification to the spectral methods was required to produce meaningful wave 

fields.  

We applied Carter (1982)’s empirical equations instead of the spectral methods 

whenever there was a large deviation in the peak frequencies (>25%) estimated from the 

two methods, as a mean to identify aliasing. Fortunately, this correction was only 

necessary for wind speeds less than roughly 4-5 m s-1. Under such low wind conditions, 

the momentum and energy input from wind to the water surface was very small, and 

thus the uncertainty caused by Carter (1982)’s estimation was negligible.  

In addition to the five stations where wave spectra were measured, the 

significant wave heights in the upwind shore area (where wind fetch is negligible) are 

roughly zero. Therefore, at each time step, we detected the grid cells adjacent to the land 

where wind blew towards the water and assigned zero value to the significant wave 

heights at these upwind cells. Note that, as wind direction varied, the locations as well 

as the number of these zero-wave cells also varied. Wave fields were then bilinearly 

interpolated from the wave data both at these upwind cells and at the five wave stations. 

The wind field was interpolated using the inverse distance weighing method (order 1), 

as this gave a slightly better estimation of interfacial displacements than bilinear 

interpolation method according to a test simulation. The typical spatial variations of 

wind and significant wave heights, during both a windy period and a calm period, are 

shown in Fig. 3.6, 3.7, respectively. During the windy period (Fig. 3.6), the wind 

direction was almost always consistent, the wind speed varied along the fetch (see also 

Fig. 3.3). 

The significant wave height increased with the fetch from 0 to 0.35 m. During 

the calm period (Fig. 3.7), the wind field was highly variable with no consistent spatial 
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trend and the significant wave height was generally low (less than 0.1 m) all over the 

lake’s surface. 

3.3.3 Parameterization of wind drag coefficient 

The parameterization of wind drag coefficient was based on three basic 

equations: aerodynamic bulk formulae Eq. 3.1, surface roughness parameterization 

(Taylor and Yelland 2001) and the self-similar wind profile for a particular atmospheric 

stability (Brutsaert 1975; Geernaert and Geernaert 1997; Imberger and Patterson 1990) 

(see Appendix B).  

  

 

Figure 3.4 The comparison of the significant wave heights (Hs) and peak frequencies (fp) 

calculated by the spectrum methods and those estimated from Carter’s (1982) empirical 

equations. The comparison was made for Sta. T1, T4, T6, T7, and T8, respectively (from top 

to bottom). Vertical black dashed lines indicate windy moments. (A-E) show the comparison 

of Hs, and (F-K) show the comparison of fp. 
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Figure 3.5 Significant wave heights (Hs) and peak frequencies (fp)at all five stations estimated 

by the spectrum methods and those with low wind correction by Carter’s (1982) estimation. 

(A) shows the significant wave heights (Hs); and (B) shows the peak frequencies (fp). 
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Figure 3.6 The typical wind and wave fields at a windy moment on 11 April 2008. (A) shows 

the spatial variation of the significant wave heights, and the arrows show the magnitude and 

direction of the wind at each grid point; (B) shows the time series of the spatial-averaged wind 

speed during the wind event; and (C) shows the time series of the spatial-averaged significant 

wave heights. Vertical solid line in (B) and (C) indicates the time of the day the wind and 

wave fields in (A) occur, which is 16:15 h. 
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Figure 3.7 The typical wind and wave fields at a calm moment on 11 April 2008. (A) shows 

the spatial variation of the significant wave heights, and the arrows show the magnitude and 

direction of the wind at each grid point; (B) shows the time series of spatial-averaged wind 

speed at the calm moment; and (C) shows the time series of the spatial-averaged significant 

wave heights. Vertical solid line in (B) and (C) indicates the time of the day the wind and 

wave fields in (A) occur, which is 20:15 h. 
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The scheme for drag parameterization was applied to each grid point of the 

water surface. The typical spatial variation of drag coefficients and wind stresses are 

shown in Fig. 3.8. The drag coefficient increased with the fetch from 3101 −×  at the 

western shore of the lake to 3108.2 −×  near the eastern shore; the spatial distribution of 

the wind stress was mostly determined by the variation of the drag coefficient and 

slightly influenced by the non-uniformity of the wind for this particular wind event. 

To illustrate the effects of spatially varying wind and spatially varying drag 

coefficients on the induced internal motions in the lake, three scenarios with different 

wind stress inputs were investigated: 1) spatial-uniform wind and constant drag 

coefficient 
3

10 103.1 −×=DNC ; 2) spatially varying wind and constant 3
10 103.1 −×=DNC ; 

and 3) spatially varying wind and spatially varying ),,( 0 UZSCDN . The three different 

conditions of wind stress input are denoted as S1, S2 and S3, respectively; atmospheric 

stability correction was also applied to all cases.  

Dimensional analysis showed that the maximum amplitude of the mode one 

internal seiche (maxη ) is equal to (Horn et al. 2001; Monismith 1986; Thompson and 

Imberger 1980):   

1

2
*

max '2 hg

uL
=η                                                                 (3.5) 

where L  is the maximum fetch length of the lake, 012 /)(' ρρρ gg −=  is the effective 

acceleration across the metalimnion, and 1h  is the depth of the surface layer above the 

metalimnion. For an isolated, temporally and spatially variable wind event the effective 

surface shear velocity, 2*u , is given by the momentum impulse: 
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where (∫ ∫
1

0

t

t A

dAdtτ ) is the wind impulse, A  is the total area of the lake and )( 01 tt −  is the 

duration of the wind event. If 1h , 'g , L  and A  are assumed to be constant for each 

wind event, maxη  is only proportional to the wind impulse. This allows the effect 

induced by the different amplitudes of wind impulse to be removed when comparing the 

response of internal waves in S1, S2 and S3 and so focusing only on the effect of the 

spatial variability of wind stress field. The applied wind stress was thus scaled as:  

a

ττ ='                                                                    (3.7) 

where  

 

Figure 3.8 The typical spatial variation of drag coefficients and wind stresses. (A) shows the 

temporal-averaged spatial variation of wind drag coefficients (CD) for the windy period of 

13:45 – 19:00 h 16 April 2008 at each grid point; (B) shows the temporal-averaged spatial 

variation of wind stresses during the same windy period. 
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where τ  and 'τ  are the actual and scaled wind stresses, respectively, and refI  is a 

reference wind impulse. Assuming that the equations that govern the internal waves are 

linear, the isotherm displacement at each location ),( txξ  should be proportional to maxη  

(Gomez-Giraldo et al. 2006) and also simply scaled with a , such that:  

a

tx
tx

),(
),('

ξξ =                                                                        (3.9) 

where ),( txξ  and ),(' txξ  are the raw and scaled isotherm displacements, respectively.  

Next, in order to investigate the relative effects of the variable momentum input 

and differential deepening caused by the variability in the TKE transfer, the forced 

eigenfunction model, developed by Shimizu et al. (2007), and a one-dimensional well-

mixed layer model, described by Spigel et al. (1986), were used to estimate these effects 

separately. The eigenfunction model was previously applied to Lake Kinneret for the 

same experimental period by Shimizu & Imberger (2010), but with damping and a time-

dependent uniform wind field, and they showed that the model gave good predictions of 

the basin-scale internal waves. The well-mixed layer was based on the one-dimensional 

vertical integrated turbulent kinetic energy (TKE) equation, horizontal momentum 

equation, heat and salt equations and inclusion of a billowing layer to mimic the mixing 

due to Kelvin-Helmholtz instabilities at the base of the surface layer.  

In reality, both the TKE and momentum transfers occur simultaneously and 

interact nonlinearly. To investigate this interaction, a three dimensional z-coordinate 

hydrostatic model, ELCOM (Hodges 2000), was set up. ELCOM solves the 3-D, 

hydrostatic, Boussinesq, Reynolds-averaged Navier Stokes equations on an Arakawa C-

grid stencil. Free surface and velocity fields are discretized semi-implicitly and solved 

by a numerical scheme TRIM adapted from the method by Casulli and Cheng (1992). 

For stability and computational efficiency, an Euler-Lagrange scheme is applied to 

calculate momentum advection whereas a conservative, flux-limiting, explicit 

differentiation scheme, ULTIMATE-QUICKEST (Leonard 1991), is applied to 

calculate scalar transport. Vertical mixing for each water column is resolved by an 

accurate and efficient conceptual well-mixed layer model (Spigel et al. 1986) including 
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mixing energy produced by wind stirring and cooling at the surface as well as shear 

mixing between density interfaces. Wind stress at the water surface is calculated by bulk 

aerodynamic equation to provide turbulent kinetic energy for mixing and surface 

momentum fluxes for velocity fields.  

The model was run for cases S1, S2 and S3. The isotherm displacements 

simulated with ELCOM were compared both in time and the spectrum domains with 

those measured at the two LDS stations; in the time domain, correlation coefficients and 

root mean square errors (RMSE) were calculated to quantitatively compare the 

simulated isotherm displacement with those measured. To reveal the spatial differences 

between simulations in frequency domain, we calculated the phases and amplitudes of 

internal wave responses at each water column of the lake and compared them using 

coherence spectra (Emery and Thomson 1998) and logarithmic ratio of variance spectra, 

defined as:  
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where )( kC fS  is the coherence spectrum, )( kR fS  is the logarithmic ratio of variance 

spectrum that indicates the difference in power spectra in logarithmic scale, )(12 kfS  is 

the band-averaged cross spectrum for all frequencies, )(11 kfS  and )(22 kfS are the band-

averaged power spectrum for all frequencies for time series 1 and 2, 12ϕ  is the phase 

difference and )(12 ka fγ  is the square of the amplitude difference. 

The eigenfunction model was applied with wind inputs of S1, S2 and S3 for the 

first wind event, as the duration of this event was less than 4/Ti , a critical requirement 

to ensure the correct scaling of Eq. 3.9, as will be shown later. The well-mixed layer 

model was applied for the last wind event to simulate the depths of the well-mixed layer 

in three water columns with different fetch lengths, and the local wind stress was 

calculated by the wind and drag coefficient given by S3. The model was applied to this 

particular wind event because the difference of wind among the three stations was 

relatively small and therefore the effect on only the drag coefficient could be identified. 
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ELCOM was applied with wind inputs of S1, S2 and S3 for the whole experimental 

period, with initial conditions representative of the start date. 

3.4 Results 

3.4.1 Eigenfunction model 

The two-layer structure of stratification used in the eigenfunction analysis is 

shown in Fig. 3.9A, the density of the first and the second layers were 998.41 kg m-3 

and 999.17 kg m-3, respectively, the depth of the upper and the lower layers were 13 m 

and 25.4 m, respectively. The fundamental period of the interfacial oscillation is defined 

as (Horn et al. 2001; Monismith 1986): 
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=                                                     (3.12) 

where 1h , 2h  and H  are the depths of the 1st layer, 2nd layer and the water column. As 

the longest wind fetch (L) is 11.8 km (Fig. 3.1), based on Eq. 3.12, the wind cut-off time 

for the stratified system is thus hTi 45.64/ = . Three simulations, with wind stress inputs 

of S1, S2 and S3, were carried out for the 1st wind event for 6 h (13:00 - 19:00 h) on 11 

April 2008, which is shorter than 4/iT . To remove the difference in wind impulses, the 

wind impulse of S2 were designated as the reference refI , and Eqns. 3.7 – 3.9 were 

applied to scale the wind stresses and the isotherm displacements as shown in Fig. 3.9B, 

C accordingly. The non-dimensional absolute modal amplitude of each frequency 

component is defined as (Shimizu et al. 2007):  
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where )(tE r  is the total energy of the internal waves of the rth frequency and 

Je r 6102×=  is the reference total kinetic energy of internal waves at rth frequency. 

As energy is scaled as the square of the interfacial displacement, the scaled modal 

amplitudes should be modified as: 
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Figure 3.9 The initial temperature profile and the simulation results of the eigenfunction 

model. (A) shows the measured and the assumed initial temperature profiles for the 

eigenfunction model; (B) shows the time series of the spatial-integrated wind forces of S1, S2, 

and S3, respectively for the simulation periods on 11 April 2008. (C) shows the interfacial 

displacements measured and modeled with wind inputs of S1, S2, and S3 at T1. The 

interfacial displacement measured was approximated by the average displacements of the 

isotherm 16ºC, 17ºC, and 18ºC. 
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After the scaling, the absolute modal amplitudes at the end of the wind event are 

shown in Fig. 3.10.  

The interfacial displacements inferred from the measured temperature contours 

agreed well with those simulated during the first 5 h of the simulation (Fig. 3.9C) until 

deepening caused it to decline suddenly during the last hour (18:00 h of the day). The 

correlation coefficients between the simulations and the field data for S1, S2 and S3 

during the first 5 h were 0.27, 0.39 and 0.50, respectively and the RMSE for the three 

 

Figure 3.10 The comparisons of the simulated modal amplitudes by the eigenfunction model. 

The vertical dashed lines in all three figures indicate the cut-off frequency when the 

simulations start to deviate significantly from each other. The horizontal dashed lines in (B) 

and (C) indicate the level at which no difference between the simulations exists. (A) shows the 

absolute value of the modal amplitudes in the frequency domain; K1 means horizontal mode 

one Kelvin waves; P3 means the horizontal mode three Poincaré waves. (B) shows the ratios 

of the absolute modal amplitudes between two simulations at each time step. (C) shows the 

phase difference of the modal amplitudes between the two simulations at each time step. For 

clarity the values plotted in all three figures were moving-averaged in the frequency domain. 
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scenarios were 0.73, 0.69 and 0.69, respectively. Both indicated that applying spatial-

varying wind stresses improved the simulation results, though the values of correlation 

coefficients are generally low due to the fact that the high-frequency fluctuation of 

isotherm displacements observed in the field data was not resolved by the eigenfunction 

model.  

Clearly seen from Fig. 3.10 is that, when the duration of the wind was shorter 

than 4/iT , the resultant absolute modal amplitudes at low frequencies (with period 

greater than12 h) were insensitive to the spatial variation of either the wind or the 

surface drag coefficient, provided the forcing was normalized by the impulse. The slight 

difference of the modal amplitudes given by the first simulation (S1) was caused by the 

small difference in the direction of the wind impulse. The effects of the spatial and 

temporal variation had only a minor effect and then only at high frequencies (Fig. 3.10B, 

C).  

3.4.2 Well-mixed layer model 

 Here we investigate the effect of differential deepening and its effect on the 

internal wave modal responses due to spatial stress variability (Imberger 1985; Imberger 

and Parker 1985; Okely and Imberger 2007). Three simulations were run with the well-

mixed layer model for the period of 13:00 h – 17:30 h 19 April 2008 with the local 

input of wind stresses at T1, T4 and T7, respectively. The temporal-averaged drag 

coefficients at the stations were 3104.1 −× , 3100.2 −×  and 3102.2 −× , respectively and the 

temporal-averaged wind speeds were 7.19 m s-1, 7.37 m s-1, 7.19 m s-1, respectively. As 

T4 was in the node of the lake, it was the least affected by advection. The good match 

between the simulated and measured well-mixed layer depths and surface temperatures 

at T4 shows that the model represented measured deepening reasonably well (Fig. 

3.11A). Well-mixed layer reinitialized at around 15:30 due to wind relaxation. Apart 

from that moment, the wind stresses at T7 were much greater than those at T1 (Fig. 

3.11C), therefore well-mixed layer depth at T7 deepened much more than that at T1 

(Fig. 3.11B). Differential mixing deepens the surface mixed-layer more where the 

surface stress is greater, and this can be likened to a vertical mode two response. 

3.4.3 Three-dimensional hydrodynamic model 
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ELCOM was applied from 8:00 h 11 April 2008 to 20:00 h 19 April 2008 with a 

vertical grid size of 0.25 m and a time step of 360 s. The simulation was initialized with 

a horizontally homogenous temperature field, which was obtained by averaging 

isotherm displacement during the first two internal wave periods, and driven with the 

meteorological data of air temperature, relative humidity, and short-wave and long wave 

radiation collected at T4. Three simulations with the wind stresses inputs of S1, S2 and 

 

Figure 3.11 The simulation results of the well-mixed layer model on 19 April 2008.(A) shows 

the measured temperature profiles and the simulated temperature profiles at Sta.T4 .; The 

three black (gray) lines, from the left to the right, mean the measured (simulated) temperature 

profile at the start (initial temperature profile), 2 h after and 4 h after the simulation, with 

temperature offset of 1ºC in between; (B) shows the simulated well-mixed layer depths at T1 

and T7; (C) shows the wind stresses given by S3 at Sta. T1 and T7. 
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S3 were carried out. The simulated and measured temperature profiles were interpolated 

linearly to calculate the height of 16ºC, 17ºC and 18ºC isotherms, which were the 

isotherms at the bottom, middle and top of the thermocline, respectively, during the 

simulation period. The average of the three modified isotherms, after trend removal, is 

an approximation for vertical mode one (designated by V1) internal wave responses, 

and the difference between the normalized isotherm 18ºC and 16ºC reflects the behavior 

 

Figure 3.12 The comparison of the measured and the simulated isotherm displacements by 

ELCOM. (A, B) show the averaged displacements of isotherms 16ºC, 17ºC, and 18ºC, inferred 

from the LDS's, S1, S2, and S3 at T1 and T4, respectively; (C, D) show the difference 

between isotherms 16ºC and 18ºC at T1 and T4, respectively. 
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of vertical mode two (designated by V2) internal wave responses. Both were modified 

according to Eqns. 3.7 – 3.9 with the wind impulses of S2 as the reference, and, for 

simplicity, the wind stresses and the simulated isotherm displacements mentioned 

hereafter refer to the values after this scaling. The simulated and the measured V1 and 

V2 responses of internal waves are shown in Fig. 3.12, and the correlation coefficients 

and RMSE are listed in Tables 3.1 and 3.2. From Fig. 3.13, Table1 3.2, it is clear that at 

Table 3.1 Correlation coefficients of the isotherm displacements inferred from the simulations 

and the measurement. All period covers the whole simulation period from 11 April to 19 April 

2008, and the windy period starts from the midday on 15 April to 19 April 2008. The isotherm 

displacements of S1 and S3 were modified according to Eq. 9 to keep the enforced wind 

impulse for each wind event the same value as that of S2. 

Station 
No. 

Vertical 
mode 

S1 S2 S3 

All 
period 

Windy 
period 

All 
period 

Windy 
period 

All 
period 

Windy 
period 

T1 
1 0.76 0.72 0.80 0.79 0.80 0.79 

2 0.29 0.16 0.45 0.38 0.43 0.36 

T4 
1 0.52 0.54 0.52 0.46 0.53 0.47 

2 0.28 0.33 0.06 0.14 -0.09 -0.03 

 

Table 3.2. Root mean square error of the isotherm displacements inferred from the simulations 

and the measurement. All period covers the whole simulation period from 11 April to 19 April 

2008, and the windy period starts from the midday on 15 April to 19 April 2008. The isotherm 

displacements of S1 and S3 were modified according to Eq. 9 to keep the enforced wind 

impulse for each wind event the same value as that of S2. 

Station 
No. 

Vertical 
mode 

S1 S2 S3 

All 
period 

Windy 
period 

All 
period 

Windy 
period 

All 
period 

Windy 
period 

T1 
1 1.27 1.53 1.13 1.30 1.17 1.34 

2 1.67 1.98 1.52 1.83 1.69 1.97 

T4 
1 0.80 0.83 0.85 0.95 0.88 1.00 

2 1.00 0.98 1.13 1.12 1.17 1.16 
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T1, all simulations agree excellently with the measurement for V1 internal waves, 

improvement can be observed in the simulation results of S2 and S3 compared to those 

of S1 for both V1 and V2 responses, and very small differences can be seen between the 

simulation results of S2 and S3; at T4, all the simulations show relatively poorer results 

for both V1 and V2 modes.  

The comparison of power spectrum density of V1 internal wave responses at T1 

are shown in Fig. 3.13. All spectra show a bandwidth with statistical significance 

starting around the period of 10 h and peak around 14 h, which can be identified with a 

third mode Poincaré waves from the eigenfunction analysis (Shimizu and Imberger 

2010). For wave period shorter than 5 h, simulated spectra started to diverge from the 

measured spectra due to numerical diffusion in ELCOM (Hodges et al. 2006); the 

energy at the peak (around 14 h) was roughly 10 times the energy at 5 h.  

 

Figure 3.13 Power spectra of the isotherm displacements measured and simulated at T1. The 

spectra were smoothed to improve the confidence, with confidence level of 95% indicated by 

the dashed lines. 
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3.4.4 Comparison of ELCOM simulations in the frequency domain 

Spectral energies, with periods greater than 10 h, i.e., low-frequency basin scale 

waves, and waves with periods between 5 h and 10 h, i.e., high-frequency waves, were 

band-averaged in frequency domain. As our simulations, in the spectral range shorter 

than 5 h were contaminated by numerical errors, this range is not discussed. The 

comparisons were conducted for both a windy period (15-19 April 2008) and a calm 

period (12-15 April 2008). The interfacial displacements during the wind period show 

the responses of internal waves during a wind event with duration longer than 24 h 

( 4/iTD > ), while those during the calm period show the damping process of internal 

waves after the 1st wind event ( 4/iTD < ). The comparisons between the results of S1 

and S2 for the windy and the calm periods are shown in Fig. 3.14, 3.15, respectively; 

and the comparisons between the results of S2 and S3 for the windy and the calm 

periods are shown in Fig. 3.16, 3.17, respectively.  

During the windy period ( 4/iTD > ), only a very small area of this difference 

can be observed in Fig. 3.16A, E (S2 vs. S3), but a large area, with significant 

differences in phases and amplitudes for V1 modes at low frequencies, can be observed 

in Fig. 3.14A, E (S1 vs. S2). The latter difference was caused by the different temporal-

distribution of the spatial-integrated wind forces (Fig. 3.18B). During the calm period 

( 4/iTD < ), the area with significant difference in amplitudes for both the comparisons 

(S1 vs. S2 and S2 vs. S3) decreased considerably or even disappeared (Fig. 3.15A, E 

and 3.17A, E), though apparent difference in the temporal-distribution of wind forces 

between S1 and S2 can be observed in Fig. 3.18A. The implication for the simulation of 

low-frequency internal waves is that when 4/iTD > , the process of the wind event (i.e., 

the temporal distribution of the wind impulse) is important, as wind can input both 

positive and negative energy on the internal waves depending on the phase of the 

internal waves when the wind is applied. However, when 4/iTD < , wind only does 

positive work to the internal waves, and therefore only the wind impulse matters. In 

both cases, the spatial-variability of both the wind and the drag coefficient has little 

effect. 
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During the windy period, there was little difference between S2 and S3 in the 

temporal distribution (Fig. 3.18B), however, a large area with statistical significant 

difference may be observed for V1 modes at high frequencies and V2 modes at both 

low and high frequencies in Fig. 3.16B-D and E-H (S2 vs. S3). These waves were  

generated solely due to the effect of wind spatial-variability. In contrast, during the calm 

period the differences in these waves vanished (Fig. 3.17B-D and E-H (S2 vs. S3)). This 

indicates that these waves were sustained by wind, and upon removal of the wind 

forcing, they dissipated quickly.  

 

 

 

Figure 3.14 The comparison between S1 and S2 in the frequency domain for the windy period. 

(A-D) show differences of phase angles (when square coherence was less than 95% 

confidence level, the angle was set to zero), and the white contour lines show the areas where 

differences of phase angles were greater than 15º; (E-H) show the contour of the logarithm 

ratios between the variances of S1 and S2, with 95% significance level (log(1/F(22,22,0.025)) 

indicated by the white lines; (A, B, E, F) and (C, D, G, H) show the comparison of vertical 

mode one and vertical mode two, respectively. 
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Figure 3.15 The comparison between S1 and S2 in the frequency domain for the calm period. 

The panels mean the same as in Fig. 3.13E-H use black lines, instead of the white lines, to 

indicate the 95% confidence level. 
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Figure 3.16 The comparison between S2 and S3 in the frequency domain for the windy period. 

The panels mean the same as in Fig. 3.13. 
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Figure 3.17 The comparison between S2 and S3 in the frequency domain for the calm period. 

The panels mean the same as in Fig. 3.13. 
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Figure 3.18 (A, B) show the temporal variation of the wind forces of S1, S2 and S3 for the 1st 

and the 2nd wind events, respectively. For both wind events, the actual wind forces were 

modified according to Eq. 3.7 so that the wind impulse for the wind event remains the same 

among all three cases. 



Chapter 3 Spatial wind and drag  43 

 

3.5 Discussions 

It has been shown previously by Laval et al. (2003b), North (2006) and Rueda et 

al. (2009), that applying a spatially varying wind stress input, may improve the 

numerical prediction of basin-scale internal waves. The present simulation results 

supported this conclusion and further refined it by showing that, for wind events shorter 

than one quarter of the basin-scale seiche, it is the wind impulse that determines both 

the phase and the amplitude of the low-frequency basin scale internal waves (Fig. 3.14). 

The wind impulse depends on the spatial distribution of both the wind and the wind 

drag coefficient, although the later was shown to have a much smaller influence than the 

spatial variation of the wind (Fig. 3.14-3.17).  

The results indicate that the choice of interpolation and extrapolation methods or 

the details of the spatial variation for wind and drag fields was not important for the 

simulation of basin-scale waves; the critical issue being to ensure that the interpolation 

produced the best amplitudes and temporal distribution of the spatial-integrated wind 

forces. Errors induced by interpolation methods, as discussed in Laval et al. (2003b), 

will only manifest themselves when focusing on high-frequency waves. However, to 

study lake circulation pattern, it is important to correctly resolve the physical properties 

of wind stress fields, such as wind stress curl. Two effective approaches have been 

developed to properly resolve the spatial pattern of wind fields: coupling with a state-of-

the-art meteorological model (Pan et al. 2002; Shilo et al. 2007) and building an adjoint 

hydrodynamic model to assimilate wind forcing inversely (Vernieres et al. 2006). To 

explore how the well-resolved wind field and wave-dependent drag coefficients 

influence the circulation pattern remains a topic for future investigation.  

These results also have important implication for data assimilation from 

thermistor chain records into numerical simulations. Numerical simulations may suffer 

not only from the inaccuracies in the forcing data (such as the spatial variation of the 

wind and the drag coefficient), but also from numerical diffusion of both mass and 

momentum (Fringer et al. 2005; Laval et al. 2003a; Yeates et al. 2008). To assimilate 

data from thermistor chain records, these two influences must be separated (Laval et al. 

2003a; Laval et al. 2003b). To resolve these differences, two thermistor chains must be 

placed at the locations where the isotherm displacements of the internal waves will be 

almost negligible (node) and where they are the maximum (Shimizu et al. 2007). A 

thermistor chain located at the node is useful for correcting the numerical diffusion of 

mass (Yeates et al. 2008) and the thermistor chain located at the point of the maximum 
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displacement sheds light on the numerical diffusion of momentum (Fringer et al. 2005; 

Hodges et al. 2006), especially during the ring down phase of internal waves excited by 

an isolated wind event. Coupled with the uncertainties due to numerical diffusion of 

mass and momentum, we see from the above, is the error induced by the location of the 

wind sensors. In the absence of the knowledge of the spatial distribution of the wind, the 

wind sensor must be located at the centroidal location of the wind field to yield the 

correct wind impulse to the lake.  

The results presented in this work provide a way forward when data from only 

one measurement station is available. The wind time series is divided into three parts, 

calm period, isolated strong wind events and wind decaying period following the strong 

wind events. The isotherm records during the calm period can be used to correct the 

numerical mass diffusion, the isotherm records during the strong isolated wind periods 

may be used to correct the wind for non-centroidal location and the periods following 

the strong winds will provide the internal wave ring down that may be used to correct 

for the momentum diffusion.  

 By investigating three different scenarios of wind stress inputs (uniform wind 

and constant neutral drag coefficient, variable wind and constant neutral drag coefficient 

and variable wind and variable neutral drag coefficient), it was shown that the wind 

impulse and the temporal variation of the spatial-integrated wind forces determines the 

amplitude and the phase of the basin scale internal waves at low frequencies. The 

effects of the spatial-variability of both wind and drag coefficient are mainly confined to 

the internal waves at high-frequencies.  

  



Chapter 3 Spatial wind and drag  45 

 

3.6 Notations 

Variable Description Unit 
a  scaling ratio - 

ra  absolute modal amplitude - 

r
sa  scaled modal amplitude - 

A  total area of the lake m2 

DC  wind drag coefficient - 

DNC  neutral wind drag coefficient - 

10DNC  neutral wind drag coefficient at 10m height - 

pC  
phase speed at the peak frequency of the surface wave spectrum m/s 

sC  
specific heat of water J kg-1 K-1 

wC  
heat transfer coefficients for latent heat  - 

HC  heat transfer coefficients for sensible heat - 

 D wind duration S 
re  reference kinetic energy of internal waves at rth frequency J 

E  latent heat J 
rE  kinetic energy of internal waves at rth frequency J 

 F wind fetch length m 

kf  surface wave frequency s-1 

pf  peak frequency of the surface wave spectrum s-1 
g

 gravitational acceleration m s-2 
'g
 

effective gravitational acceleration across the metalimnion m s-2 

1h
 

depth of the surface layer above the metalimnion m 

2h
 

depth of the bottom layer below the metalimnion m 

H  total water depth m 

lH  sensible heat J 

sH  significant wave height of surface waves m 

refI  
reference wind impulse N s 

vL
 

latent heat of vaporization J 

k  von Kármán constant - 
L  maximum fetch length of the lake m 

moL  Monin-Obukhov length scale m 

pL  wave length at the peak frequency of the surface wave spectrum m 

rP  Prandtl number for the sensible heat - 

sq  specific humidity under the saturation pressure at the water 
surface temperature 

- 

zq  specific humidity at the height of the humidity sensor - 

 S air column stability coefficient - 
 Sc coherence spectrum - 
 SR logarithmic ratio of variance spectrum - 

11S  
band-averaged power spectrum for all frequencies for time 
series 1 

- 

12S  
band-averaged cross spectrum for all frequencies - 
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22S  
band-averaged power spectrum for all frequencies for time 
series 2 

- 

0t  time at the start of a wind period s 

1t  
time at the end of a wind period s 

iT  fundamental period of the interfacial oscillation s 

*u  
surface shear velocity m s-1 

2
*u  

square of the effective surface shear velocity m2 s-2 

U  wind speed in the atmospheric boundary layer m s-1 

zU  wind speed at height z  above the water surface m s-1 

zU  wind speed at height z  above the water surface m s-1 

nU10  neutral wind speed at 10m height m s-1 

x  
location vector m 

z  height above the water surface m 

cz  height of the humidity sensor m 

wz  roughness lengths for the latent heat  m 

Hz  roughness lengths for the sensible heat m 

+0z  momentum roughness length m 

0Z  surface roughness length m 

α  Charnock coefficient - 

12aγ  square of amplitude difference - 

maxη  
maximum amplitude of the mode one internal seiche m 

θ  
air temperature k 

sθ  water surface temperature k 

vθ  virtual temperature k 

υ  kinematic viscosity m2 s-1
 

ξ  isotherm displacement m 
'ξ  scaled isotherm displacement m 

ρair  density of the air kg m-3
 

0ρ  reference water density kg m-3
 

1ρ  
water density above metalimnion in a two-layer system kg m-3

 

2ρ  
water density below metalimnion in a two-layer system kg m-3

 
τ  wind stress pa 

'τ  scaled wind stress pa 

12ϕ  phase difference rad 

mΨ  factor that modifies the logarithmic wind profile for non-neutral 
condition 

- 

wΨ  factors that modify the logarithmic heat profile for non-neutral 
condition 

- 

HΨ  factors that modify the logarithmic humidity profile for non-
neutral condition 

- 

 

 

 



  47 

 

Chapter 4 A numerical model of wave- and current-driven nutrient 

uptake by coral reef communities  

4.1 Abstract 

In this chapter, a numerical model capable of simulating the spatial zonation of 

nutrient uptake in coral reef systems driven by hydrodynamic forcing (both from waves 

and currents) was developed. Relationships between nutrient uptake and bed stress 

derived from flume and field studies were added to a four-component biogeochemical 

model embedded within a three-dimensional (3-D) hydrodynamic ocean model coupled 

to a numerical wave model. The performance of the resulting coupled physical-

biogeochemical model was first evaluated in an idealized one-dimensional (1-D) 

channel for both a pure current and a combined wave-current flow. Waves in the 

channel were represented by an oscillatory flow with constant amplitude and frequency. 

The simulated nutrient concentrations were in good agreement with the analytical 

solution for nutrient depletion along a uniform channel, as well as with existing 

observations of phosphate uptake across a real reef flat. We then applied this integrated 

model to investigate more complex two-dimensional (2-D) nutrient dynamics, firstly to 

an idealized coral reef-lagoon morphology, and secondly to a realistic section of 

Ningaloo Reef in Western Australia, where nutrients were advected into the domain via 

alongshore coastal currents. Both the idealized reef and Ningaloo Reef simulations 

showed similar patterns of maximum uptake rates on the shallow forereef and reef crest, 

and with nutrient concentration decreasing as water flowed over the reef flat. As a result 

of the cumulative outflow of nutrient-depleted water exiting the reef channels and then 

being advected down the coast by alongshore currents, both reef simulations exhibited 

substantial alongshore variation in nutrient concentrations. The coupled models 

successfully reproduced the observed spatial-variability in nitrate concentration across 

the Ningaloo Reef system.  

4.2 Introduction 

Coral reefs are highly productive ecosystems with high biodiversity typically 

found in the high-light, low-nutrient waters of the tropics (Odum and Odum 1955). As 

natural resources, coral reefs provide valuable economic services and products 

worldwide (Moberg and Folke 1999). Over the past century stresses, such as 

overfishing, increased terrestrial runoff from land-use changes, global warming, ocean 
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acidification and physical disturbance, have resulted in numerous deleterious impacts 

ranging from increased coral bleaching, increased instances of disease and decreased 

rates of coral growth (Hoegh-Guldberg et al. 2007; Hughes 1994; Nyström et al. 2000). 

Among coral reef ecosystem modeling studies, two types of models have 

received the most attention: box models and spatially explicit models. Box models focus 

on resolving the complexity of the trophic interactions within a defined ecosystem 

domain (e.g., Polovina 1984; Porter et al. 1999; Tanner et al. 1996). These models 

normally assume zero mass flux across the model boundaries (i.e., they internally 

conserve mass) and that the properties inside the domain are spatially-homogeneous 

(i.e., zero-dimensional in space). The structure and parameters used in these models are 

often based on historical data rather than on mechanistic processes describing the 

relationship between material fluxes, rate kinetics and environmental forcing variables 

(e.g., Meesters et al. 1998; Porter et al. 1999). Box models are very effective in 

describing complex ecological processes that involve a large number of state variables, 

especially when the intrinsic interactions between these variables are poorly understood. 

Conversely, spatially explicit models extend the dimensionality of a model to reflect the 

more realistic spatial variation in environmental conditions, such as water depth, benthic 

rugosity, temperature, light, waves, currents and water chemistry; all factors that are 

well-known for driving the spatial zonation in rates of reef growth and metabolism 

(Atkinson and Falter 2003; Hatcher 1997; Kinsey 1985; Monismith 2007). Spatially 

explicit models of pelagic reef communities (e.g., phytoplankton) typically couple 

physical transport models with biogeochemical reaction models of carbon, nitrogen and 

phosphorus (e.g., Pinazo et al. 2004), thus providing the link to ecological processes 

operating at multiple spatial scales (Hatcher 1997). Both types of models have been 

effectively applied to understand and manage reef ecosystems; the choice between the 

models depends on the complexity of the ecological structure and the required 

resolution of the time and spatial scales (Hatcher et al. 1987). 

As in many ecosystems, nutrients play a particularly critical role in the dynamics 

of coral reef communities. Nutrient availability limits the growth of reef algae 

(Carpenter and Williams 2007; Hatcher and Larkum 1983; Schaffelke and Klumpp 

1998) which, in turn, provides an important food source for grazing fish and 

invertebrates (Carpenter 1986; Odum and Odum 1955). Rates of nutrient loading can 

affect the sensitivity of coral growth to changes in aragonite saturation state (Langdon 

and Atkinson 2005). Any changes in nutrient loading can subsequently have an indirect 
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but important impact on coral reef communities: high levels of nutrient loading coupled 

with reduction in herbivore biomass or other stressors (e.g., bleaching) can cause reef 

communities to shift from coral- to algal-dominated (Naim 1993; Pastorok and Bilyard 

1985; Walker and Ormond 1982). To properly assess the complex impacts that human 

activities and environmental changes have on coral reef ecosystems, we therefore must 

first understand the factors that control the spatial and temporal variability in nutrient 

dynamics across entire coral reef systems. 

The uptake of dissolved inorganic nutrients (e.g., ammonium, nitrate and 

phosphate) by reef corals and algae is limited by the convective mass transfer of 

nutrients across concentration boundary layers adjacent to the surfaces of reef coral and 

algae (Atkinson and Bilger 1992; Badgley et al. 2006; Falter et al. 2004; Thomas and 

Atkinson 1997). This is due primarily to the high rates of carbon fixation being driven 

by high light levels and the low availability of nutrients in the water column (Atkinson 

and Falter 2003). The kinetics of nutrient uptake by coral reef communities is thus 

dictated not only by nutrient concentrations, but also by local flow and mixing rates 

near the benthos, as well as the morphological roughness of the community itself 

(Bilger and Atkinson 1992). Local flow and mixing rates (occurring over scales of 

meters) depend on large-scale spatial and temporal variations in waves and currents 

(occurring over scales of hundreds of meters to kilometers). Over even larger scales 

(several kilometers or more), regional ocean current systems and coastal upwelling can 

bring nutrient-rich water from far offshore, thereby directly impacting the nutrient 

uptake of the coral reef communities living in shallow nutrient-poor water in the 

nearshore (Leichter et al. 2003; Palter et al. 2005; Williams and Follows 2003). The 

spatial and temporal zonation of nutrient uptake rates is thus mechanistically linked to 

physical processes operating at multiple spatial and temporal scales. Due to this inherent 

multi-scale dependency, the only feasible way to accurately resolve and predict nutrient 

dynamics in coral reef communities is through the development and application of 

spatially and temporally explicit coupled physical-biogeochemical numerical models.  

Recently, the individual components required to develop a coupled 

hydrodynamic-biogeochemical model for benthic coral reef communities have been 

tested and made available in the literature. Modern coupled wave-circulation numerical 

models capable of simulating nearshore ocean hydrodynamics, including over reefs (e.g., 

Haas et al. 2003; Lowe et al. 2009; Warner et al. 2008a), can provide the hydrodynamic 

foundation for such models. For many decades, biogeochemical models coupled to 
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hydrodynamic models have been tested and applied extensively to study plankton 

communities in pelagic systems (see review by Jørgensen 2010), though similar 

numerical models have not yet been rigorously developed for communities of benthic 

primary producers. Robust functional relationships relating the nutrient uptake kinetics 

by coral and algal communities to benthic boundary layer dynamics have been well-

established for nearly 20 years (e.g., Bilger and Atkinson 1992; Falter et al. 2004). 

Nevertheless, to our knowledge, these physical-biological relationships have not yet 

been coupled with a numerical hydrodynamic model to simulate the uptake of dissolved 

nutrients in coral reef systems.   

In this study, we describe the development of a new benthic nutrient uptake 

module to simulate rates of nutrient uptake by coral reef communities within the 

popular, community-based, coastal 3-D ocean modeling system ROMS (Regional 

Ocean Modeling System). This integrated model is capable of simulating the complex 

temporal and spatial variability in nutrient uptake rates across real reefs, driven by 

waves, currents and turbulent mixing in a deterministic way. While the focus of the 

model application in this present study is on nutrient uptake by shallow coral reef 

communities, the modeling framework developed here can easily be extended to 

investigate benthic nutrient uptake processes in other coastal environments (e.g., 

seagrass systems). 

This chapter is organized as follows. In section 4.3, we describe the numerical 

ocean circulation and wave models that served as the foundation for this study, detail 

the development of a new benthic nutrient uptake module, and investigate the 

enhancement of nutrient uptake rate by wave-driven oscillatory flow. In section 4.4, 

results from three separate model applications are presented, firstly to evaluate the 

model performance under idealized conditions, and secondly to examine the ability of 

the model to simulate the spatial variability of nutrient concentrations in a real fringing 

reef system with complex bathymetry. Potential applications and the scope for further 

development with this new modeling framework are discussed in section 4.5. 

4.3 Methods 

We developed the integrated numerical model using a 3-D ocean circulation 

model two-way coupled to a spectral wave model. The circulation model also includes a 

reactive tracer module capable of simulating pelagic biogeochemical cycling, in which 

we inserted our new benthic nutrient uptake model. This benthic uptake module is 
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driven by currents, waves and turbulent mixing processes simulated by the two 

hydrodynamic (wave and circulation) models. A benthic boundary layer model, 

embedded in the circulation model, calculates wave- and current-induced bottom 

stresses, which predicts the nutrient uptake rate coefficient. A schematic of the 

modeling framework and the linkages between its various components are summarized 

in Fig. 4.1 (for descriptions of model variables, see section 4.6). Each component in Fig. 

4.1 is described in detail in the following sub-sections (4.3.1-4.3.4). 

4.3.1 Ocean circulation and wave models 

We based the hydrodynamic modeling on a version of the open-source, 

community ocean circulation model ROMS (release 3.2) coupled to the spectral wave 

model SWAN (Simulating Waves Nearshore, release 40.51). ROMS is a 3-D model that 

solves the primitive hydrostatic equations for momentum on a horizontal curvilinear 

Arakawa C grid, with terrain-following coordinates in the vertical, using a stable split-

explicit time-stepping scheme (Haidvogel et al. 2008; Shchepetkin and McWilliams 

2005). The model incorporates the effects of density stratification due to temperature 

and salinity fields, air-sea fluxes and tidal forcing, and has been designed to take 

advantage of shared-memory, parallel computing architectures. The ROMS code is 

flexible by providing users with various numerical advection schemes (Shchepetkin and 

McWilliams 1998), turbulent closure models (Warner et al. 2005a), bottom stress 

formulations (Blaas et al. 2007; Warner et al. 2008b) and open boundary conditions 

(e.g., Marchesiello et al. 2001). 

Recent developments by the ROMS community have focused on the 

incorporation of nearshore processes into this model via use of the Model Coupling 

Toolkit (http://www.mcs.anl.gov/research/projects/mct/). In this configuration, ROMS 

is two-way iteratively coupled with the third-generation spectral wave model SWAN 

(Booij et al. 1999; Warner et al. 2008c). SWAN is a wave-averaged, wave-action 

balance model that solves transport equations for wave action density (energy density 

divided by relative frequency) on two-dimensional (2-D) curvilinear grids (Booij et al. 

1999; Ris et al. 1999). The SWAN model accounts for refraction, diffraction and 

nonlinear wave-wave interactions, as well as includes various wind wave growth 

formulations and dissipation formulations, i.e. by white-capping, depth-limited wave 

breaking and bottom friction. 
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Figure 4.1 Overview of the numerical modeling framework. Boxes indicate model components, 

arrows with numbers denote key processes (as described below), and symbols indicate the 

variables exchanged during these processes. The red box and the red arrow highlight the new 

benthic nutrient uptake model developed in this chapter. ① Coupling of the ocean circulation 

model and wave model. The wave model passes wave parameters required for calculating 

radiation stress gradients in the circulation model, which feeds the wave model back with 

surface elevation (η ) for wave set-up and depth-averaged velocity (cu ) for current-induced 

refraction calculations. ②  Calculating bottom stresses and wave friction coefficients. 

Roughness length 0Z  and simulated velocity profile )(zuc  from the circulation model, 

combined with wave parameters (sH , ωL  , wθ ) from the wave model, are together passed to a 

bottom boundary layer model, where the time-averaged combined bottom stress ('cτ ), time-

averaged magnitude of the combined bottom stress (τ ) and wave friction coefficient (cwf ) are 

calculated. These results are fed back to the circulation model and the wave model respectively. 

③ Modeling benthic uptake based on combined wave-current bottom stress. The  calculated 

from the bottom boundary layer model is passed to a benthic uptake model, where benthic 

uptake rates and nutrient concentrations in the bottom cell (m, n) are calculated. ④ Predicting 

nutrient concentration in the water column. The output nmC ,  from the benthic uptake model 

assigns the values for nutrient concentration at bottom cells for the pelagic biogeochemical 

model. ⑤ Transport of nutrients. Finally, nutrients with concentration C  within the whole 

water column are mixed, transported and dispersed in the ocean circulation model as 

conservative tracers. 

τ
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Through the coupling process, SWAN passes ROMS the various wave 

parameters (see Fig. 4.1) required to compute radiation stresses, which, in turn, 

generates the wave setup and mean currents based on the wave-current interaction 

formulations of Mellor (2003). Wave parameters output from SWAN are also used by 

ROMS to account for the wave enhancement of turbulent mixing and bed shear stresses. 

Surface elevations and current vectors computed by ROMS are passed back to SWAN 

to account for current-refraction effects and, possibly, wave blocking. Given that the 

circulation generated within most coral reef systems is generally driven by surface wave 

forcing (Monismith 2007), the use of  this coupled wave-circulation models is essential 

to accurately predict the dominant transport and mixing processes that occur in most 

coral reef systems (Lowe et al. 2009). 

4.3.2 Development of a benthic uptake module 

Biogeochemical models embedded in coastal ocean models have mainly focused 

on simulating pelagic processes occurring within the water column, i.e., the dynamics of 

plankton communities (e.g., Fennel et al. 2008). ROMS incorporates several common 

pelagic biogeochemical models, each of varying complexity, the simplest being the 

four-component NPZD (Nutrient-Phytoplankton-Zooplankton-Detritus) models 

(Fiechter et al. 2009; Franks et al. 1986; Powell et al. 2006). In most coral reef systems, 

the uptake of nutrients by phytoplankton is typically negligible compared to benthic 

uptake (Atkinson and Falter 2003; Hatcher et al. 1987; Kinsey 1985), and we thus 

turned off the phytoplankton, zooplankton and detritus components of the NPZD model. 

While any biogeochemical modules within ROMS could be used, we implemented the 

NPZD model proposed by Powell et al. (2006) (denoted as NPZD_POWELL within 

ROMS) to develop the new benthic nutrient uptake module in the existing ROMS 

source code. 

The rate at which benthic reef coral and algae take up dissolved nutrients has 

been successfully parameterized using first-order mass transfer relationships, using 

theory originally developed in the engineering heat and mass transfer literature (e.g., 

Bilger and Atkinson 1992): 

)( sCCJ −= β           (4.1) 

where J  is the nutrient uptake rate per unit plan area (mmol d-1 m-2), β  is the mass 

transfer velocity (m d-1) for the nutrient, C  is the ambient nutrient concentration (mmol 
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m-3) in the water column, and sC  is the nutrient concentration (mmol m-3) at the surface 

of the benthos. In the generally nutrient-poor waters of coral reefs (Odum and Odum 

1955), the rate of nutrient removal by reef organisms at the tissue surface is usually 

much faster than the maximum rate of nutrient delivery by hydrodynamic processes 

occurring in water column, such that sCC >>  (Badgley et al. 2006), i.e., sC  in Eq. 4.1 

is negligible, and the uptake rate becomes linear with respect to C  alone,  i.e., 

SCJ =           (4.2) 

where S  is the first-order nutrient uptake rate coefficient (m d-1). Under conditions of 

nutrient mass transfer limitation, β=S .  

The nutrient uptake coefficient S  for coral reef communities has already been 

successfully parameterized as a function of the total bottom stress using empirical mass-

transfer correlations (Atkinson and Falter 2003; Dipprey and Sabersky 1963). For the 

model, we used the following simplified relationship adapted from Falter et al. (2004): 

cb ScaS )/2( ρτ=           (4.3) 

where τ is the time-averaged magnitude of the combined wave and current bottom 

stresses (N m-2), including both the stresses induced by bed form drag and bottom shear 

stresses, ρ is the seawater density (kg m-3), Sc is Schmidt number (i.e., the ratio of 

kinematic viscosity and mass diffusivity) of a specific dissolved nutrient, and a, b and c  

are empirical coefficients. Note that a  is a dimensional coefficient while b  and c  are 

dimensionless (see Fig. 4.2). 

While most prior work has focused on benthic uptake driven by unidirectional 

currents, recent experimental work has demonstrated that oscillatory wave motion can 

significantly enhance rates of nutrient mass transfer (e.g., Falter et al. 2005; Lowe et al. 

2005; Reidenbach et al. 2006a). This enhanced transfer rate is due to higher wave-

driven flow and dissipation within reef canopies (Lowe et al. 2005c); however, the rate 

of nutrient uptake remains functionally dependent on the total bottom stress τ  induced 

by both steady and oscillatory flows, i.e., the rate of nutrient mass uptake is related to 

the total momentum transfer to the benthos.  

Adopting the convention that the positive x direction is in the direction of wave 

propagation, when both waves and current present the instantaneous combined wave 
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and current bottom stress )(tbτ  is equal to the vector sum of the steady current 

component and the unsteady wave component (e.g., Grant and Madsen 1979):
 

jittt ccppwccb
ˆ)sin(ˆ))sin()sin(cos()( '

max,
' ⋅+⋅+= φτωωτφττ     (4.4) 

where '
cτ  is the time-averaged combined stress (N m-2), i.e., the steady current 

component, cφ  is the angle (o  ) between the direction of the current and wave 

propagation, which is in the range of [0, 90o] (Grant and Madsen 1979), max,wτ  is the 

maximum amplitude of bottom stress (N m-2) due to waves alone, pω  is the peak radian 

frequency (s-1) of the wave spectrum, t  is the time (s) from the start of the wave period, 

and î  and ĵ  are the unit vectors parallel and orthogonal to the positive x direction, 

 

Figure 4.2 Nutrient uptake rate coefficient  for dissolved nutrients between the water 

column and experimental communities of low-relief algal-covered coral rubble, high-relief 

algal-covered coral rubble, Pocillopora damicornis, and Porites compressa as a function of 

total bottom stress and Schmidt number (adapted from Falter et al. 2004)  Also included are 

calcium uptake rate coefficients for coral skeletons coated with synthetic gypsum. The line 

denotes the prediction given by Eq. 3 with a = 2850 N-0.38 m0.62 kg0.38 d-1, b = 0.38, and c = -0.6 

(r2 = 0.90, n = 31). 
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respectively. Note that, due to the presence of waves, '
cτ  is greater than the bottom stress 

induced by a pure current alone (cτ ), and cc ττ ='

 holds only when waves are not 

present.   

Most references on combined wave and current bottom stress have focused on 

predicting the maximum bottom stress (taking the maximum of Eq. 4.4), which is a key 

driver for sediment transport; however, for benthic nutrient uptake, the most relevant 

term is the average magnitude of the combined wave and current bottom stresses (Falter 

et al. 2004), which can be derived by taking the time average of the magnitude of )(tbτ  

over the peak wave period pT as: 

dtt
T

pT

b
p
∫=
0

)(
1 ττ           (4.5) 

Eq. 4.5 is tedious to solve analytically, but a numerical integral can be easily 

estimated by generating a discrete time series of )(tbτ  at a number of equally-spaced t 

within the range of [0,pT ] and taking the mean. The estimated integral (Eq. 4.5) was 

implemented in the source file mb_bbl.h in ROMS to calculate the mean amplitude of 

combined bottom shear stress τ , which is required by Eq. 4.3 to calculate the benthic 

nutrient uptake rate coefficient. 

The benthic uptake module was developed by allowing the chemical processing 

to occur only within the bottom cell within the pelagic NPZD_POWELL module, which 

when coupled with the advection, diffusion and mixing processes in ROMS updates the 

3-D nutrient concentration field within the model. From Eq. 4.2 and based on 

conservation of mass for nutrients, the rate of change of nutrient concentration within 

one bottom cell (m, n) can be described as:     

nm
nm SC

dt

zCd
,

, )(
ε−=

∆
          (4.6)

 

where nmC ,  is the nutrient concentration (mmol m-3) at the bottom cell (m, n), z∆  is the 

depth (m) of the bottom cell, and ε is a constant converting days to seconds. Eq. 4.6 can 

be discretized implicitly with respect to time according to:  
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so that: 
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, zStCC i
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i

nm ∆∆+=+ ε         (4.8) 

where i  is the time step index and t∆  the time stepping interval (s). Nutrient 

concentrations calculated within the NPZD model are then passed to ROMS, where they 

are transported and dispersed within the model domain as conservative tracers, before 

they are fed back to the NPZD model at the following time step (see Fig. 4.1). 

4.3.3 Benthic boundary layer model under combined wave-current flow 

In general, the bottom stress induced by a pure current cτ  in shallow water over 

a rough bed follows a quadratic drag law: 

2

cdc uCρτ =           (4.9) 

To conform to the convention of the 2-D models frequently applied in shallow 

water, the depth-averaged bottom drag coefficient dC  and depth-averaged horizontal 

current speed  cu  (m s-1) are used in Eq. 4.9 to calculate the bottom stress. 

In a similar fashion, the maximum wave-induced bottom stresses max,wτ  are also 

described by a quadratic drag law (e.g., Madsen 1994) :      

2
max, 2

1
bcww ufρτ =            (4.10) 

where cwf  is termed the wave-friction factor and bu  is the maximum amplitude of the 

near-bottom wave orbital velocity (m s-1). 

The parameterization of 'cτ in Eq. 4.4 and cwf  in Eq. 4.10 depends on the wave-

current interaction model chosen. Within ROMS, there are three commonly used 

algorithms developed by Madsen (1994), Soulsby (1995) and Styles and Glenn (2002), 

respectively. The Madsen (1994) model is only accurate when the hydraulic bottom 

roughness is so small that 8)30/( 0 >ZuC pb ωµ  is satisfied across the whole domain. 

Given a wave period and hydraulic roughness typical of coral reefs ( 1s6.0~ −
pω ,
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m02.0~0Z  – see below), the Madsen (1994) model would require 1sm2 −>bu . This 

is far higher than values typically reported for reef systems (Monismith 2007), therefore 

this model would generally not be suitable for reef systems. The algorithm of Styles and 

Glenn (2002) coded  in ROMS does not converge to the correct '
cτ  in wave-dominated 

conditions. Therefore, we chose the Soulsby (1995) model since we found it to be 

computationally more efficient under a wide range of wave and current flow 

combinations and yet no less accurate than other models. 

In the Soulsby (1995) formulation, the wave-friction factor cwf  is related to the 

flow and hydraulic roughness by the empirical equation: 

52.0

0

)(39.1 −=
Z

u
f

p

b
cw ω           (4.11) 

where 0Z  is the hydraulic roughness length (m). Note that 0Z  is related to the effective 

Nikaradse roughness length (m) sk  commonly reported in the literature as 30/0 skZ = , 

which has been related to the physical roughness scales of the reef (Lowe et al. 2005). 

Within the coupled wave model SWAN, Eq. 4.11 was also used to parameterize wave 

damping, in order to ensure the consistency of the friction coefficients between the 

models.  

Soulsby (1995) parameterized the '
cτ  based on the magnitudes of the bottom 

stresses under pure oscillatory and pure unidirectional flows, i.e.:    

c
wc

w
c τ

ττ
τ

τ ])(2.11[ 2.3

max,

max,'

+
+=          (4.12) 

Although both waves and current contribute to the total bottom stress τ , waves 

are often the dominant factor controlling nutrient uptake in wave-exposed coral reef 

systems for several reasons (Falter et al. 2004). Firstly, flow velocities near the benthos 

on many areas of the reef are dominated by wave orbital motions, especially on the 

forereef and the seaward regions of the reef flat (Munk and Sargent 1954). Secondly, 

the amplitude of cwf  on reefs, of order 0.1-0.3 (e.g., by Lowe et al. 2005), is typically 

much greater than the magnitude of dC  (Falter et al. 2004), typically of order 0.01-0.05 

(e.g., Reidenbach et al. 2006b). This increased hydraulic roughness is driven by the 

greater wave-driven flow within the benthic reef canopies, which also leads to the 



Chapter 4 Benthic nutrient uptake  59 

 

greater nutrient mass transfer via Eq. 4.3. Historically, the assumption of current-driven 

nutrient uptake alone has led to substantial underestimation of nutrient uptake rates 

when the water motion over reef communities is dominated by waves (Bilger and 

Atkinson 1992). 

To illustrate how waves enhance rates of nutrient mass transfer over those 

associated with comparable unidirectional currents, we first calculate the kinetic energy 

density for current and waves, respectively, as: 

∫=
h

cc dzzu
h

KE
0

2)(
2

ρ
         (4.13) 

2

4

1
bw uKE ρ=           (4.14) 

and then define the mean kinetic energy density for a combined wave-current flow as: 

wccw KEKEKE +=           (4.15) 

where h  is the water depth (m) and )(zuc  is the horizontal current speed (m s-1) at 

depth z (m) above the benthos. Fig. 4.3A shows the computed τ  using Eq. 4.5 with 

Eqns. 4.9-4.12, plotted as a function of cwc KEKE / , for various values of the total 

kinetic energy density cwKE . This shows that τ  increases as cwKE  in the overlying flow 

increases. However both τ  and S  also increase as the flow shifts from being current-

dominated to wave-dominated, i.e., as the ratio of cwc KEKE / decreases (Fig. 4.3). These 

results emphasize that the nutrient uptake rate coefficient induced by wave orbital 

motion alone is roughly 2-3 times higher than that induced by a steady current having 

the same kinetic energy; this is comparable to the 1.5~3 enhancement in dissolved 

species mass transfer observed experimentally by Lowe et al. (2005c) and Reidenbach 

et al. (2006a). These results also emphasize the importance of utilizing fully coupled 

models of wave transformations to accurately simulate benthic nutrient uptake that 

occur across coral reef systems. 

4.3.4 Model application 

In all model applications presented herein, ROMS was configured according to 

the following specifications. We used a ω−k  genetic length scale turbulence closure 

scheme (Warner et al. 2005a) and a 4th order advection scheme for both tracers and 

momentum. We chose a typical value of the depth-averaged bottom drag coefficient 
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dC  of 0.017 observed over coral reef flats (Lowe et al. 2009), corresponding to a 

hydraulic roughness length of m0166.00 =Z . For simplicity, we assumed that the 

hydraulic roughness was spatially uniform in all simulations; however, a spatially-

varying roughness map can easily be incorporated in future ROMS simulations. For 

both the idealized and real reef examples, SWAN was configured in non-stationary 

mode and the less important processes (i.e., local wind generation, nonlinear wave-wave 

interaction and white capping dissipation) were turned off. Incoming swell wave energy 

was prescribed at the open boundaries using a specified significant wave height, peak 

period, peak direction and directional spreading, by assuming a standard JONSWAP 

frequency distribution  ( 0.09,0.07,3.3 === baJ σσγ ) and a cosine to the power 5 

directional distribution (e.g., Holthuijsen 2007). Wave dissipation inside the domain due 

to depth-limited wave breaking and bottom friction was modeled with typical parameter 

 

Figure 4.3 The time-averaged magnitude of the bottom stress (τ) and related nutrient uptake 

rate coefficient (SNO3) as a function of the ratio of current kinetic energy density to the total 

wave-current kinetic energy density (KEc/KEcw) where KEcw is kept constant based on the 

assumed depth of 1 m. (A) The dependency of τ on KEc/KEcw. (B) The dependency of SNO3 on 

KEc/KEcw. The legend shows the values of KEcw for each computation line. 
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values observed on coral reefs, i.e., a breaking parameter of  7.0=γ  and a wave 

friction factor cwf  calculated by Eq. 4.11.  

Rates of nutrient uptake by benthic reef communities have been observed to be 

insensitive to diurnal changes in light under conditions of nutrient mass transfer 

limitation (Atkinson et al. 2001); therefore, no diurnal dependency in nutrient uptake 

kinetics was introduced. Rates of nutrient uptake in deeper communities may begin to 

be affected by light attenuation. However, the relationship between the rates of nutrient 

uptake and optical depth remain unclear. We have thus restricted the application of our 

model to shallow reef communities less than 10 m since below this depth both light and 

primary production drop substantially (Klumpp et al. 1987). In addition, benthic 

communities dominate nutrient and carbon cycling in coral reef systems (Atkinson and 

Falter 2003; Kinsey 1985). Therefore, we turned off all the pelagic biogeochemical 

transformations in the NPZD_POWELL model by setting light and initial 

concentrations of all four NPZD components to zero in order to focus only on benthic 

uptake processes.   

4.4 Results 

In this section, three model applications are used to demonstrate both the 

capability and the performance of the new integrated physical-biogeochemical model. 

4.4.1 Example 1: Current- and wave-driven open-channel flow 

For this example, we simulated the uptake of phosphate along an open-channel 

of uniform depth driven firstly by a unidirectional flow and secondly by a combined 

wave-current flow (Table 4.1). This could, for example, approximate a current- and/or 

wave-driven oscillatory flow over a coral reef flat. A steady current was generated by 

imposing a small constant bottom slope in the channel (e.g., Warner et al. 2005a; 

Warner et al. 2008b). We chose this gravity-driven configuration instead of a constant 

along-channel pressure gradient since, within ROMS, it is very easy to maintain a 

constant slope for the channel bottom rather than surface elevation during the 

simulations; however, the flows generated by both configurations are dynamically the 

same. 

4.4.1.1 ROMS simulations 

The water depth h  was set constant over the whole domain as the initial 

condition in both simulations and the surface elevation η  was set to zero on the inflow 
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boundary. Radiation boundary conditions (e.g., Kantha and Clayson 2000) were applied 

to the surface elevation on the outflow boundary as well as to the 2-D and 3-D 

momentum fluxes to allow the flow to develop freely along the channel. To make these 

idealized simulations similar to the predominant flow conditions found on a real reef 

flat, and to compare with field measurements, we configured the model to have the 

approximate physical and chemical attributes as the Kaneohe Bay barrier reef (Table 2, 

Atkinson 1987; Bilger and Atkinson 1992). Two simulations were considered: one, 

where nutrient uptake was driven only by a mean current, and a second, where an 

oscillatory flow driven by waves was superimposed on the mean current. Note that to 

maintain the same depth-averaged current cu  for the combined wave-current flow case, 

a greater slope 0S  was required to compensate for the wave-enhancement of the mean 

bottom stress 'cτ . For the combined wave-current case, we superimposed an oscillatory 

flow with a 10 s period and a maximum near-bottom wave orbital velocity of  0.3 m s-1 

(Falter et al. 2004). The oscillatory flow was imposed uniformly over the domain (i.e., 

any wave-damping by bottom friction was ignored) so that we could compare the 

simulation results with analytical solutions for uniform physical forcing scenarios. 

For the nutrient uptake model, we assumed that the entire domain was covered 

by living benthos actively taking up phosphate (see description by Atkinson and Bilger 

1992; Falter et al. 2004). During the simulations, a constant phosphate concentration 

0C  was imposed at the inflow boundary. The simulations then were run until an 

equilibrium nutrient concentration field over the entire model domain was attained. 

Table 4.1 Model set-up for the uniform open-channel flow examples 

Model parameter Variable 
Value Value 

Pure current 
Combined 
wave-current 

Length, width, and depth   L, W, h 12000, 1200, 1 m 2800, 280, 1 m 
Number of cells for Length, 
width and depth 

Lm, Wm, Nm 50, 5, 50 50, 5, 50 

Time step ntimes 20000 40000 
Time interval Dt 12 s 28 s 

Depth-averaged velocity 
 

0.06 m s-1 0.06 m s-1 

Bed slope S0 6.4×10-6 1.3×10-5 

Inflow tracer boundary condition PO4 0.116 mmol m-3 0.116 mmol m-3 

Oscillatory flow peak frequency, 
Bottom orbital velocity 

Tp, ubw

 
- 10 s, 0.3 m s-1 
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4.4.1.2 Analytical and 1-D numerical solutions 

For steady open-channel current flow, the bottom stress balances the component 

of the gravitational force along the channel due to the slope (Warner et al. 2008b), i.e. 

hgSc 0
' ρτ =           (4.16) 

where g  is the gravitation acceleration (=9.81 m s-2) and 0S  is the bottom slope, which 

also equals the slope of the initial free surface elevation. Under unidirectional flow over 

rough bottoms, the velocity typically increases logarithmically with distance z  away 

from the boundary as (e.g., Schlichting 2003): 

)ln()(
0

*

Z

z

k

u
zu c

c =          (4.17) 

where 41.0=k  is the von Kármán’s constant and the friction velocity cu*  (m s-1) is 

defined as: 

ρτ /'
* ccu =           (4.18) 

By taking the depth-average of Eq. 4.17, we obtain: 

)/1)/(ln( 00
* hZZh
k

u
u c

c +−=         (4.19) 

Now substituting Eqns. 4.16 and 14.8 into Eq. 4.19, we obtain: 

)/1)/(ln(/ 000 hZZhkhgSuc +−⋅=        (4.20) 

From Eq. 4.20, we can see that, for a given hydraulic roughness 0Z , any target 

depth-averaged velocity cu  can be obtained by simply varying the bottom slope 0S . For 

the unidirectional flow simulations with 06.0=cu m s-1 (modeled after Bilger and 

Atkinson 1992), a bottom slope 6
0 104.6 −×=S  was therefore applied. 

For steady shallow water flow where the water column is vertically well-mixed, 

the nutrient mass balance along the channel is governed by the 1-D differential equation 

(e.g., Atkinson and Bilger 1992):
 

cuSC
dx

Chd
/

)( −=           (4.21) 
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where )(xC  is the nutrient concentration (mmol m-3) that varies with distance x  (m) 

down the channel. 

The analytical solution of Eq. 4.21 predicts an exponential decay in nutrient 

concentration down the channel according to: 

)exp()( 0
hu

Sx
CxC

c

−=
         

(4.22) 

where 0C  is the initial (incoming) nutrient concentration at 0=x . 

Therefore, for an inflow phosphate concentration of -3
0 m mmol116.0=C  

(from Fig. 2 in Bilger and Atkinson 1992) with 1sm06.0 −=cu , Eq. 4.22 predicts the 

analytical nutrient depletion curve shown in Fig. 4.4. The surface phosphate 

concentration simulated by ROMS (see also Fig. 4.4) was clearly in excellent agreement 

with this analytical solution. The simulated concentration at the bottom (not shown) 

deviated from that at the surface by only 2%, confirming that the water column was 

indeed well-mixed. 

4.4.1.3. Combined wave-current case 

For the case when a wave-driven oscillatory flow was superimposed onto the 

mean current, the same number of grid cells was used, but the length of the channel was 

shortened (thus increasing the grid resolution) to account for the expected more rapid 

decline of phosphate concentration down the channel due to the wave enhancement of 

nutrient uptake (see Table 4.1) . 

The ROMS simulation predicted a nutrient uptake rate coefficient 

1
4 dm7 −=POS , which agrees very well with the field estimate of 1

4 dm9 −=POS  made 

by Bilger and Atkinson (1992). The discrepancy between the two may be partially 

explained by the simplified steady flow and 1-D assumption used in this example. In 

reality, wave heights, water depth, bottom roughness and currents are known to vary 

slightly both spatially and temporally over this section of the reef flat (e.g., Lowe et al. 

2005). Nonetheless, the simulation of phosphate uptake in the presence of wave-driven 

oscillatory flow agreed more closely with the actual observations (Fig. 4.4), indicating 

that proper inclusion of surface wave-induced bottom stresses is critical to modeling 

rates of nutrient uptake in coral reef environments whenever waves are present. 
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4.4.2. Example 2: Idealized fringing reef 

To investigate nutrient uptake and concentration distributions for an idealized 

coastal fringing reef, we applied our model to the reef morphology used in the 

hydrodynamic reef study of Lowe et al. (2010b). The main advantage in investigating 

nutrient dynamics for this simple reef configuration is, by removing the site-dependent 

details of the complex fine-scale topography in real reef systems, it focuses on the first-

order spatial variation of nutrient dynamics, and thus clearly illustrates the mechanistic 

link between nutrient dynamics and hydrodynamic processes.  

The idealized reef was comprised of a linearly-sloping forereef (1:30 slope), a 

shallow reef flat, a lagoon separating the reef from the shore, and a channel extending 

through the reef from the lagoon offshore to deeper water (see Fig. 4.5A). The 

dimensions of the reef are summarized in Table 4.2. We chose to model nitrate at a 

temperature of o25  ( 5.510=Sc ) to facilitate comparison between uptake in the 

idealized reef and a real fringing reef system (see section 4.4.3). 

Overall, the hydrodynamic model configuration followed Lowe et al. (2010b).  

 

Figure 4.4 Simulated and measured phosphate concentration (CPO4) as a function of distance 

(x) from the inflow boundary for the open channel flow examples. Actual concentrations of 

phosphate across the Kaneohe Bay barrier reef flat as first reported by Atkinson (1987). 
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Figure 4.5 Example of a hydrodynamic model simulation for the idealized reef morphology. (A) 

Bathymetry. (B) Significant wave height (SH ). (C) 2-D reef circulation. The vector plot 

indicates direction and magnitude while the color contours indicates the magnitude only 

(positive values represent current in the shoreward direction). (D) Ratio of cwc KEKE / . The 

black boxes in all the subplots highlight the shallow reef flats. The boundary conditions are also 

highlighted in (A). 
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Table 4.2 Lengths, widths and heights for the idealized reef example 

Reef dimension Variable Value 
Depths of reef-flat, lagoon, 
and off-shore 

Rh , Lh , sh  1.5, 3, 50 m 

Lengths of reef-flat, lagoon 
and forereef 

RL , LL , sL  500, 500, 2500 m 

Widths of reef-flat and 
channel 

RW , cW  1000, 250 m 

 

We thus defined three isolated reef blocks, separated by channels, in the middle and two 

half reef blocks on the northern and southern ends (see Fig. 4.5A). Walls were added on 

the northern and southern boundaries extending from the shoreline to the reef crest. This 

ensured the symmetrical structure of the reef bathymetry, but kept the forereef section 

open to allow an alongshore current to transport nutrients through the domain (see Lowe 

et al. 2010b for details). We also added walls on both eastern and western boundaries to 

define the shoreline and the offshore boundary, respectively. The offshore wall was 

intentionally placed far enough offshore so that it did not affect the wave-driven 

circulation; subsequent simulations showed that the current strength in the cross-shore 

direction close to the offshore boundary remained one order of magnitude lower than 

that encountered on the reef flat. The Flather boundary condition (e.g., Blayo and 

Debreu 2005; Marchesiello et al. 2001) was applied for the 2-D momentum flux at both 

the northern and southern boundaries and a radiation boundary condition was applied 

for the 3-D momentum flux and surface elevation. The surface elevation and 

momentum fluxes along the open lateral boundaries can thereby adjust freely to wave 

set-up yet maintain constant alongshore currents. 

The imposed alongshore current was modeled by assuming that the bottom 

stress balances the alongshore pressure gradient (e.g., Thompson 1987), similar to the 

force balance in the open-channel flow example (see Eq. 4.20 ).  

A constant concentration of nitrate (Table 4.3) was released from the northern 

boundary (the inflow boundary) and transported southward by the alongshore current. 

At the northern, western and eastern boundaries, we applied a uniform incident wave 

condition with the wave direction being normal to the shore (see Table 4.3). Benthic 

nitrate uptake was only allowed to occur on the reef-top and forereef area since, based 

on common reef zonation, reef lagoons and channels are generally comprised of sandy 

substrate with low levels of metabolic activity (Atkinson and Falter 2003). Wave set-up 
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and associated wave-driven circulation over the reef was simulated using the two-way 

coupling of ROMS and SWAN. The various model parameters are summarized in Table 

4.3. 

Outputs from the hydrodynamic models (significant wave height, current and 

energy density ratio cwc KEKE / ) are shown in Fig. 4.5B-D. Wave breaking along the 

reef crest (Fig. 4.5B) drove the shoreward flow across the reef, and this flow returned to 

the ocean through the channel. The coupled wave-current model successfully 

reproduced the wave-driven reef circulation patterns simulated in Lowe et al. (2010b), 

using the same idealized reef morphology, albeit using a different hydrodynamic model 

and with an added alongshore current. In the present model, the inclusion of this 

alongshore current towards the south caused the channel outflows to deflect southwards 

as they moved offshore (Fig. 4.5C). 

Wave-driven orbital motions dominated the flows on the forereef and reef flat 

( 5.0/ <cwc KEKE  in Fig. 4.5D), where active nitrate uptake was taking place. The 

spatial pattern of the bottom stress (Fig. 4.6A) in this area was strongly dependent on 

the local depth and significant wave height (Fig. 4.5A, B). As a consequence, nutrient 

uptake rate coefficient S  increased with decreasing depth and the relatively constant 

wave height on the forereef before the breaking point (Fig. 4.6B), and then decreased 

rapidly inshore due to the substantial reduction in wave height shoreward of the surf 

zone. 

Table 4.3 Model set-up for the idealised reef and for the Ningaloo Reef examples 

Model parameter Variable Value Value 
Idealized reef Ningaloo Reef 

Length, width L, W 2.45, 4.93 km 7.27, 15.92 km 
Number of grid cells Lm, Mm, Nm 98, 197, 10 140, 289, 10 
Time step ntimes 69120 207360 

Time interval Dt 1.25 s 1.25 s 

Two way coupling time 
interval 

TimeInterval
 

300 s 300 s 

Inflow tracer boundary 
condition  

1 mmol m-3 2.65 mmol m-3 

Wave direction, significant 
wave height, wave period 
at the boundaries 

θw, Hs, Tp

  
90o, 1.6 m, 12 s 
 

270 o, 1.7 m, 12 s 

Alongshore pressure 
gradient 

S0 3.6×10-7

 
3×10-7 (northern) 
5×10-7  (southern)

Bottom roughness Z0 0.0166 m 0.0166 m 
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While the steepest gradients in simulated nitrate concentration occurred in the 

cross-shore direction, there was still substantial variability in nitrate concentration 

 

Figure 4.6 Simulation of wave-current interaction and nutrient uptake on the idealized reef. 

(A) Simulated time-averaged magnitude of the combined wave and current bottom stress (τ). 

(B) Nitrate uptake rate coefficient (SNO3). (C) Nitrate concentration (CNO3). (D) Nitrate uptake 

rate (J).The black boxes in all the subplots highlight the shallow reef flats. 
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alongshore (Fig. 4.6C). Analogous to the open-channel examples, nutrients became 

gradually depleted across the reef flats as the wave-driven mean flows moved 

shoreward. Low nutrient water was then transported out of the lagoon through the 

channels between reef flats, and once emerging from the channel, got deflected 

southward by the alongshore current. Finally, this nutrient-poor lagoonal effluent was 

partly re-entrained back onto the reef flat, thus reducing the uptake of nutrients by reef 

communities further downstream (Fig. 4.6C). The spatial-variability in nitrate 

concentration and uptake rate coefficient led to elevated nitrate mass fluxes on the 

forereef areas and away from the channels (Fig. 4.6D). 

4.4.3. Example 3: Ningaloo Reef 

We applied the integrated models to a km16km7 ×  section of Ningaloo Reef off 

Sandy Bay, using representative conditions of the daily-averaged measurement of 

waves and alongshore current on 8Nov2008 (Fig. 4.7).  

Sandy Bay is an ideal study site, as it has a fairly typical morphology and 

hydrodynamic forcing of a tropical fringing reef. The reef morphology is relatively 

uniform along the domain, composed of a sloping forereef (1:30 slope), a shallow reef 

flat (~1.5m depth) and lagoon (typically ~2-3m depth) separating the reef from the 

shore (Fig. 4.7). Incident waves of ~1m to ~3m height occurring year-round drive the 

dominant mean reef circulation (Taebi et al. 2011), while the shelf circulation offshore 

is influenced by two opposing seasonal coastal alongshore currents: the Leeuwin 

Current in winter and wind-driven Ningaloo Current in summer (Woo et al. 2006). The 

highest coverage of benthic living organisms at this site are found near the reef crest 

(mainly coralline algae) and reef flat (mainly Acropora) due to the favorable high light 

and strong wave-driven bottom orbital velocity (Wyatt et al. 2010). While the lagoon 

area is covered mostly by sand and patches of algae (Wyatt et al. 2010), the forereef, 

though poorly studied, is known to be covered by diverse coral assemblage, soft coral, 

sponges and macroalgae (Cassata and Collins 2008). 

A current profiler/directional wave gage (1 MHz Nortek AWAC) was deployed 

at the location indicated by T0 on the forereef to measure alongshore currents and 

incident waves. Water column nutrient samples were taken daily at six locations, 

indicated by T1-T6 (Fig. 4.7B) along the dominant cross-reef pathline, to determine the 

spatial variability of the nitrate concentration. 
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From the measured time series of water surface at station T0, the daily-averaged 

values for significant wave height, peak period and peak wave direction were 1.5 m, 12 

s and o20270± (rotating clockwise from the north) respectively. We directly imposed 

these measured pT and wθ  to SWAN as the boundary condition, and raised the offshore 

boundary value for SH  slightly to 1.7 m to compensate for the bottom damping before 

the waves reached the measuring station. To represent the dominant poleward-flowing 

Leeuwin Current along the West Australian coast (Feng et al. 2007), we set up an 

alongshore current using a similar set up of boundary conditions as in the idealized reef 

example above. Surface elevation slopes 0S  at both northern and southern boundaries 

(Table 4.3) were carefully chosen so that the simulated depth-averaged velocity was in 

close agreement with the measured alongshore current at T0 during the field experiment 

 

Figure 4.7 Bathymetry of a section of the Ningaloo Reef (22°13’S, 113°50’E) at Sandy Bay in 

Western Australia. (A) The whole model domain. (B) Close-up showing the locations of 

observation stations T0, T1, T2, T3, T4, T5, and T6. Wave spectra and currents were 

measured at T0, whereas nutrient concentrations were measured at T1-T6. 
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( 1sm08.0 −≈cu ). Tidal forcing was not included, as it played a much secondary role in 

driving the circulation of Sandy Bay compared to the effect of wave breaking, i.e., as 

indicated by Fig. 3 in Wyatt et al. (2010), where wave height alone explained greater 

than 60% of the measured cross-reef current variance at this particular site. However, in 

other coral reef systems, tidal forcing can become comparable with the wave forcing, 

and thus should be included in hydrodynamic models for these cases. Different values 

of boundary nitrate concentration were tested until a magnitude close to the initial value 

measured at the single site T1 (2.1 mmol m-3) was obtained. The measured nitrate 

values at all other stations (T2-T6) were then used to test and evaluate the accuracy of 

the model spatial predictions. For simplification, we assumed uptake was active only for 

water depths less than 10 m due to the effects of light limitation on the metabolism of 

benthic coral and algae. However, the explicit effects of light limitation could be added 

to the existing model. 

The simulated nitrate concentration agreed well with the observed 

concentrations (Fig. 4.8) using this universal (site-independent) parameterization of 

physically-driven benthic nutrient uptake (Eq. 4.3). The nitrate concentration 

distribution also showed spatial variability broadly similar to that of the idealized reef 

(Fig. 4.6C, 4.9C, 4.10C): a shoreward decrease in nutrients, due to benthic uptake, and 

an alongshore variation in nutrients due to the continual partial re-entrainment of 

nutrient-depleted water exiting the channel back into the downstream reef section. The 

results also reveals that the area surrounding the reef crest would receive the highest 

nutrient uptake (Fig. 4.9D, 4.10D), as suggested by Falter et al. (2004). The similarity 

between the contours of wave height and uptake rate coefficient in the reef areas (Fig. 

4.9AB, 4.10AB) also emphasizes the dominant role of waves in controlling benthic 

uptake processes. 

4.5 Discussion and conclusion 

Our simulations demonstrate the ability of a new benthic nutrient uptake module, 

incorporated into an existing coupled wave-circulation numerical model (ROMS and 

SWAN), to describe the complex and spatially variable nutrient uptake dynamics that 

occur within real coral reef systems. In all of the examples shown, there was a general 

pattern of the highest nutrient uptake near the reef crest and decreasing nutrient 

concentration across the reef. There was good quantitative agreement between the 

simulated nutrient concentration and existing field observations from two different reef 
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systems in entirely different oceanic provinces, yet no tuning of the model parameters 

taken from these independent experiments was required (Fig. 4.4, 4.9C, 4.10C).  This 

highlights the universal nature of such a process-based model, which should make it 

applicable to other reef systems with even different benthic community compositions.   

The simulated spatial distributions of nutrient concentration and uptake rate 

exhibited similar variability in both the idealized and real reef simulations. In both 

systems, decreasing bottom stress from the forereef to backreef caused a similar trend of 

decreasing benthic nutrient uptake rates in the cross-shore direction (Fig. 4.3A, 4.6A). 

Given the typical currents and waves observed across coral reefs, our simulations 

indicate that waves are the dominant physical factors driving benthic uptake (Fig. 4.5B, 

4.9A, 4.10A). This agrees with the observation from the laboratory flume experiments 

by, e.g., Reidenbach et al. (2006a). It therefore follows that shallow areas with the 

highest wave heights (e.g., the shallowest regions of the forereef) correspond with areas 

with the highest nutrient uptake rates (Fig. 4.6D, 4.9D, 4.10D). In turn, elevated nutrient  

 

Figure 4.8 Comparison between simulated and measured nitrate concentration along stations 

T1-T6 for the day of 8Nov 2008. The errors in the nitrate concentrations were 0.04 mmol m-3 

on average.  
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Figure 4.9 Simulated nutrient uptake across the section of Ningaloo Reef. (A) Significant wave 

height ( SH ). (B) Nitrate uptake rate coefficient ( 3NOS ). (C) Nitrate concentration ( 3NOC ). (D) 

Nitrate uptake rate (J ). The black lines in all subplots indicate the 1.5 m water depth contour 

(i.e., the reef flat area).  
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Figure 4.10 Close-up views of Fig. 4.9 highlighting the fine-scale spatial variability in 

parameters within the observation region outlined in Fig. 4.7B. 

 

fluxes on the forereef support the high net productivity observed in these communities 

(Atkinson and Falter 2003). 

In the alongshore direction, partial re-entrainment of increasingly nutrient-poor 

water offset the delivery of nutrient-rich water from offshore, thus causing a general 

decline in nutrient concentration downstream (Fig. 4.6C, 4.9C, 4.10C). This suggests 

that regional-scale ocean currents may have a significant impact on the distribution of 

nutrients across reef systems, acting as a mechanism both for the delivery of oceanic 

nutrients as well as removing nutrient-depleted water. In addition to offshore physical 

and biogeochemical oceanic drivers, the patterns of the reef wave-driven circulation are 

known to depend strongly on the specific morphology of the reef system (Lowe et al. 
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2010b). As a consequence, we expect the spatial nutrient distribution within reef-lagoon 

systems to be additionally dependent on the morphology of the reef system as well. 

While models lacking this spatial-explicit hydrodynamic forcing may be custom-

tailored to suit particular reef communities, they are unlikely to be applicable to new 

reef systems differing in their bathymetry and hydrodynamic forcing. The highly 

spatially-varying nutrient patterns observed in this study emphasize that it is essential to 

use an integrated type of numerical model, such as the one presented here, to capture the 

spatial complexity of nutrient dynamics within real reef systems. 

The simulation with a simple idealized reef bathymetry captured the key features 

of hydrodynamic processes and nutrient dynamics of a complicated reef, such as 

Ningaloo Reef (Fig. 4.7). Hypothetical simulations on idealized reefs under various 

combinations of reef morphology and physical forcing are thus essential to investigate 

not only the physical dynamics of reef systems (Lowe et al. 2010b) but also the 

associated biogeochemical dynamics.  Knowledge gained from simulations on an 

idealized reef with the equivalent basic reef dimensions and representative forcing for a 

real reef can provide a simpler and focused examination of nutrient dynamics or even be 

used to guide new surveys on as yet unstudied coral reef systems prior to their study. 

Progress in ecological modeling has been made to include higher trophic 

complexities in coupled hydrodynamic-biogeochemical models in pelagic systems 

(reviewed by Jorgensen, 2010). With the implementation of a benthic uptake module, 

our modeling approach is a first and an important step towards more sophisticated 

coupling of hydrodynamic and ecological processes in coral reef ecosystems. This 

numerical model can be further improved by including particulate grazing (Genin et al. 

2009; Wyatt et al. 2010) and coupling it with mesoscale physical and ecological 

processes occurring offshore. Knowledge on the response of different benthic species to 

nutrient loading (e.g., Ferrier-Pages et al. 2000) and the impact such loading has on 

higher trophic levels (e.g., reef fishes) could also be incorporated in the biogeochemical 

sub-model to examine spatial variation in the response of reef trophic dynamics to 

physical forcing (e.g., Bradbury and Young 1981; Polovina 1984). Regardless, we 

believe that the present model provides the necessary foundation for exploring the 

impact that variations in ocean physics and chemistry will have on the growth of coral 

and algal communities. 
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4.6 Notations 

Variable Description unit 
a constant coefficient for nutrient uptake formula N-0.38 m0.62 kg0.38 d-1 
b constant coefficient for nutrient uptake formula - 
c constant coefficient for nutrient uptake formula - 
C  ambient nutrient concentration mmol m-3 

0C  nutrient concentration from the inflow boundary mmol m-3 

dC  
depth-averaged bottom drag coefficient for pure 
current 

- 

nmC ,  
nutrient concentration at the bottom cell with indices 
(m,n) 

mmol m-3 

3NOC  nitrate concentration in the ambient water column 
above the benthos 

mmol m-3 

4POC  phosphate concentration in the ambient water column 
above the benthos 

mmol m-3 

sC  
nutrient concentration over the surface of the benthos mmol m-3 

µC  non-dimensional coefficient ( 1≈ ) in the Madsen 
(1994) model  

- 

cwf  
wave-friction factor - 

g  gravitation acceleration m s-2 
h  water depth m 

SH  significant wave height m 

i  time step index - 

î  
unit vector parallel to the direction of wave 
propagation 

- 

ĵ  unit vector orthogonal to the direction of wave 
propagation 

- 

J  nutrient uptake rate per unit area mmol d-1 m-2 
k  von Kármán’s constant - 

sk  Nikaradse roughness length m 

cKE  kinetic energy density for pure current flow J m-3 

cwKE  
wave-averaged total kinetic energy density for 
combined wave-current flow 

J m-3 

wKE  
wave-averaged kinetic energy density for pure wave 
flow 

J m-3 

ωL  
mean wave length m 

S  nutrient uptake rate coefficient m d-1 

0S  bottom slope or surface elevation slope - 

Sc  Schmidt number - 

3NOS  
nitrate uptake rate coefficient m d-1 

4POS  
phosphate uptake rate coefficient m d-1 

t  time s 

pT  peak wave period s 

bu
 

maximum amplitude of the near-bottom wave orbital 
velocity 

m s-1 

cu
 

depth-averaged horizontal current speed m s-1 
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)(zuc  
horizontal current speed at depth z  m s-1 

cu*  
current friction velocity m s-1 

x  distance along the channel or normal to the shoreline m or km 
y  distance along the shoreline km 
z  distance away from the benthic boundary layer m 

0Z  hydraulic roughness length m 

t∆  time interval of a numerical simulation s 
z∆  depth of the bottom cell m 

β  nutrient mass transfer velocity m d-1 
γ  wave breaking parameter - 

Jγ  JONSWAP shape parameter - 

ε  constant converting days to seconds d s-1 

η  surface elevation m 

wθ  
wave propagating direction o  

ρ  sea water density kg m-3 

aσ  
JONSWAP shape parameter - 

bσ  JONSWAP shape parameter - 

τ  time-averaged magnitude of the combined wave and 
current bottom stress 

N m-2 

)(tbτ  
instantaneous combined wave and current bottom 
stress vector 

N m-2 

cτ  bottom stress induced by pure current N m-2 
'
cτ  

time-averaged combined stress N m-2 

max,wτ  maximum amplitude of the bottom stress due to 
waves alone 

N m-2 

cφ  
angle between the directions of current and waves 
propagation 

o  

pω  
peak radian wave frequency   s-1
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Chapter 5 The combined influence of wave forcing and calcification on 

the spatial distribution of alkalinity in a fringing coral reef system  

5.1 Abstract 

In the following chapter we investigated coral reef circulation and its impact on 

residence time (Rτ ) and total alkalinity (TA ) using a combination of field work and 

numerical modeling approach. A field experiment was conducted for 10 days in the 

Coral Bay region of Ningaloo Reef in Western Australia to measure wave heights, 

currents and tides, as well as the spatial distribution of TA  across the bay. We 

developed a new calcification module simulating light-driven benthic calcification 

within a three-dimensional (3-D) ocean circulation model, ROMS (Regional Ocean 

Modeling System), based on data collected from a control volume experiment 

conducted on the adjacent reef flat. We coupled ROMS with a spectral wave model and 

first showed that the coupled model successfully reproduced the measured circulation 

pattern given real forcing by waves, tide and wind. We then demonstrated the ability of 

such a physical-biogeochemical coupling approach to resolve the wave-dependent 

spatial variation of TA . Both field measurement and numerical models confirmed that 

spatial gradients in TA , Rτ  and TA  varied predominantly as a function of offshore 

wave heights and location within the bay.   

5.2 Introduction 

Calcification is the process by which marine organisms synthesize skeletal 

material through the controlled precipitation of calcium carbonate minerals. There has 

been widespread concern that calcification rates in reef communities will decline due to 

thermal stress and ocean acidification in response to changing climate (Hoegh-Guldberg 

1999; Kleypas et al. 1999). Predicted declines in coral calcification rates with increasing 

global temperatures and increasing atmospheric pCO2 vary widely according to 

experimental design and anticipated future climate scenarios (Kleypas et al. 2005). 

Thus, there is an urgent need for new approaches that can be used to monitor changes to 

in-situ calcification rates, not merely for individual coral colonies, but also whole reef 

communities and entire reef systems.  

Calcification rates can be calculated for individual corals from changes in 

skeleton density and extension using cores retrieved from massive corals (e.g., Cohen et 
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al. 2004; Cooper et al. 2008; Huston 1985; Lough and Barnes 1992; Lough and Barnes 

2000; Scoffin et al. 1992). This is the only method presently available to recover 

decadal records of coral calcification; however, it can only be used on a limited number 

of massive coral species. Calcification rates can also be calculated from changes in the 

weight of coral fragments or colonies (e.g., Bates et al. 2010; Davies 1989; Marubini 

and Atkinson 1999; Reynaud et al. 2003). While both methods allow investigators to 

target the study of individual species, the behavior of a few select species do not 

necessarily reflect the response of a reef community or system as a whole, especially in 

regions where coral diversity is high (e.g., Ries et al. 2009). Calcification rates for 

whole reef communities at scales of 100s of meters have previously been calculated 

from spatial and temporal changes in total alkalinity (TA) using both Lagrangian and 

Eulerian approaches (e.g., Barnes and Devereux 1984; Falter et al. 2008; Gattuso et al. 

1996; Smith 1973). Total Alkalinity is an excellent non-conservative tracer for 

measuring the net formation of calcium carbonate given that it is not affected by 

photosynthesis, respiration, and/or gas exchange in contrast with other carbonate system 

variables (i.e., DIC, pH, and pCO2). These calculations can be relatively straightforward 

if the flow dynamics and morphology of the reef are relatively simple and the depth is 

not too great, such as on select coral reef flats (see Falter et al. 2008; Gattuso et al. 

1996). At larger scales more characteristic of coral reef systems (several kms) or for 

more topographically complex reef environments, estimates of net calcification have 

been made using a residence time approach (Bates et al. 2010; Broecker and Takahashi 

1966; Silverman et al. 2007). In this approach, the daily net calcification rate (netG ) is 

calculated from the change in TA relative to some reference water mass (TA∆ ), the 

average depth (h) of the reef-lagoon study area and the residence time ( Rτ ) of water 

within that area according to:  

h
TA

G
R

net τ2

∆=           (5.1) 

In closed systems where the volume flux entering or leaving the study area can 

be directly measured, Rτ  is most commonly defined by the total volume of the system 

and the total volumetric flow of water through that volume (e.g., Gallagher et al. 1971; 

Smith and Pesret 1974), i.e., 

Q

V
R =τ           (5.2) 
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where V  is the lagoon volume (m3) and Q  the rate of net exchange (m3 s-1).  Eq. 5.2 

has been used by Gallagher et al. (1971) to estimate Rτ  in the coral lagoon of Fanning 

Island where the rate of volume exchange (Q ) could be reasonably estimated, but it has 

also been applied to reef flats (Smith 1973).  

In systems with more complicated circulation patterns and reef morphologies 

(i.e., whole coral reef-lagoon systems), Rτ  can be highly variable with location. For 

instance, in a study of the Kaneohe Bay coral reef-lagoon system in Hawaii, Lowe et al. 

(2009) showed that Rτ  varied from a few hours near the entrance of a reef channel to 

several months within the more isolated sections of a complex lagoon. Rτ  can also vary 

strongly as a function of hydrodynamic forcing, especially at time scales of hours or less 

(Jouon et al. 2006; Kraines et al. 1998). Finally, Rτ  is also highly dependent on the 

morphology of the reef-lagoon system (Lowe et al. 2010a). In more complex 

environments, Rτ  has been commonly estimated using natural tracers such as salinity 

(e.g., Smith and Pesret 1974; Wang et al. 2007; Watanabe et al. 2006). However, this 

method is only suitable for systems where the difference in salinity is significant (Smith 

and Pesret 1974), e.g., adjacent to a significant freshwater source.  

Three-dimensional hydrodynamic numerical models have provided a powerful 

and flexible tool to predict residence times in real, complex systems driven by waves, 

tides and winds (e.g., Tartinville et al. 1997; Torreton et al. 2007).  By prescribing 

numerical tracers (or particles) and observing their transport and dispersal, the spatial 

distribution of residence times can be accurately computed (Jouon et al. 2006); even 

under complex time-varying hydrodynamic forcing. These models can also be used to 

test the sensitivity of residence times to different types of forcing or system 

morphologies by simply changing the inputs of the model. Thus, such models are 

particularly valuable for testing the response of reef systems of varying morphologies to 

changing environmental conditions. 

The main objectives of the present chapter are to examine 1) water circulation 

driven by real waves, tides, winds and alongshore currents in the fringing coral reef-

lagoon system; 2) the influence of these hydrodynamic variables on residence time (Rτ ); 

and 3) the influence of these hydrodynamic variables as well as diurnally varying rates 

of calcification on the spatial distribution of total alkalinity (TA). The chapter is 

organized as follows. Section 5.3 describes the study site and the field experiment, as 
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well as describes the physical and biogeochemical models. Section 5.4 describes the 

results from two sets of coupled hydrodynamic-biogeochemical simulations: 1) hindcast 

simulations with real hydrodynamic forcing observed during the field experiment and 2) 

simulations with idealized forcing to investigate the general response of the circulation, 

residence time and total alkalinity to changes in the individual forcing variables. Section 

5.5 compares the simulated current and TA with the field measurement and discusses 

the sensitivity of residence times and TA anomalies to changes in waves, tidal forcing, 

alongshore currents and assumed calcification mask. Finally, a summary of the major 

conclusions of the study are presented in section 5.6.  

5.3 Methods 

5.3.1 Study site 

The study site chosen was Coral Bay (Fig. 5.1A), a fringing coral reef-lagoon 

system in the southern region of Ningaloo Reef on the northwest coast of Australia 

(23.08’ S; 113.45’ E). Ningaloo Reef is the longest fringing reef system in Australia. It 

extends for about 300 km along the northwest coast of Australia (Wyatt et al. 2010) and 

encloses a shallow lagoon whose width ranges from 200 m to 7 km and whose depth 

averages roughly 3 m (Cassata and Collins 2008; Simpson and Field 1995). The 

circulation on the adjacent continental shelf is influenced by two opposing seasonal 

regional current systems: the Leeuwin Current which flows strongest in winter and 

wind-driven Ningaloo Current which follows strongest in summer (Woo et al. 2006). 

The circulation in Coral Bay has never been investigated in the literature; however, a 

few field studies have focused on a section of Ningaloo Reef at Sandy Bay, roughly 100 

km to the north of Coral Bay, demonstrating that its circulation was dominantly wave 

driven (Hearn and Parker 1988; Taebi et al. 2011; Wyatt et al. 2010). As in other reef 

systems, wave breaking on the reef crest at Coral Bay drives the flow of water across 

reef flat, into the lagoon, and then back out the channels in the reef. Coral Bay has two 

major channels: a northern channel off Point Maud and the False Passage bisecting the 

reef flat (Fig. 5.1B). Coral cover within Coral Bay is very high (especially within the 

lagoon), predominantly by species belonging to the genera of Acropora and Montipora 

(Cassata and Collins 2008; Simpson et al. 1993). This makes it an excellent location for 

studying the interaction of hydrodynamic forcing and coral metabolism on the 

chemistry of reef waters. 
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5.3.2 Field experiment 

5.3.2.1 Physical and hydrodynamic measurements 

A field experiment was conducted in Coral Bay for 10 days during 4-14 July 

2010. A 1 MHz Nortek AWAC current profiler/directional wave gauge was deployed at 

10 m depth on the forereef, which measured current profiles over the water column with 

0.5 m vertical bins every 5 minutes (see site S1 in Fig. 5.1B). Hourly directional wave 

spectra were also computed using raw time series of water surface variability collected 

using the acoustic surface tracking and velocities measured by the AWAC. These 

 

Figure 5.1 Study site, instrument locations and water sampling sites. (A) Bathymetry with 

depth contour lines of 5 m, 10 m, and 30 m. (B) Instrument locations and water sampling sites. 

Hydrodynamic variables were measured at S1, S2, S3 and S6. Total alkalinity was measured 

at S1, S3, S4 and S5 as well as the sites defining the reef flat control volume (CV1, CV2, and 

CV3). (C) Close-up of the control volume experiment sites on the reef flat.  
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spectra were used to calculate significant wave heights Hs, peak period Tp and peak 

wave directions Dp. On the reef flat (1-2 m depth), a 2MHz Norteck Aquadopp profiler 

(ADP) measured current profiles with 0.1 m bins every 15 minutes (see site S2 in Fig. 

5.1B). A 1200 kHz RD Instruments acoustic Doppler current profiler (ADCP) was 

deployed on the back of the reef (3.5 m depth) and sampled current profiles 

continuously every 15 minutes with 0.15 m bins (see site S3 in Fig. 5.1B). A 600 kHz 

RD Instruments ADCP was also deployed within the northern channel (site S6) and 

measured current profiles continuously every 15 minutes with 0.3 m bins. All of the raw 

current profile time series were depth-averaged and then time-averaged on a common 

half-hourly time interval. To identify the dominant flow directions and magnitudes, 

these data were rotated into the principal component axes of the velocity variance 

(Emery and Thomson 2004). Downwelling planar PAR (Photosynthetically Active 

Radiation) at two different depths (10 m at S1 and 1.5 m at S2) were also measured at 

integrated 2-minute intervals using a Li-Cor 192SA PAR sensor to establish a 

functional relationship between calcification and light. In addition to light, salinity was 

also measured at S2 for the duration of the study using an RBR inductive conductivity 

sensor attached to the same instrument logging the light data (RBR XR420-CTPAR). 

Throughout the study, wind speeds and directions were available half-hourly from a 

weather station on the Ningaloo coast north of the study site at Milyering (22.03S, 

113.92E) maintained by Australian Institute of Marine Science (AIMS).    

5.3.2.2 Alkalinity and calcification measurements 

Water samples were collected regularly at the forereef station (S1) and at three 

lagoonal stations (S3, S4 and S5) to validate the coupled hydrodynamic-biogeochemical 

model (Fig. 5.1B). Water samples were also collected at three stations on the reef flat 

defining a triangular ‘control volume’ (CV1, CV2 and CV3 in Fig. 5.1C) to calculate 

hourly net calcification (gcv) based on an Eulerian control volume method developed by 

Falter et al. (2008), i.e. 

)(
2

1

y

TA
q

x

TA
qg yxcv ∂

∂⋅+
∂

∂⋅=       (5.3) 

where the operator  means taking the spatial average. The mean volume flux (m2 s-1) 

terms in the alongshore and cross-shore direction, xq  and yq , can be directly 
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measured at S2; and the gradient terms 
x

TA

∂
∂

 and 
y

TA

∂
∂

 
can be calculated based on 

the TA gradient measured at the three control volume stations (Falter et al. 2008).  

Water samples were filtered in the field and later analyzed for TA according to 

the spectrophotometric method of Yao et al. (1998) within 24 hr of being collected (Fig. 

5.1B). Preliminary analysis of changes in TA within the control volume over a few 

hours indicated that dTA/dt was -0.9 ±0.9 µeq kg-1 hr-1 (mean ±std.dev.). Given an 

average depth within the control volume of 1-2 m, this translates into an uncertainty in 

gcv of just ±1 to ±2 mmol CaCO3 m
-2 hr-1, or just 5-10% of the maximum daily rate (~20 

mmol CaCO3 m-2 hr-1). This error range is also consistent with prior measurements 

made further north on Ningaloo Reef at Sandy Bay (Falter et al. 2011).   

5.3.3 Numerical models 

We set up two sets of numerical simulations (Table 5.1). The first were designed 

to validate the hydrodynamic model through a series of hindcast simulations, by 

comparing the measured current with the simulated current driven by waves, winds and 

tides observed during the field study. Hindcast simulations of the changes in TA across 

the domain were also compared with the observed TA distributions (section 5.3.3.1). 

The second set of simulations was designed to more generally investigate the 

relationship between residence time and deviations in TA at different locations within 

Coral Bay under different scenarios of idealized forcing (section 5.3.3.2). 

5.3.3.1 Hydrodynamic models 

The hydrodynamic processes in Coral Bay were simulated by a three-

dimensional ocean circulation model ROMS (release 3.2) two-way coupled to a spectral 

wave model SWAN (Simulating Waves Nearshore, release 40.51), based on recent 

nearshore routines implemented in ROMS as described in Warner et al. (2008).   

ROMS is a three-dimensional, free-surface, ocean-circulation model solved by 

split-explicit time-stepping scheme on terrain-following vertical coordinates and a 

staggered Arakawa C-grid curvilinear horizontal coordinates (Shchepetkin and 

McWilliams 2005). It is a community open-source model that designed to takes 

advantage of shared-memory, parallel computing architecture. ROMS incorporates sub-

models to resolve air-sea fluxes, turbulent mixing, bottom stresses and biogeochemical 

processes, and it provides users with various choices of open boundary conditions 

(Marchesiello et al. 2001). SWAN is a third-generation spectral wave model that solves 
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transport equations for wave-action density on two-dimensional curvilinear grids (Booij 

et al. 1999). It resolves the physical processes of wave propagation, shoaling, refraction 

and frequency shifting due to depth and current variability, non-linear wave-wave 

interaction, as well as wind generation and wave dissipation by whitecapping, bottom 

friction and depth-induced breaking. 

Although all measurement sites were positioned within Coral Bay (Fig. 5.1B), 

the simulation domain included Bateman Bay to the north (Fig. 5.1A) together with a 

section of reef to the south of Coral Bay. Using this larger model domain was necessary 

to correctly resolve the circulation within the domain of interest (Coral Bay) as the open 

boundaries needed to be placed far enough from Coral Bay so that the error in the waves 

and currents simulated near the open boundaries did not influence the physical and 

biogeochemical processes within the domain of interest. Bathymetry in the model 

domain was interpolated from two sources: 1) high resolution hyperspectral imagery-

derived bathymetry for shallow regions (<8 m), with 3.5 m horizontal resolution and 

<10% rms depth error (see Taebi et al. 2011); 2) historical boat sounding data in the 

region (Dept.of Transport, Western Australia) for deeper areas (>8 m), with typically 

<200 m horizontal resolution and <0.2 m vertical depth error. The bathymetry data was 

Table 5.1 Simulations set-up 

Simulations Identifiers 
Wave 
height 

Alongshore 
current 

tide wind 
Coral 
mask 

Validation 

Hydro1 

Time-
varying 

Southwards 

8 
constituents 

Time-
varying 

On Hydro2 Off 

Hydro3 Northwards 

Calcification 

Calci0 2.0 m 

Southwards 

Off Off 
On 

Calci1 1.0 m 

Calci2 1.5 m 

Calci3 3.0 m 

Calci4 

2.0 m 

Off 

Calci5 Northwards 

Calci6 
Southwards 

Off 

Calci7 
M2 

idealized 
Off On 
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interpolated onto a uniform grid with 50 m × 50 m resolution. Initial sensitivity tests 

with the model using grid resolutions from 200 m to 25 m indicated that 50 m grid 

resolution was adequate to resolve the wave-driven flows within Coral Bay. The domain 

dimension for the bathymetry was 24.4 km×30 km and the grid size was thus 488 × 600. 

We divided depth into 4 layers. A higher vertical resolution was not needed as the water 

column in the shallow reef area was normally well-mixed (see Chapter 4). To satisfy the 

CFL number condition (Marchesiello et al. 2001) for this grid resolution, we set the 

maximum water depth in offshore regions of the model domain to be 40 m. This 

allowed us to run the model stably with a 2 second barotropic time step. The 

modification of bathymetry offshore did not affect the currents simulated within the 

reef-lagoon system, and limiting the offshore depth allowed the model to run much 

more efficiently. Model simulations were conducted in parallel using up to 128 CPUs 

using an MPI version of the ROMS code.  

SWAN was configured in non-stationary mode and the less important processes 

of local wind generation, nonlinear wave-wave interaction and white capping 

dissipation were turned off. Wave spectra were prescribed at the western (offshore) 

boundary as well as the offshore section of the northern and southern boundaries using 

time-varying significant wave heights, peak periods, peak directions and directional 

spreading, by assuming a standard JONSWAP frequency distribution, 

( ,0.07,3.3 == aJ σγ 0.09=bσ ) and a cosine to the power 5 directional distribution 

(e.g., Holthuijsen 2007). To account for wave transformations (e.g., frictional damping 

and depth-induced refraction) that could occur between offshore (deep water) and S1, 

significant wave heights at the boundaries were increased in proportion and the wave 

directions adjusted accordingly, so that the simulated wave heights and directions at S1 

matched what we measured during the field study. Depth-limited wave breaking was 

modeled with a typical breaking parameter of 7.0=γ , a value typically applied on reef 

systems (Hearn 1999; Kraines et al. 1998; Lowe et al. 2009) ; a  bottom friction factor 

cwf  was calculated by a Soulsby (1995) formulation with a typical hydraulic roughness 

of 0.02 m for coral reefs (Lowe et al. 2009). Test simulations with hydraulic roughness 

values ranging from 0.001 m to 0.05 m showed that this intermediate value of 0.02 m 

gave the most accurate prediction of currents at sites S2 and S6 (not shown). The 

hydraulic roughness of 0.02 m corresponds to a physical roughness height of ~0.5 m, 

which is similar to the in situ roughness heights measured in other reef systems (Falter 

et al. 2004; Lowe et al. 2005).   
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In ROMS, a wall (free-slip) boundary condition was applied to the shoreline. On 

the three open boundaries, a combination of a Flather boundary condition for 2-D 

momentum and radiation boundary condition for both 3-D momentum and surface 

water level (Marchesiello et al. 2001) was applied. We imposed depth-dependent 2-D 

momentum boundary fluxes to generate a constant, uniform surface pressure gradient 

that could drive an alongshore current with a specified speed based on the balance of the 

pressure gradient and bottom stress (Eq. 4.20 in Chapter 4). Instead of simulating the 

real time-varying coastal alongshore current according to the measurement at S1, three 

scenarios of constant alongshore currents (from north to south, off, from south to north) 

which covered the full range of the alongshore current measured at S1 (with maximum 

magnitude of 0.1 m s-1 at ~10 m depth) were applied. To accurately simulate the real 

time-varying alongshore currents off the study site would have required nesting this 

nearshore model within a larger regional ocean circulation model, task far beyond the 

scope of the present study. However, as will be shown in section 5.4.2 and 5.4.3, the 

influence of the alongshore current was secondary to both hydrodynamic and 

biogeochemical processes.  

Time-varying, uniform wind stresses were applied to the model as a surface 

momentum input and source of turbulent kinetic energy. To recover tidal forcing, we 

used OTIS (OTIS tidal prediction software; Egbert et al. 1994) to extract the first eight 

tidal harmonic constituents (M2, S2, N2, K2, K1, O1, P1 and Q1) from OTIS Indian 

Ocean Tidal Solution (http://volkov.oce.orst.edu/tides/IO.html), and these harmonics 

were interpolated onto the ROMS input grid. 

To quantitatively compare the performance of the three hydrodynamic 

simulations, we defined the model skill (Lowe et al. 2009; Warner et al. 2005), root 

mean square error (RMSE) and model bias (Bias) as: 
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where elXmod

v

 and obsX
v

 indicate the simulated and measured current vectors respectively.  

Water residence time can be defined in many different ways depending on the 

numerical or experimental techniques (Jouon et al. 2006). In our study, we initialized 
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the entire Coral Bay domain with a conservative (passive) numerical tracer with a unit 

concentration equal to 1. We define residence time here to be the time it takes for the 

tracer concentration to decline to a value equal to 1/e (~0.37) of the initial concentration. 

This definition of residence time is equivalent to flushing lag plus e-folding flushing 

time defined by Jouon et al. (2006).  

5.3.3.2 Calcification module 

Changes in TA throughout the model domain were driven by rates of net 

calcification that were functionally dependent on diurnal changes in light according to 

the results from the control volume measurements. The measured community 

calcification netg  was functionally dependent on Downwelling planar PAR irradiance 

reaching the benthos (dE in µmol quanta m-2 s-1) as according to the following linear 

relationship: 

00

0
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=
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dnet E

EbaE
Eg         (5.5) 

where a and b are empirical constants derived from the field data. For the present 

modeling efforts we assume that 0≈netg during the night; however, the literature 

indicates that rates of nightime community net calcification in other reef communities 

are generally small: -3 to 3 mmol CaCO3 m
-2 hr-1 (Barnes and Devereux 1984; Gattuso 

et al. 1996; Kraines et al. 1997; Smith 1973; Smith 1981). The empirical diurnal curve 

of dE  during the experimental period in Coral Bay was derived by fitting a sinusoidal 

curve to the measured light data as:  
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where t denotes the time of day in hours. 

We chose to model the depth-dependency of calcification rates based on the 

work of Mass et al. (2007). They found that light decreased exponentially from the 

surface with a depth-attenuation coefficient for downwelling scalar light equal to 0.05 

m-1. Assuming an average ratio of planar to scalar downwelling PAR irradiance of 

around 0.9 (Kirk 1994), this translates into a depth-attenuation coefficient for 

downwelling planar light (kd) of 0.045 m-1. These authors also found that rates of 

calcification were the same for the upper 10 m in both winter and summer, but then 
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decreased to roughly half their near-surface values at a depth of 50 m indicating a sub-

surface depth-dependent attenuation for calcification of 0.014 m-1. Thus, calcification 

rates were constant to a depth equal to roughly one-half the optical depth or 0
d

1
2h k= , 

and below this depth rates of calcification decreased exponentially at a rate roughly 

proportional to exp(-kd/3). Following this example, we modeled the depth-dependent 

attenuation of calcification rates as 
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Thus, the sensitivity of calcification rates to depth-dependent changes in light 

(Eq. 5.7) is parameterized separately from the sensitivity to diurnal changes in light (Eq. 

5.5) rather than on a single time- and depth-dependent absolute Ed. We chose this 

approach in order to account for depth-dependent differences in photo-acclimation.  

A benthic habitat map (provided by Dept. of Environment and Conservation, 

Western Australia) and a high resolution aerial photograph were both used to estimate 

the regions within the study area occupied by calcifying organisms. Binary values of 0 

or 1 were applied to this mask to turn on and off coral calcification in the bottom cell. In 

ROMS, we prescribed a reactive tracer (TA) and defined its analytical bottom flux to be 

equal to twice the calcification rate defined by Eq. 5.5 and 5.7 since for every molecule 

of CaCO3 produced, two equivalents of TA are consumed causing TA∆  to increase by 

two equivalents.  

The deviation in total alkalinity (TA∆ ) was defined as the difference between 

the TA at a given site within the Coral Bay system and the TA at a reference site on the 

forereef (S1, Fig. 5.1B). We initialized the whole simulation domain with ∆TA = 0 and 

set the boundary fluxes of TA  to be 0.     

5.4 Results 

5.4.1 Field measurement 

5.4.1.1 Physical and hydrodynamic measurements 

During the field experiment we observed the hydrodynamic response of the 

Coral Bay reef-lagoon system to a wide range of incident wave heights (1-5 m in Fig. 

5.2AB). Alongshore currents measured at S1 ranged from 0 to ±0.1 m s-1, changing 
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directions frequently (positive indicates alongshore currents flowing from south to north 

 

Figure 5.2 Physical variables measured during the field experiment. (A) Significant wave height 

(Hs) measured at S1. The circles indicate the time alkalinity samples were taken. (B) Incident 

wave direction (rotating clockwise from the South) measured at S1 (Dp). (C) Alongshore current 

measured at S1 (positive values indicate northward currents). The instrument was buried by 

sand on the afternoon of 12th Jul 2010, and therefore no data was available during this period. 

(D) Wind speed. (E) Wind direction (measured from the North rotating anticlockwise to the 

direction from which wind comes). (F) Comparison between tidal heights measured at S1 

(solid) and those retrieved from OTIS (dotted). (G) Measured PAR at S1 (dashed) and at S2 

(solid). The circles indicate the time when calcification rate within the reef flat control volume 

was estimated. (H) Light extinction coefficient (kd) calculated from PAR measured at two 

different stations (S1 and S2). 
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in Fig. 5.2C).  Wind ranged from 0 to 10 m s-1 (Fig. 5.2D) primarily from the southeast 

to southwest (Fig. 5.2E). The measured water levels at S1 displayed part of a spring-

neap tidal cycle (Fig. 5.2F). The water level predicted by the OTIS tide model matched 

the water level observations at S1 very well (Fig. 5.2F), indicating that the tidal 

constituents from OTIS were appropriate to drive the hydrodynamic models. Ed (Fig. 

5.2G) at 1.5 m depth (at S2) ranged from 0-1000 µmol quanta m-2 s-1 between 7:00 am 

and 6:00 pm, while Ed measured at 9 m depth (at S1) ranged from 0-400 µmol quanta 

m-2 s-1. Based on the ratio of Ed between the two stations, we calculated extinction 

diffuse attenuation coefficient (kd) of around 0.14 m-1 that reached as high as 0.25 m-1 

when wave heights on the forereef were large (Fig. 5.2H).  

The time-averaged current vectors (averaged over the 10-day field study; Fig. 

3A) revealed that water flowed dominantly across the shallow reef flat (S2), entered the 

lagoon (S3), and then some water returned to the ocean through the northern channel 

(S6). The major axis of the current variance ellipses are also aligned with the time-

averaged current vectors (Fig. 5.3AB). This flow pattern is driven by wave-breaking on 

the reef as confirmed by the strong linear dependency of the current speeds on the 

offshore significant wave height (at S1, Fig. 5.4).  

 

5.4.1.2 Alkalinity and calcification measurements 

Linear regression of gcv vs. Ed (Eq. 5.5) gives that a = 0.0173 m4 (3.6quanta)-1 

and b = 2.9 mmol m2 hr-1 (Fig. 5.5). The time-average of kd (Fig. 5.2H) gave a value of 

0.14 m-1 so that in Eq.5.7, m4~0h . 

The binary calcification mask (Fig. 5.6A) showed that the reef crests and flats 

were mostly occupied by calcifying communities, whereas lagoon areas were covered 

with a mixture of calcifiers and sand patches. The deeper parts of the northern channel 

and the forereef areas had little coral coverage. With this mask, the spatial map of 

calcification rates at any given time of the day (e.g., 12:00 pm) can be calculated by 

Eqns. 5.5-5.7 (Fig. 5.6B). The calcification rate netG  was the highest (~

12 hmmmol20 −− ) on reef flats and the shallow parts of the lagoon, and decayed 

gradually with depth.  

Measured TA∆ varied as a function of both wave heights and the location within 

Coral Bay (Fig. 5.7). TA∆  across the bay decreased with increasing offshore wave  
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Figure 5.3 (A) Time-averaged current vectors observed during the field experiment. (B) 

Principle component ellipses of the measured currents(radii represent standard deviation).  

 

Figure 5.4 Relationships between current speeds measured at different stations within Coral Bay 

and the significant wave heights (Hs) measured at S1. The linear regression relationships for S2, 

S3 and S6 are y = 0.09x + 0.04, y = 0.15x - 0.04 and y = 0.18x - 0.13, respectively; and the 

correlation coefficients for S2, S3 and S6 are 0.85, 0.90 and 0.95, respectively. 
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Figure 5.5 Relationship between Ed and gcv (the local calcification rates estimated from the 

control volume experiment). The linear regression relationship (solid line) is y = 0.017x + 2.9 

with 90% confidence interval (dashed lines). 

 

 

Figure 5.6 Calcification mask and the maximum calcification rate during the day at 12:00 pm 

(noon). (A) Calcification mask. Light blue areas indicate full coverage of benthic calcifiers 

(100%) and the dark blue areas indicate zero coverage. (B) Spatial variation in model 

calcification rate at 12:00 pm (maximum light). White contour lines denote the 4 m isobaths. 
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heights. Furthermore ∆TA increased with distance from the reef crest in conjunction 

with the natural pattern of circulation within the bay. For each station, a power function 

in the form of y = ax-1 + b can be used to fit the data point of ∆TA and Hs. This 

particular form of power function was used because ∆TA is linearly correlated with Rτ  

according to Eq. 5.1 whereas Rτ ~ Hs
-1 according to Coronado et al. (2007). Salinity was 

effectively constant throughout the duration of the study (35.21 ± 0.06; mean ± std. dev.) 

thus any changes in TA caused by salinity were negligible (±4 µeq kg-1) given the 

limited residence time of waters in the bay (~hours, see below) and the range of ∆TA 

observed (~10 to 200 µeq kg-1).   

5.4.2 Hindcast simulations 

The coupled hydrodynamic-calcification models were run from 12:00 pm 4th 

July to 12:00 pm 12th July 2010 for three alongshore current scenarios (see Table 5.1).  

The simulated significant wave heights (Hs) and directions (Dp) matched with 

the measurement very well (Fig. 5.8 AB), indicating that the correct wave forcing was 

being applied to the offshore SWAN open boundary; and simulated waves were not 

sensitive to alongshore currents.   

 

Figure 5.7 Relationship between observed deviations in total alkalinity at three different 

stations within Coral Bay relative to the S1 reference site (∆TA) and observed significant wave 

heights (Hs). The best-fit parameters for function y = ax-1 + b at S3 are a = 18.1 and b = 1.5; at 

S4 are a = 65.0 and b = -4.1; and at S5 are a = 93.1 and b = 2.5. 
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Currents simulated on the reef flat (S2) for the three different alongshore current 

scenarios (Hydro1-3) followed a very similar trend to the measured currents (Fig. 5.9A, 

5.10), and all were highly correlated (0.88-0.89, Table 5.2) and demonstrated high 

model skills (0.67-0.68, Table 5.2). The major difference between the modeled and 

observed current was in the amplitude of the current variability predicted; the variability 

in the model was ~40% lower than what was observed (Fig. 5.10). However, the model 

also predicted substantial spatial variation in current speed on the reef flat. Therefore 

much of the disagreement between the model results and the observed currents on the 

reef flat may be due to minor deviation in the exact positioning of these spatial 

circulation features. For example, if the reef flat model observation point is moved just 

two grid cells to the west (or just 100 m), there would have been excellent agreement 

between simulated and observed currents (Fig. 5.9A). Currents simulated at the back of 

the reef flat (S3) were also highly correlated with the measured currents (0.88-0.92), but 

still under-predicted the magnitude by ~60% on average (Fig. 5.9B, 5.10). This resulted 

in lower model skills (0.57-.58) as compared to the model performance at S2. This was 

mainly due to the fact that S3 was positioned in a sand patch surrounded by high coral 

stands that nearly reached the surface. We will address this discrepancy in magnitude in 

more details in section 5.5.1. Simulated currents in the northern channel (S6) showed 

exceptional agreement with the recorded data, both in the time-series profile and in 

magnitude (Fig. 5.9C, 5.10). The predicted current at S6 has both high values of model 

skills (0.82-0.92) and high correlation coefficients (0.95-0.96), as well as low values of 

RMSE (0.09-0.2 m s-1) and biases (0.07-0.19 m s-1). It was also clear that the scenario 

with a southward alongshore current (Hydro1) displayed a much better agreement with 

the measured currents (Fig. 5.9C and Table 5.1). As a result, we decided that Hydro1 

would be the focus of subsequent coupled physical-biogeochemical hindcast 

simulations. Finally, wind was not the dominant forcing driving reef circulation; 

comparison between Hydro1 and an equivalent simulation lacking wind forcing showed 

that lagoonal outflows in the northern channel were only modestly different and only 

during low-wave forcing conditions.  

Hindcast simulations of TA∆  using the observed wave, tide and wind forcing 

(Hydro1) agreed well with the observed TA∆  throughout the bay as indicated by high 

model skill (0.80, Fig. 5.11) and high correlation (0.94, Fig. 5.11). However, while the 

magnitude of the simulated TA∆  were comparable to the measured TA∆  for the lower 

residence time stations (S3 and S4 under high wave forcing), the simulated TA∆  were 
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up to twice as high as the measured TA∆  for the longer residence time stations (S4 

under low wave forcing and S5). The source of these discrepancies for the longer 

residence time stations will be further discussed in section 5.5.2.  

5.4.3 Idealized simulations of residence times and total alkalinities 

Additional simulations were run to investigate the sensitivity of simulated Rτ  

and ∆TA within Coral Bay to various sources of idealized hydrodynamic forcing and 

benthic activity (Table 5.1). The default simulation (Calci0) was set up with an incident 

wave height of 2 m (at S1) propagating in a generally shoreward ( o265 ) direction, a 

southward alongshore current (0.01 m s-1 at 10 m depth) and the calcification mask 

presented in Fig. 5.6A. Simulations Calci0 through Calci3 examined the influence of 

offshore wave heights while simulations Calci4 and Calci5 examined the influence of 

the magnitude and direction of the alongshore current. Simulation Calci6 examined the 

influence of benthic coverage/activity by removing the calcification mask. Finally, 

simulation Calci7 investigated the role of the tide by applying a dominant M2 

constituent with a zero phase and amplitude equal to the root mean square of the 

measured tidal variation in sea surface elevation. All idealized simulations were run for 

6 days, during which all stations reached an approximate equilibrium, except for the 

tidal simulation (Calci7). The Coral Bay domain described in Fig. 5.12A was initialized 

with a numerical conservative tracer of unit concentration. Fig. 5.12B-D shows the 

evolution of conservative tracer concentration at different sites within Coral Bay for the 

Calci0 simulation as an example. The total amount of conservative tracer inside the bay 

decreased with time as tracer-rich water within the bay was replaced with tracer-free 

water flowing in from the adjacent ocean (Fig. 5.12). And the tracer shows that the 

cross-reef inflow exited from both the northern channel and False Passage. We 

calculated Rτ  for each grid point in the Coral Bay domain as the time it takes for the 

tracer to be first reduced to 1/e of the initial concentration (Fig. 5.13), thereby allowing 

a spatial map of Rτ  to be computed throughout Coral Bay (Fig. 5.14). We regarded 

subsequent increases in tracer concentration (Fig. 5.13) to be the result of the re-

entrainment of recycled water that had already once left the tracer domain via the False 

Passage. For the default conditions in Calci0, Rτ  increased from a few hours at the 

entrance of reef flat to 70 hr (~3 days) in the most isolated parts of the lagoon. There  
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Table 5.2 Model skill assessment 

Locations Model skill indices Hydro1 Hydro2 Hydro3 

S2 

Skill 0.68 0.68 0.67 
RMSE (m s-1) 0.11 0.11 0.12 
Bias (m s-1) 0.10 0.10 0.11 

Correlation coefficient 0.89 0.88 0.88 

 
S3 

Skill 0.58 0.57 0.57 
RMSE (m s-1) 0.19 0.18 0.19 
Bias (m s-1) 0.15 0.15 0.16 

Correlation coefficient 0.92 0.90 0.88 

S6 

Skill 0.95 0.90 0.78 
RMSE (m s-1) 0.09 0.11 0.20 
Bias (m s-1) 0.07 0.10 0.19 

Correlation coefficient 0.95 0.96 0.96 
 

 

 

 

 

Figure 5.8 Comparison between the measured and the simulated significant wave heights (A) 

and directions (B) at S1.  
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Figure 5.9 Comparison between the measured and the simulated major component of currents at 

(A) S2, (B) S3 and (C) S6. The purple line in (A) indicates the simulated currents in a 

cell 100 m to the west of S2. 
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Figure 5.10 Comparison between the measured and the simulated currents (from Hydro1) at S2, 

S3 and S6.  

 

 

Figure 5.11 Comparison between the measured and simulated ∆TA (from Hydro1). The 

regression line (solid line) is y = 1.95x – 15.4 with 90% confidence level (dashed lines).    
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Figure 5.12 Evolution of the conservative tracer concentrations within Coral Bay for Calci0. (A) 

Initialization of the tracer. (B) After 3 hr. (C) After 7 hr. (D) After 15 hr. The green dots 

indicate the locations of S3, S4 and S5 (left to right) respectively. The white contour lines 

indicate 4 m isobaths. 
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Figure 5.13 Time series of simulated the conservative tracer concentration from Calci0 at S3, S4 

and S5.  

 

 

Figure 5.14 Spatial map of the simulated residence time from Calci0. Dots indicate different 

sampling points (see Fig.5.1 caption). Black contour line denotes the 4 m isobaths. 
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were unexpectedly long residence times calculated near the exit of the False Passage 

due to the formation of a gyre that retained the tracer at the channel mouth (Fig. 5.12D, 

5.14). This gyre existed mainly due to the constant forcing condition applied in the 

simulation and was not observed in any of the hindcast simulations which used 

realistic,time-varying forcing.   

Simulated residence times for S3, S4 and S5 were plotted against significant 

wave heights for all calcification simulations (Fig. 5.15). The residence time at S4 

calculated under 1 m wave forcing was ignored given that the station was located on a 

line of stagnant flow where southwards alongshore current almost exactly balanced the 

northward wave-driven flow in the lagoon, thus causing an unusual retaining of the 

conservative tracer. This line of stagnant flow persisted in the simulation mainly due to 

the idealized forcing assumed for the simulation. Nonetheless, at each individual station 

there was a clear trend of decreasing residence time with increasing significant wave 

height (Fig. 5.15). In addition, residence time increased with the distance of the station 

from the reef crest under the same wave condition. For each station, the empirical 

relationship between residence time and significant wave height could also be 

established as a power function in the form of y = ax-1 + b (see Fig. 5.15). 

The time series of simulated ∆TA from Calci0 exhibited quasi-sinusoidal diurnal 

cycles that slowly approached equilibrium after 3 days (Fig. 5.16). The daily mean 

value and the amplitude of the diurnal curves both increased with the distance between 

each stations and the reef crest with only modest phase differences between the stations. 

The ∆TA time-series generated by other calcification simulations followed a similar 

pattern, but with wave-dependent amplitudes (see section 5.5.4) and slightly different 

phases. For all the calcification simulations (except Calci6) the equilibrium values of 

the simulated ∆TA at midday (when most water samples were taken) for the three 

stations (S3, S4 and S5) were plotted against the simulated significant wave heights at 

S1 (Fig. 5.17).  

The simulated TA∆  shows a prominent decreasing trend with increasing 

significant wave height, resembling that of the simulated residence time (Fig. 5.17) with 

only one exception: simulated TA∆  at S3 was slightly greater than at S4 even though 

the residence time was higher at S4 than S3 under the same wave condition. This was 

only due to the phase difference between S3 and S4 and did not contradict to the general 

simulation results of longer residence time corresponding to greater TA∆  (see further 
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explanation in section 5.5.4). Changing the direction of the alongshore current from 

south to north caused residence time to decrease by 50% (Calci4 and Calci5), but yet 

caused TA∆  to increase by just 25%. So even though alongshore current seems to have 

a significant influence on residence time, its impact on TA∆  remains secondary 

compared to the impact of the significant wave heights (see Fig. 5.17). Turning off the 

calcification mask increased TA∆  by 10% at S3 to 130% at S5 as a result of increasing 

amount of actively calcifying bottom cover within the model domain. 

5.5 Discussions 

5.5.1 Hydrodynamic model validation and circulation in Coral Bay 

We found that waves were the dominant forcing variable driving circulation 

within the Coral Bay reef-lagoon system: results consistent with prior observations of 

other coastal reef-lagoon systems (Lowe et al. 2009; Taebi et al. 2011). Simulated 

currents were highly correlated with the measured currents at all stations, indicating that 

the simulated currents responded to waves the same way as did the measured currents. 

The very good agreement between the measured and simulated currents at the northern 

channel indicated that the hydrodynamic models correctly simulated the total outflow 

from the north of the bay, and likely the total inflow across the reef crest (Fig. 5.9C). 

The generally high model skills at all stations except S3 showed that the hydrodynamic 

simulations were able to capture the general circulation pattern under observed forcing 

by the winds, waves, tides and offshore currents. The under-prediction of current 

amplitudes at S2 and S3 was likely due to the local variation in reef bathymetry. Given 

the shallow depth of the reef flat and lagoon just landward of the reef flat, even minor 

variations in real bathymetry could result in substantial variations in current speed 

(assuming that the volume flow rate was locally conserved). At S2, the simulated flow 

speed in this area was found to be very sensitive to the location on the reef flat (even 

over short distances): e.g., a very good match between simulated and observed currents 

can be found at a location just two grid cells away (~100 m) the west of S2 (Fig. 5.9A). 

We note that the simulations gave current values spatially averaged and smoothed on 

the scale of the 50 m grid cell, whereas the measured current gave the local value 

measured at the scale of ~1 m. Thus the observed value could deviate substantially from 

the spatially averaged value, as the station was positioned in a location with such high 

spatial gradient of current velocity. S3 was located in a sand patch (~4 m depth) 

surrounded by corals that nearly reached the surface (Fig. 5.18). This channelized effect      
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Figure 5.15 The simulated residence times as a function of the simulated significant wave 

heights (Hs)  from the idealized simulations. The best-fit parameters for function y = ax-1 + b 

(for Calci0-3) at S3 are a = 3.5 and b = 1.4; at S4 are a = 14.1 and b = 0.5; and at S5 are a = 

50.0 and b = 1.7. 

 

 

Figure 5.16 Magnitudes of the simulated TA (at S1) or the simulated TA∆  (at S3, S4 and S5) 
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Figure 5.17 The simulatedTA∆  as a function of the simulated significant wave heights (Hs)  at 

S1. The best-fit parameters for function y = ax-1 + b (for Calci0-3) at S3 are a = 37.4 and b = -

3.9; at S4 are a = 18.0 and b = 3.3; and at S5 are a = 159 and b = -20.2. 

enhanced the flow through S3, and to properly resolve this channelized flow would 

require a grid resolution on the order of meters, which is not feasible for numerical 

modeling in a domain of this size at present. Our results emphasize the challenges of 

choosing the best instrument locations to collect data for model validation. We suggest 

that regions with strong sub-grid variation in bathymetry should be avoided as sites for 

measurements. 

Simulated currents at the reef flat (S2) and in the backreef lagoon (S3), however, 

were not sensitive to the direction of the alongshore currents tested; Nonetheless, most 

realistic prediction of outflow from the northern channel station (S6) occurred under a 

constant southward alongshore current (Fig. 5.9C). 

5.5.2 Hindcast simulations of total alkalinity 

The hindcast simulations with the benthic calcification module were able to 

predict the spatial and temporal variation of TA∆  under conditions of real forcing by 

waves, alongshore currents, tides and winds. The predicted TA∆  at S3, S4 and S5 

matched well with the measured TA∆  at these stations, albeit with some degree of 

overestimation for the long residence times stations (Fig. 5.11). This overestimation 

may indicate that the model could be overestimating areal rates of calcification, and this 
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could occur for a number of reasons. First, the uncertainty in the relationship between 

calcification rate and light indicate that real rates of calcification could be up to 25% 

lower than determined by the regression (15 vs. 20 m mmol CaCO3 m
-2 hr-1 at mid-day, 

Fig. 5.5). Second, the spatially averaged currents across the reef flat may be lower than 

the locally measured currents used to calculate calcification rates within the control 

volume. The hydrodynamic model predicted currents on the reef flat were on-average 

40% lower than observed on the reef flat (S2), yet it was still able to simulate the 

outflow from northern channel, suggesting the model was still properly budgeting the 

flow of water out of the Coral Bay lagoon. This would imply that the calculations from 

the control volume were overestimating calcification rates by 30% according to Eq.5.1. 

Applying a correction to gnet of 30% (Eq. 5.5) improves the model skill from 0.80 to 

0.93. Finally, it is also possible that the active benthos in the lagoonal areas of Coral 

Bay were less metabolically active than on the reef flat, thus causing the greatest 

deviations between the simulated and the observed ∆TA to be at those sites further from 

the reef crest (S4 and S5). At present we cannot tell which of these three sources of 

 

Figure 5.18 High resolution morphology within two grid cells where S3 was positioned. Dashed 

lines indicate the edges of the grid cells.  
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uncertainty is more responsible for the differences in the magnitude of ∆TA between the 

simulations and observations. This will be further discussed in section 5.5.4.  

5.5.3 Residence time response to hydrodynamic forcing 

The coupled hydrodynamic-calcification simulations showed that residence time 

within Coral Bay varied strongly as a function of two important factors: 1) 

hydrodynamic forcing (mainly wave forcing) and 2) location within the bay. 

Specifically, for the same location, residence time decreased with increasing significant 

wave height (Fig. 5.15); and for the same significant wave height (e.g. 2 m), residence 

time increased from a few hours on the reef flat to a few days in more isolated part in 

the lagoon (Fig. 5.14).  

Residence time was also somewhat sensitive to the direction of the alongshore 

current, because wave-driven circulation generally moved in a northward direction 

within the lagoon, and a northward alongshore current enhanced this circulation pattern, 

thus reducing the residence times in comparison with a southward alongshore current 

which opposed the general circulation pattern and thus increasing residence times (Fig. 

5.15). The tide (Calci7) did not seem to significantly affect residence times at S3, S4 

and S5, as the hydrodynamics of the system were mainly wave-driven (Fig. 5.15). 

  

5.5.4 Total alkalinity response to hydrodynamic forcing and the coral mask 

Much like residence times, the simulated TA∆  also depended strongly on wave 

forcing and location, yet it was additionally dependent on the time of day due to the 

normal diurnal variation in calcification rates. Despite slightly over-predicting TA∆ , the 

simulated TA∆  agreed well with the observed TA∆ . Our simulation also captured the 

observed relationship between TA∆  and significant wave height at each station (Fig. 5.7, 

5.17). We would expect that longer residence times would generally result in greater 

TA∆  at all times, but this was not always the case. For instance, the peak value of TA∆  

at S4 has been shown to be generally greater than that at S3, however, there were 

periods during the day when TA∆  at S3 was higher than that at S4 due to difference in 

the time-lag between water parcels reaching a given station and the diurnal variation in 

calcification rates (Fig. 5.16). The simulations yielded other unexpected behavior as 

well. Although a northward alongshore current reduced the residence time at S5, it also 

helped drive the flux of low TA waters from the south of the Coral Bay, which caused 

TA∆  at S5 to increase relative to a southward offshore current (Fig. 5.17). Ignoring this 
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southern influx of TA  and using TA∆  and residence time measured at S5 alone to 

calculate calcification rate could result in large error (>50%). This demonstrated one 

limitation of using the conventional residence time approach to estimate chemical fluxes 

in general (Eq. 5.1): it requires that there is only one homogeneous and quasi-stationary 

source of water.    

Given that residence times throughout the Coral Bay system are on the order of 

a few hours to a few days, there was strong diurnal variation in TA at fore-reef station 

(S1). For example, TA varied diurnally with amplitude of ~20 1kgµeq −  for the default 

simulation Calci0 (Fig.16). Thus it is not possible to assume a stationary reference TA at 

S1 to calculate calcification rates using Eq. 5.1 for Coral Bay. It may be more 

advantageous to choose a reference station for TA further offshore so that the temporal 

variation in TA is negligible.  

Applying a calcification mask considerably reduced the simulated TA∆  

compared to the scenario assuming that calcification was the same as on the reef flat 

everywhere within the computational domain (Calci6, Fig. 5.17). This emphasized the 

importance of including benthic community composition in the modeling of TA∆  and 

other biogeochemical compounds affected by processes specific to certain benthic 

bottom types. In this study, we applied binary values (0 or 1) to contrast coral 

community dominated regions with sand patches, whereas in reality, percent cover of 

actively calcifying organisms can be anywhere in between. Also, we assumed that 

metabolism of calcifying benthos was similar to those within the control volume (Fig. 

5.1C) where the functional relationship between calcification rates and light was derived. 

We can expect that a more detailed habitat map could potentially reduce the uncertainty 

in the simulation results due to benthic cover and composition. Uncertainty in our 

assignment of spatial calcification rates could have partly explained the overestimation 

of TA∆  by the simulation under conditions of long residence time. Nonetheless, our 

hindcast simulation with the present mask still performed well in predicting TA∆  across 

the bay and under a wide range of wave conditions.    

5.5.5 Monitoring community-scale calcification rates 

With the development of a calcification module within the hydrodynamic model, 

we were able to predict the spatial-variation of TA∆  across Coral Bay in real time. Such 

simulations can be used to validate and improve the parameters and structure of the 

calcification module in the future, especially when the coupled model is combined with 
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a data assimilation approach as in pelagic systems (see review by Brasseur et al. 2009; 

Dickey 2003). In this study, we assumed a constant alongshore current forcing in all 

simulations and found that it impacted the simulated current, residence time andTA∆ . 

We also assumed that TA∆  was equal to 0 at the open boundaries. To correctly resolve 

the realistic, time-varying boundary conditions of alongshore current and alkalinity 

requires nesting the reef-scale model in a shelf-scale circulation model. The nesting 

approaches have already been widely applied in pelagic systems (e.g., Samuelsen et al. 

2009; Zhao and Guo 2011) and their application in coral reef systems will be an 

interesting topic to explore in the future.  

5.6 Conclusions 

Both the simulated currents and total alkalinities agreed favorably with 

measured values at various locations within Coral Bay. These results are especially 

encouraging given that this is the first study of its kind: one combining benthic 

calcification module with a nearshore wave and current model. Both our model results 

as well as field observations support the following conclusions:  

1. Residence times and total alkalinities varied strongly as a function of 

hydrodynamic forcing. This forcing was primarily driven by offshore wave 

heights with additional minor effects from tides and alongshore currents.  

2. Residence times and total alkalinities also varied strongly as a function 

of the location within the bay, or distance from where offshore waters entered 

the reef-lagoon system. 

3. Total alkalinities were additionally sensitive to the spatial distribution of 

benthic calcification rates as well as interactions between the physically 

controlled water residence times and diurnal variations in calcification rates.  

 The quantitative relationships derived from the simulated residence times and 

significant wave heights provides us with an excellent empirical means of estimating 

residence times within the Coral Bay fringing reef-lagoon system under a wide range of 

wave conditions. Using such estimates of residence times for observed incident wave 

heights in conjunction with synoptic measurements of deviation in total alkalinity across 

the bay relative to a reference site offshore would provide scientist and managers with 

multiple estimates of system calcification across Coral Bay and potentially other reef 

systems. System-scale calcification rates for Coral Bay could thus be monitored over 

the course of several seasons, years, and even decades. Thus, the coupled 
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hydrodynamic-calcification numerical model could provide us with a powerful tool for 

monitoring the impact of changing climate on rates of coral reef calcification. 
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5.7 Notations 

Variable Description Unit 
a slope of calcification rate and light regression m4 (3.6quanta)-1 
b intercept of calcification rate and light regression mmol m-2 hr-1 
Dp peak direction of surface wave spectrum o 

dE  PAR µmol quanta m-2 s-

1 

cwf  wave-friction factor - 

gcv 
calcification rate measured by the Control volume 
experiment 

mmol m-2 hr-1 

netg  net calcification rate mmol m-2 hr-1 
h depth m 

maxh  depth at which Gnet becomes negligible m 
Hs significant wave height m 

0h  depth at which Gnet  begin diminishing with light m 

dk  light extinction coefficient m-1 

gk  depth attenuation coefficient for calcification rate m-1 

Q rate of net exchange m3 s-1 
qx volume flux in the crossshore direction m2 s-1 

qy volume flux in the alongshore direction m2 s-1 

t time of day hr 
TA  total alkalinity µeq kg-1 
Tp peak period of surface wave spectrum s 
V  lagoon volume m3 

elXmod

v

 simulated current vectors [m s-1, m s-1] 

obsX
v

 observed current vectors [m s-1, m s-1] 

TA∆  total alkalinity anomaly µeq kg-1 
γ  wave breaking parameter - 

Jγ  JONSWAP shape parameter - 

aσ  JONSWAP shape parameter - 

bσ  JONSWAP shape parameter - 

Rτ  residence time hr 
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Chapter 6 Conclusions 

By investigating three different scenarios of wind stress inputs; 1) uniform wind 

and constant neutral drag coefficient, 2) variable wind and constant neutral drag 

coefficient, and 3) variable wind and variable neutral drag coefficient, Chapter 3 

showed that the wind impulse and temporal variation in the spatially integrated wind 

forces determines the amplitude and the phase of the basin scale internal waves at low 

frequencies within a lake system. The wind impulse imparted on the surface of the lake 

depends on the spatial distribution of both the wind speed and the wind drag coefficient; 

however, the latter was shown to exert a much smaller influence than the former. The 

effects of spatial variability in both wind speed and the drag coefficient are mainly 

confined to high-frequency internal waves with periods between 5 h and 10 h.  

The simulation results in Chapter 4 demonstrate the ability of the benthic 

nutrient uptake module to describe the complex and spatially variable nutrient uptake 

dynamics that occur within real coral reef systems when incorporated into an existing 

coupled wave-circulation numerical model (ROMS and SWAN). There was good 

quantitative agreement between the simulated and observed nutrient concentration fields 

for two different reef systems in entirely different oceanic provinces, yet with no tuning 

of the model parameters (derived from independent experiments) required. This 

highlights the universal applicability of such a process-based model, making it a viable 

tool for the study of reef systems in general.   

In Chapter 5, a model simulating the impact of hydrodynamic forcing and 

calcification on the spatial distribution of total alkalinity was developed within ROMS. 

Both the simulated currents and alkalinity agreed favorably with the measurements at 

multiple locations within Coral Bay. This highlights the robust skill of the coupled 

hydrodynamic-biogeochemical model to simulate the complex relationships between 

real reef circulation as driven by waves, currents, tides and alongshore currents in reef-

lagoon systems; as well as calcification as driven by diurnal changes in light. Both field 

measurements and model simulations confirmed that spatial variability in total 

alkalinity and residence time varied strongly as a function of wave forcing and location 

in the bay. 

The good agreement between both the simulated and observed physics and 

chemistry in both reef systems emphasized the effectiveness of using coupled numerical 

models to resolve the spatial and temporal variability of physical and biogeochemical 
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processes in coastal as well as pelagic systems. In particular, the development of 

coupled hydrodynamic-biogeochemical models for coral reef systems will allow us to 

resolve the spatial and temporal variation in dissolved nutrients and alkalinity as well as 

rates of key process such as nutrient uptake and calcification, system characters which 

cannot be presently resolved by other methods. The coupled models developed in this 

thesis therefore provide an important foundation for both studying and monitoring the 

impact of many environmental factors on the physical and biogeochemical dynamics of 

coral reef communities at multiple temporal and spatial scales.  
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Appendices 

Appendix A Empirical wave equations by Carter (1982) 

 Under stationary wind conditions, significant wave heights Hs and peak 

frequencies fp are only dependent on wind fetch length F and the wind speed U as:  

22

22

32.2025.0

32.2016.0

UFU

UFUF
H s >

≤
=        (A1) 

21

24.03.0

32.237.1

32.279.1

UFU

UFUF
f P >

≤
= −

−−

       (A2) 

 

Appendix B Parameterization of wind drag coefficient 

The parameterization is based on three basic equations: aerodynamic bulk 

formulae, surface roughness equation (Taylor and Yelland 2001), and wind profile with 

atmospheric stability correction, which are: 

2
*

2 uUC zD =                                                              (B1) 

where DC  is the surface drag coefficient; zU  is the wind speed at height z  above the 

water surface; *u  is the friction velocity.  

*

5.4 11.0)/(1200
u

LHHz psso

υ+=                                           (B2) 

where oz  is the roughness length; sH  is the significant wave height; pL  is the wave 

length at the peak frequency; υ  is the kinematic viscosity. The second term on the right 

hand side is a correction term for smooth surface, and it will only affect the 

parameterization when wind speed is less than 5 m s-1 (Smith et al. 1996).  

mz zzukU Ψ−= )/ln(/ 0*                                                  (B3) 

where k  is the von Kármán constant; mΨ is the non-dimensional factor that modifies 

the logarithmic wind profile (Monin and Obukhov 1954) and is a function of moLz / , 

where moL  is the Monin-Obukhov length scale, defined by:  
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where airρ  is air density; vθ  is the virtual temperature; lH  is the sensible heat; sC  is 

the specific heat of water; θ  is the air temperature; E  is the latent heat; g  is the 

gravity acceleration; vL  is the latent heat of vaporization.  

lH  and E  can be parameterized by bulk heat transfer formulae:  

)( szHsl UCCH θθρ −−=                                                   (B5) 

)( szzwv qqUCLE −−= ρ                                                  (B6) 

where HC , wC  are the heat transfer coefficients for the sensible heat and the latent heat 

respectively; sθ  is the water surface temperature; zq  is the specific humidity at the 

height of the humidity sensor; sq  is the specific humidity under the saturation pressure 

at the water surface temperature. The heat transfer functions can be parameterized by 

(Imberger and Patterson 1990):  

])/[ln(

])/[ln(

2

2

wwcw

HHcH

zzkC

zzkC

Ψ−=

Ψ−=
                                                (B7) 

where cz is the height of the humidity sensor; Hz  and wz  are the roughness lengths for 

the sensible heat and the latent heat, which can be parameterized by (Cahill et al. 1997): 

)])(exp[( 2/12/1
00 DH CStkzz −−= −                                            (B8) 

where 

511.5)( 2/124.0
0

2/12/1
0 −=− +
−

rD PzCSt                                            (B9) 

in which υ/)( 0*0 zuz =+  is the momentum roughness length; rP  is Prandtl number (0.71) 

for the sensible heat calculation and replaced by Schmidt number (0.595) for the latent 

heat calculation.  

Starting from the neutral value 3101.1 −×=DNC  and iterating the program until 

DC  converges, we will be able to resolve the wind speed, drag coefficient, and heat 
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transfer coefficients for a certain height under both the neutral condition and a particular 

atmospheric stability condition. The iteration converges most of the time, except for 

some cases with extremely low wind speed, and a constant value of 3101.1 −× was used 

in these cases. 

Similar procedure was used by Smith (1988) to derive the coefficients for wind 

profiles, wind stresses and heat fluxes. Compared to his program, however, our scheme 

used Taylor & Yelland’s (2001) parameterization for surface roughness length and 

Cahill, Parlange & Albertson (1997) parameterization for thermal roughness length 

instead of the Charnock relationship (Munk et al. 1955). The program is also similar to 

the frequently-used COARE scheme in air-sea interaction (Fairall et al. 2003) with a 

different sequence of equations in the iterations. However heat transfer is much more 

simplified in our program (without cool skin correction or convective radiation 

consideration), which is reasonable as the effect of heat transfer is out of the scope of 

Chapter 3.  
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