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ABSTRACT 

 The physical environment within which coral reefs exist directly influences key 

ecosystem processes that regulate their growth, metabolism and community structure. 

Many ecological processes within a coral reef depend on the exchange and redistribution 

of nutrients, organic particles, temperature and oxygen, which are largely determined by 

circulation patterns and residence time. Although surface waves are often a primary 

forcing mechanism driving flow over many shallow reefs, strong tidal forcing dominates 

the circulation in numerous reef systems worldwide. Much less is known about the 

hydrodynamic processes within strongly tidally-forced reefs generally. Coral reef atolls 

are isolated oceanic reef structures that are strongly dependent on interactions with the 

surrounding ocean; of these ~10% of atolls are considered tide-dominated, where the 

mean tidal range exceeds the mean significant wave height. This thesis investigates how 

large tides interact with an oceanic atoll system to influence the hydrodynamics and 

circulation, and therefore control the spatial and temporal distribution of water quality 

parameters such as nutrients and temperature. 

 The study was conducted at Scott Reef, a remote yet biodiverse coral reef atoll 

that rises from depths >1000 m on the edge of the continental shelf of northwest Australia. 

The reef system consists of three reefs (North Scott, South Scott and Seringapatam) that 

experience large semi-diurnal tides (spring tidal range ~4 m). South Scott has a deep 

lagoon (~50 m) that is open on its northern flank to a deep channel, whereas both North 

Scott and Seringapatam are shallower (~15 m), and almost completely enclosed by a 

shallow reef rim that becomes exposed at low tide.  

 Moored instruments within an entrance to South Scott lagoon revealed the 

presence of tidally-driven internal bores, that advected cooler and deeper offshore waters 

(up to 4.5°C) into the lagoon, which were also richer in nutrients and chlorophyll-a. A 

strong relationship between in-situ measurements of nitrate and temperature was used to 

estimate nitrate concentrations from high temporally- and spatially-resolved temperature 

measurements, from which horizontal nitrate fluxes into the lagoon were then estimated. 

The depth-integrated, time-averaged nitrate flux during spring tides was over three times 

larger than during neap tides. The observations indicate that colder, deeper and nutrient-



vi 

rich water associated with internal tidal bores during spring tide is likely to be the primary 

mechanism through which allochtonous nutrients are delivered to benthic and pelagic 

communities within the deep lagoon of South Scott. 

 In contrast to the deep lagoon of South Scott, the shallower lagoons of North 

Scott and Seringapatam are almost completely surrounded by a reef rim, and therefore 

have restricted exchange with the open ocean. The circulation of North Scott was 

investigated using field observations and numerical modeling using an unstructured grid 

circulation model. Highly asymmetric water levels and velocities were observed, whereby 

the ebb tide duration was ~2 h longer than the flood, and rapid flood velocities in the 

southern channel reached 2 m s-1. The observed hydrodynamics were all well-predicted 

by the numerical model. At higher tidal stages, a dominant momentum balance existed 

between the pressure gradient (established by the propagation of the tide on the shelf) and 

the local flow acceleration of water throughout the interior of the atoll. At lower tidal 

stages, which coincided with a reversal of the offshore tidal pressure gradient, the lagoon 

became isolated from offshore dynamics and all momentum terms were negligible. This 

resulted in a tidally-averaged residual westward flow within the lagoon that drove an 

asymmetric flushing pattern within the atoll. 

 Hydrodynamic forces driving circulation and their interaction with atmospheric 

processes are closely coupled to spatial and temporal variations in reef temperature. Scott 

Reef was one of many reefs affected by the 2015-2016 mass coral bleaching event across 

tropical northern Australia, with sea surface temperature anomalies of ~2°C causing 

severe mass bleaching over most of the system (60-90%). Three mechanisms at Scott 

Reef were identified that alleviated thermal stress during the marine heatwave in 2016: 

1) the cool wake of a Tropical Cyclone that induced temperature drops of ~1.3°C; 2) air-

sea heat fluxes that interacted with the reef morphology during neap tides to reduce water 

temperatures by up to 2.9°C at Seringapatam; 3) internal tidal bores that forced deeper 

and cooler water into shallower reef environments. Identifying locations where physical 

processes reduce thermal stress will likely be critical for coral reefs in the future, by 

providing potential refugia for coral communities from marine heat waves and potentially 

assisting with the local recovery of corals in coming decades. 
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1 
 INTRODUCTION 

1.1 Background 
Coral reefs are one of the earth’s most diverse, productive, and economically 

significant ecosystems (Hoegh-Guldberg 1999). They provide critical ecosystem services 

including tourism, fishing and coastal protection yet are subject to a number of 

anthropogenic stressors that compromise these functions (Harborne et al. 2017). Modern 

coral reefs have been subjected to a number of pressures that threaten their growth, 

productivity and sustainability (Hughes et al. 2003), that in many cases, is resulting in 

irreversible ecological transformation (Hoegh-Guldberg and Bruno 2010).   

Tropical coral reefs live close to their upper thermal tolerance limits, meaning 

they are sensitive to even small temperature excursions above the seasonal maximum 

(Baker et al. 2008). Unusually warm temperatures associated with marine heatwaves 

disrupt the relationship between a coral and its photosynthetic symbionts (Symbiodinium 

spp.), causing the coral to pale and the symbiosis to collapse (Brown 1997; Hoegh-

Guldberg 1999). Corals may regain their symbionts, but if the thermal stress is sustained, 

extensive mortality may occur as corals obtain most of their metabolic requirements 

through symbiont photosynthesis (Muscatine et al. 1981). Even surviving corals may 

slowly die as they are more susceptible to disease following mass bleaching (Miller et al. 

2009). Most recently, the severe El Niño event of 2014 – 2017 caused a record breaking 
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global coral bleaching event (Hughes et al. 2017; Lough et al. 2018), and these global 

events are set continue to increase in frequency and severity (Heron et al. 2016). 

Accordingly, an understanding of the physical dynamics and how they influence the 

structure and function of coral reefs is important to help develop effective management 

strategies to help maintain the biological functions of reefs in the face of imminent climate 

change. 

1.2 Reef hydrodynamics 
 The tropical waters surrounding isolated ocean atolls are typically low-nutrient 

oligotrophic environments yet sustain remarkably productive coral reefs and fisheries 

(Odum and Odum 1955; Gove et al. 2016). Physical oceanic processes that shape reef 

ecosystems occur over a wide range of spatial scales: from ocean boundary currents 

occurring over 100s of kilometres, to turbulent mixing processes occurring over scales 

less than a centimeter (Lowe and Falter 2015). Circulation patterns within coral reef 

environments play a critical role in regulating the spatial distribution of temperature 

(Zhang et al. 2013), nutrients (Falter et al. 2004), oxygen (Gruber et al. 2017), larvae 

(Pineda 1991) and other planktonic organisms (Wyatt et al. 2010), by controlling how 

water is exchanged between shallow reefs and the surrounding deep ocean.  

Offshore interactions with coral reefs include (but are not limited to) wind- or 

current-driven upwelling (Gove et al. 2006; Wyatt et al. 2012), island wakes (Rogers et 

al. 2017), and high frequency internal waves. High frequency internal waves form when 

strong tidal flows interact with local topography in a stratified water column, which 

disturbs naturally existing density gradients. The resulting perturbations then propagate 

away from the site of generation as waves at the tidal frequency (‘internal tides’). These 

features can be found throughout all the world’s oceans (Leichter et al. 2003; Wolanski 

et al. 2004; Sheppard 2009; Roder et al. 2011), and provide an important source of deep 

cooler, nutrient-rich water to coral reef communities living in an otherwise oligotrophic 

environment. The magnitude of these abrupt changes in water temperature associated 

with internal tides varies, reflecting the seasonal changes in vertical stratification 

(Leichter et al. 2012), but can provide the necessary relief to coral reefs to mitigate the 

impact of bleaching (Wall et al. 2015; Schmidt et al. 2016). They have also been 

demonstrated to increase nutrient concentrations up to 40-fold (Leichter et al. 2003), as 
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well as providing high concentrations of live plankton (Leichter et al. 1998) and 

suspended material (Ribbe and Holloway 2001), which provide coral and other benthic 

filter feeders with additional nutrition. These features also impact the coral community 

dynamics of exposed reefs; high diversity but supressed reef framework development has 

been reported in the Andaman Sea (Schmidt et al. 2012; Wall et al. 2012).  

The circulation of many reef environments is dominantly driven by surface 

waves; where breaking waves on a steep forereef causes wave setup that establishes water 

level (pressure) gradients that drive cross-reef flow (Hench et al. 2008; Lowe et al. 

2009b). However, depending on their location, morphology and the regional atmospheric 

and oceanographic conditions, the circulation of many reefs can also be influenced or 

dominated by tidal forcing (Lowe et al. 2015), winds (Atkinson et al. 1981; Lowe et al. 

2009b) and buoyancy effects (Herdman et al. 2015). ‘Tide-dominated reefs’, which can 

be defined as reefs where the ratio of the mean tidal range (MTR) to the mean annual 

significant wave height (Hs) is greater than 1, likely account for approximately one third 

of reefs worldwide (Lowe and Falter 2015). In these reefs the offshore tidal amplitude 

can often exceed the depth of the reef rim, and as a consequence, at low tide the reef 

Figure 1-1.  Global distribution of the world's atolls. (a) Distribution and classification according to 

Goldberg (2016). Classification as follows: Island atolls occur where islands have accreted; closed 

atolls where a lagoon is completely surrounded by a reef rim; atoll reefs have an emergent feature at 

or close to the surface at low tide, with any permanent land comprising <5% of the total rim area. 

(b) Distribution of wave and tide dominated atolls, using methods and data described in Lowe and 

Falter (2015). 
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becomes exposed (Lowe et al. 2016). These topographic constrictions and/or increased 

bottom friction slowing the outflow of water from the system can cause asymmetry in 

tidal phase duration and flow speeds, with important implications on water quality (Lowe 

et al. 2015). 

Coral reef atolls have a morphology characterized by generally having a steep 

mid-ocean slope rising to a shallow reef rim that surrounds a central lagoon, often lacking 

any large permanently exposed (island) land masses. Therefore, the connectivity of an 

atoll to the open ocean often depends strongly on how flows interact with submerged reef 

flats, and/or channel systems or breaks in the reef rim, and atolls are often considered the 

most hydrodynamically closed type of reef morphology (Andréfouët et al. 2015). 

A study by Goldberg (2016) reported that out of the 439 recognized atolls 

throughout the world’s oceans, 39% are classified subtidal  ‘atoll reefs’, where the reef is 

visible or close to the surface at low tide, and any permanent land features comprise <5% 

of the total rim area (Figure 1-1a). The relative tidal range (MTR/ Hs) of these atolls shows 

that globally, there is a clear dominance of atolls with relatively small tidal ranges, 

particularly in the Pacific Ocean (Figure 1-1b), which have also been the focus of the 

majority of atoll hydrodynamic studies. However, we expect tidally driven ocean 

processes to be particularly significant in ~10% of the world’s atolls, mainly in regions 

of the world such as northwestern Australia, the Coral Triangle, and off eastern Africa. 

These atolls have substantially different dynamics to systems that are predominantly 

wave-dominated, yet their hydrodynamics have received very little attention in the 

literature. 

1.3 Scott Reef 
The North West Shelf (NWS) of Australia (Figure 1-2 and Figure 1-3) extends 

approximately 2000 km from the North-West Cape in the south to the Timor Sea in the 

north, and has a complex topography including a wide continental shelf, two shelf breaks, 

with steep-sloped reefs and island chains on the outer-shelf break (Rayson 2012). Tidal 

dynamics are dominated by the semi-diurnal principal lunar (M2) and solar (S2) 

components (Holloway 1983). In the northern region of the NWS tidal range is large; at 

the inshore coastal (Kimberley) region it reaches 8 m (Lowe et al. 2015), falling to 4 m 
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at Scott Reef (Rayson et al. 2018), meaning the reef systems in this region are 

predominantly tide-dominated. 

Scott Reef rises steeply from depths of >1000 m, and is part of an isolated system 

of reefs on the outer continental shelf (North Scott, South Scott and Seringapatam), far 

removed from the direct influence of terrestrial runoff and anthropogenic stressors 

associated with urbanization. The next closest reefs are Ashmore 240 km to the north and 

the Rowley Shoals 400 km to the south. South Scott has a deep lagoon (~50 m) that is 

open on its entire northern flank to a 2 km wide, 500 m deep channel. Both North Scott 

and Seringapatam are considerably shallower (~15 m), and are almost completely 

enclosed by a shallow reef rim, connected to the open ocean via narrow and shallow 

channels. Despite its isolation from land, Scott Reef has been subject to significant 

disturbances; i.e. mass coral bleaching in 1998 and 2016, severe cyclone impacts in 2004 

and 2007, and an outbreak of coral disease in 2009 (Gilmour et al. 2013).  

Previous research investigating physical processes at Scott Reef have focused on 

the deeper oceanography surrounding the system (Wolanski and Deleersnijder 1998; 

Rayson et al. 2011; Rayson et al. 2018), but there are few studies of the local 

hydrodynamics of the atolls, particularly in the shallow, semi-enclosed lagoons of North 

Figure 1-2. Landsat Image of the North West Shelf of Western Australia, 

showing the oceanic atolls. 



CHAPTER 1  INTRODUCTION 

6 

Scott and Seringapatam. The Australian Institute of Marine Science have maintained a 

long-term coral monitoring program at Scott Reef since 1992, and have demonstrated that 

despite limited connectivity, decadal scale recovery following severe disturbance is 

possible, due to rapid growth and survival of remnant colonies (Gilmour et al. 2013).   

 

1.4 Research questions 
 Despite their prevalence globally, there remains considerable gaps in our 

understanding of the hydrodynamics of tide-dominated reefs and the processes that 

control circulation, residence time and water level variability. The aim of this research is 

to extend our knowledge of these reefs by investigating the hydrodynamics of an oceanic 

atoll, and how these processes affect the spatial and temporal distribution of water quality 

parameters such as nutrients and temperature. 

Figure 1-3. Bathymetric map of the Australian North West Shelf region with 500, 1000, 1500, 

2000 and 3000 m isobaths indicated. 
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Specifically, this research addresses the following questions: 

i. What are the characteristics of internal tidal bores at Scott Reef and what is 

their ecological significance to its deep reef communities? 

Internal tides are often characterised by dramatic temperature fluctuations and 

increased particle and nutrient concentrations compared to ambient conditions; 

subsequently their presence can be beneficial to several different marine 

ecosystems. Chapter 2 uses a combination of moored and ship-based observations 

at an entrance to the deep lagoon of South Scott to examine the presence and 

occurrence of internal tidal bores, and how their strength is influenced by the 

spring-neap phase of the tides and local atmospheric conditions. It then 

investigates the potential ecological role that these features may have on benthic 

and pelagic communities living with in Scott Reef, by quantifying the flux of 

nitrate and chlorophyll-a into the deep reef lagoon. 

 

ii. How does the morphology of an atoll interact with large regional tides to 

drive reef circulation and flushing? 

Circulation patterns within coral reefs play a primary role in regulating the spatial 

distribution of e.g. temperature, nutrients, oxygen larvae and other planktonic 

organism by controlling how water is exchanged between the reef and the deeper 

ocean. Chapter 3 combines detailed field measurements of water levels and 

currents with a numerical ocean circulation model to investigate flow patterns and 

variability in North Scott Reef. Chapter 3 extends our understanding of the 

flushing mechanisms of atolls to include those that are tidally-dominated, and the 

model is also developed to give an indication how atoll circulation may change 

with future sea level rise. 

 

iii. How does temperature vary spatially throughout an atoll system, and how 

does this influence coral bleaching during marine heat wave events? 
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Reef water temperatures can substantially differ from offshore (open-ocean) 

conditions, and also at finer scales within smaller sections of reef. To understand 

site specific temperature regimes a knowledge of the surrounding oceanic 

processes, air-sea heat fluxes, and morphological characteristics of the reef is 

required.  In 2016 the third global bleaching event caused catastrophic damage to 

the coral communities of Scott Reef. Chapter 4 uses field data in combination with 

atmospheric data output from a climate prediction model and satellite sea surface 

temperature to investigate how the temperature varied spatially during the marine 

heat wave. Three mechanisms through which thermal stress may be alleviated at 

the atoll are presented. 

1.5 Thesis outline 
 This thesis is organised in the form of a series of manuscripts that were prepared 

and submitted for publication in peer-reviewed journals (Chapters 2 to 4). In order for 

these chapters to stand as individual publishable units, some repetition of introductory 

and methodological material was necessary. Chapter 2 presents a study of the internal tide 

into South Scott Reef, and gives an assessment of its potential to support reef communities 

through the advection of colder, nutrient and chlorophyll-a rich water into the deep 

lagoon. Chapter 3 investigates the circulation of one of the shallow semi-enclosed lagoons 

(North Scott) by combining observations with numerical modelling techniques. Chapter 

4 evaluates the spatial variation of temperature to understand patterns of bleaching during 

a severe marine heat wave. Chapter 5 synthesises the conclusions of all chapters to draw 

together the main findings of the thesis, and discusses the implications of this research in 

a broader context. 
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2 
NUTRIENT FLUXES INTO A CORAL REEF ATOLL BY 
TIDALLY-DRIVEN INTERNAL BORES 1 

2.1 Introduction 
 The tropical waters surrounding isolated ocean atolls are typically low-nutrient 

oligotrophic environments yet sustain productive coral reefs and fisheries (Odum and 

Odum 1955; Gove et al. 2016). The benthic community structure of a reef is influenced 

by physical ocean processes (Gove et al. 2015) which act over a wide range of spatial 

scales: from ocean boundary currents occurring over 100s of kilometers, to turbulent 

mixing processes occurring over scales of millimeters (Lowe and Falter 2015).  

 Tidal pumping (Wolanski et al. 1988), upwelling (Xu et al. 2013), and mesoscale 

processes such as eddies (Zhang et al. 2016) transport cooler, nutrient rich water to a reef, 

and can have a profound influence on ocean biological productivity. In density-stratified 

environments, tides can generate nonlinear features such as large-amplitude internal 

waves (McPhee-Shaw et al. 2007) and internal bores (Leichter et al. 2003), which can 

                                                 
1 This chapter is an adapted version of: Green, R. H., Jones, N. L., Rayson, M. D., Lowe, 
R. J., Bluteau, C. E. and Ivey, G. N. (2018), Nutrient fluxes into an isolated coral reef 
atoll by tidally driven internal bores. Limnology and Oceanography. 
doi:10.1002/lno.11051 

https://doi.org/10.1002/lno.11051
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also transport nutrient rich water into shallow ecosystems. These features may manifest 

as sudden temperature drops over sloping bathymetry, as cooler deeper water from 

beneath the offshore thermocline is periodically transported upslope, providing an 

important mechanism for exchange with the deeper ocean. 

 Cold-water internal bores and large amplitude internal waves have been 

observed in numerous ecosystems, including coral reefs, and can potentially influence a 

wide range of ecosystem processes. They have been associated with transporting larvae 

(Pineda 1991) and plankton (Wang 2016), in addition to increasing coral heterotrophy 

(Roder et al. 2010), enhancing calcification (Leichter and Genovese 2006), and 

transferring sub-thermocline nutrients into the euphotic zone (Leichter et al. 2003). 

Typically, nutrient fluxes are reported as a vertical movement across the pycnocline in 

open ocean environments where vertical gradients may be large, but horizontal nutrient 

fluxes can potentially provide the entire nutrient requirement for primary production in 

shallower environments (Charpy 2001; Lucas et al. 2011). For coral reefs, this 

allochtonous input can help support both the benthic and pelagic productivity, and 

understanding the flux between the reef and surrounding ocean is particularly important 

for atolls, that are often isolated from terrestrial nutrient sources.  

 Historically, most reef hydrodynamic studies have focused on reef systems 

dominated by surface waves, but globally a third of tropical reefs are ‘tide-dominated’, 

where the mean tidal range exceeds the mean annual significant wave height (Lowe and 

Falter 2015). We expect tidally- driven ocean processes to be significant in the atolls of 

northwestern Australia, the Coral Triangle and eastern Africa (Lowe and Falter 2015; 

Goldberg 2016); areas which have received little attention in the literature. Here we focus 

on quantifying the delivery of cold, nutrient rich water into the deep lagoon of a remote 

tide-dominated coral reef atoll (Scott Reef) located >270 km from the mainland of 

Western Australia. The aims of this study were to: (1) investigate the dynamics of cold-

water tidal bores into the deep lagoon, (2) estimate the associated horizontal transport of 

nitrate into the lagoon, and (3) establish the ecological implications of this exchange 

process and associated nutrient fluxes between the deep ocean and the isolated atoll of 

Scott Reef.  
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2.2 Methods 

 Site description 

The Australian North West Shelf and Timor Sea region has a complex 

topography including a wide continental shelf, two shelf breaks, and a number of steeply 

sloped oceanic reef systems (Figure 2-1a,b). The Timor Sea connects the Pacific and 

Indian Ocean via the Indonesian Through Flow (ITF), which supplies nutrients to 

thermocline waters of the low latitude Indian Ocean (Ayers et al. 2014). Scott Reef rises 

steeply from depths of >1000 m and is part of an isolated system of atoll reef systems on 

the outer shelf (North Scott, South Scott and Seringapatam), far removed from the direct 

influence of terrestrial runoff and anthropogenic stressors associated with 

urbanized/industrialized coasts. The semi-diurnal principal lunar (M2) and solar (S2) 

components dominate the region’s tides (Holloway 1983). During the austral winter, the 

water column usually has a clearly defined mixed layer down to ~100 m, which shallows 

to close to the surface during the summer months (Rayson et al. 2011). 

This study focuses on South Scott that includes a rich ecosystem in its large (300 

km2) and deep (~50 m) mesophotic semi-enclosed lagoon, which is exposed along its 

entire northern perimeter to a deep (500 m) channel that, in turn, connects to the open 

ocean (Figure 2-1c). The lagoon has areas of extremely high Scleractinian coral cover (30 

– 90%), as well as patches of sand, rubble and algae (Heyward et al. 2018). The only 

permanently exposed patch of land is a sandy island at West Hook, on the northwestern 

limit of South Scott, and due to the large amplitude tidal range (4 m), the reef rim becomes 

submerged twice daily. Tidal flows through the lagoon occur on a north-west/south-east 

axis, in accordance with the direction of the propagating tide in the region, with weak 

tidal currents in the central and southern lagoon (Rayson 2012). 
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Figure 2-1. Study area and instrument locations. (a) Location of Scott Reef off the coastline of 

North Western Australia in the Timor Sea, on the edge of the continental shelf. (b) Zoom in of 

region highlighted in (a) showing the reef’s isolation, the closest reefs are Ashmore and the 

Rowley Shoals. (c) Bathymetry contours showing steep, sloping topography from depths of 

>1000 m into the lagoon of South Scott Reef (~50 m). CTD and mooring sites superimposed, and 

standard deviation of temperature from April 2009 displayed as coloured circles. Refer to Table 

2-1 for details of instrumentation. 

 Field measurements 

Here we present field observations from an intensive field study conducted over 

approximately two weeks, as well as historical observations. During the intensive study, 

we collected moored and ship-based observations aboard the R/V Falkor (Schmidt Ocean 

Institute). Prior field work (Brinkman et al. 2010) and numerical modeling (Rayson 2012) 

identified a substantial tidal inflow at the north-western entrance to South Scott, and 

suggested that internally driven dynamics could transport cold, nutrient rich water into 

the lagoon. We therefore deployed a mooring in 43 m of water at West Hook to measure 
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water-column velocities and vertical temperature (Figure 2-1 and Table 2-1) over a 

spring-neap tidal cycle of ~14 days from 11 April 2015 to 25 April 2015. We instrumented 

the mooring with an upward looking 600 kHz acoustic Doppler current profiler (Teledyne 

RDInstruments), and six SBE56 temperature loggers (Seabird Electronics). A moored 

Seabird SBE39 also recorded pressure (and temperature) at 29.7 m above the sea bed 

(ASB), but the battery failed after 3 days. As part of the wider field campaign, two other 

moorings were deployed near the 200 and 400 m isobaths in the deep channel between 

North and South Scott Reef (see Rayson et al. 2018), and are only used here to give an 

indication of background stratification in the Discussion. The 200 m mooring was 

instrumented with an ADCP, 11 temperature sensors (~15 m intervals), 4 pressure sensors 

and 2 conductivity sensors, and the 400 m mooring with 2 ADCPs, 19 temperature sensors 

(~15 m intervals), 6 pressure sensors, and 2 conductivity sensors. 

 

Table 2-1. Overview of instruments and configurations used in this study. *Battery failed after 3 

days. 

Instrument Number of 
instruments 

Height 
ASB 
[m] 

Deployment 
dates 

Variable Sampling 
Information 

Seabird 
SBE16 

12 0 
(deployed 
on 
seabed) 

23 March 
2008 – 15 
May 2009 

Temperature, 
Pressure 

15 minute 

Seabird 
SBE56 

6 1.6, 7.2, 
12.1, 
17.1, 
22.1, 27.1 

11 Apr 2015 
– 25 Apr 
2015 

Temperature 0.5 second  
 

*Seabird 
SBE39 
 

1 29.7 11 Apr 2015 
– 25 Apr 
2015 

Temperature, 
Pressure 

10 second  
 

RDI 
600kHz 
Workhorse 
ADCP 
 

1 4.0 
(7 x 5 m 
bins)  

11 Apr 2015 
– 25 Apr 
2015 

Currents, 
Temperature 

1 second  

 

Ship-based measurements included continuously recording meteorological data 

using a Gill MetPak Pro weather station, Conductivity-Temperature-Depth (CTD) 

profiles using a SeaBird 911Plus equipped with a Wetlabs ECO-AFL fluorometer, and 
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water sampling with 12-litre Niskin bottles. The ship-based meteorological station 

measured wind speed and direction, which was geo-referenced using the ship’s heading. 

Over 120 CTD casts were conducted within the study area over the 14-day field 

experiment, providing insight into water variability within and surrounding the atoll 

system. During a 24 h period, we focused on the water properties of cold-water pulses 

through West Hook, by collecting a total of 14 vertical CTD casts adjacent to the mooring. 

The vertical temperature structure from CTD profiles revealed a depth-uniform 

temperature in the surface waters of West Hook, so data lost from the mooring thermistor 

at 29.7 m ASB was likely to be similar to the next highest moored thermistor at 27.1 m 

ASB.  On each CTD cast, we fired two duplicate Niskin bottles at several depths covering 

the entire water column to include the surface layer, chlorophyll maximum and deeper 

waters.  

To extend the spatial and temporal coverage of our dataset we used temperature 

data from the Australian Institute of Marine Science between 2008 - 2009 (Figure 2-1 and 

Table 2-1). Near bed temperature data from 12 SBE16 instruments deployed throughout 

the lagoon was used to provide additional spatial context to our 2015 field observations. 

We used the bottom temperature data from West Hook between March 2008 – April 2009 

at a site 1.7 km from the 2015 mooring to assess seasonal variability. 

 Data analysis 

The water column velocities (1 Hz) were time-averaged to 2-minute intervals, and 

rotated into a frame of reference determined through principal component analysis of the 

depth-averaged velocities (i.e. direction of maximum variance). Positive velocities 

represent along-channel flow into the lagoon at West Hook, while negative velocities 

represent along-channel flow out of the lagoon at West Hook. The vertical resolution of 

the ADCP data collected in 2015 (5 m) captured similar physical dynamics to higher 

vertical resolution (2 m) historical ADCP data from a site located only 100 m to the north 

(Rayson 2012). We therefore interpolated our data using a piecewise cubic hermite 

interpolating polynomial onto a 2 m grid. Our deepest bin was still 11 m above the seabed, 

therefore we extrapolated the velocity profile to zero at the seabed using a one-seventh 

power law, thereby modelling the bottom boundary layer. This resulted in a 40% increase 

in our total cumulative nitrate flux estimate compared with the estimate neglecting the 
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bottom 11 m, and therefore we may overestimate the fluxes; however, we considered the 

velocity extrapolation necessary as we observed the coldest (nutrient-rich, see below) 

water in the lower portion of the water column. We averaged the temperature data onto 

the same 2-minute grid as the velocity, and the wind speed and direction to 1 h intervals. 

Time is reported in UTC (local time –8 h), and the vertical coordinate (z) is defined such 

that z = 0 at the seabed with positive values directed towards the sea surface.  

In-situ water samples from the CTD rosette casts were filtered within 30-minutes 

of collection to obtain dissolved nutrient and chlorophyll-a concentrations. Dissolved 

nitrate concentrations were obtained by filtering 20 mL of water through 0.45 μm filters 

into sterile vials, and frozen until analysis at the University of Western Australia (UWA) 

laboratories using a flow injection analysis system (detection limit 0.07 µM). For total 

chlorophyll-a analysis, 2 litre samples were filtered onto Whatman GF/F filters then 

frozen until extraction. All samples were extracted within 30 days of collection in 10 mL 

of 90% acetone, and then sonicated. They were left overnight and centrifuged before the 

fluorescence was measured using a Turner Designs Trilogy Fluorometer with a 

chlorophyll-a module. Samples were subsequently acidified with a 10% hydrochloric 

acid solution to correct for phaeopigments, after which we calculated chlorophyll-a 

concentration. We used these discrete chlorophyll-a measurements taken over a wide 

range of irradiances to calibrate the CTD fluorometer (n = 278, r2 = 0.75) with an RMS 

error of ± 0.19 μg l-1 chlorophyll-a, and adopted chlorophyll-a fluorescence as a proxy 

for phytoplankton concentration. 

 Proxy nitrate concentrations 

Temperature and dissolved nutrient concentrations in the ocean are usually related 

through density stratification and mixing, and an inverse linear relationship is generally 

observed between vertical distributions of temperature and nutrients (Chavez et al. 1996). 

A least squares fit of the temperature and nitrate data collected in our study (Figure 2-2a) 

confirms that higher nitrate concentrations were associated with colder water that likely 

originated from beneath a nitrate depleted, warmer mixed surface layer offshore. A 

temperature-nitrate relationship was determined using data from the CTD/Rosette casts. 

Only temperatures between 25.0 – 31.0°C were included, eliminating the very surface 

measurements where nitrate would be immediately consumed, while also excluding cool 
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temperatures that were not observed at the West Hook mooring (Figure 2-2b). The 

strength of this relationship with a significant number of samples (n = 99) indicates that 

temperature can be adopted as a proxy tracer for nitrate concentration at West Hook from 

this regression. We used this temperature-nitrate relationship to develop a time series of 

depth varying nitrate concentrations from the moored temperature data. Although used in 

previous nitrate flux studies, this method is imperfect and has its limitations (see Lucas 

et al. 2011), and may not be stable over time periods longer than this study. 

 

Figure 2-2. Temperature-Nitrate relationship from CTD/Rosette samples. (a) For all samples 

collected during the study. (b) For CTD temperatures covering the range observed at West Hook 

(25.0 – 31.0°C). 

 Flux calculations 

We estimated the instantaneous depth-integrated along channel flux of nitrate 

(NO3-) (kg N m-1 d-1) as: 

𝑄𝑄NO3 (𝑡𝑡) = � 𝑢𝑢 (𝑧𝑧, 𝑡𝑡)𝑐𝑐n (𝑧𝑧, 𝑡𝑡) 𝑑𝑑𝑧𝑧
𝐻𝐻

0
, (2-1) 

where H is the total water depth, u is the along channel velocity and 𝑐𝑐n is the total nitrate 

concentration, inferred from the temperature-nitrate relationship. 
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We used a high pass 33 h third-order Butterworth filter to separate the velocity 

and nitrate concentration into tidal (<33 h) and subtidal (>33 h) components. Total 

velocity and total nitrate concentration are thus composed of both a tidal (expressed with 

a tilde) and a subtidal (expressed with an overbar) contribution:  

u  =  u�  +  u� (2-2) 

cn  =  �̃�𝑐𝑛𝑛  +  𝑐𝑐�̅�𝑛.                (2-3) 

Decomposition of both velocity and nitrate data into tidal and subtidal frequency 

bands therefore results in four terms in the NO3- flux equation: 

𝑄𝑄NO3 (𝑡𝑡) =  ∫ (𝑢𝑢�𝑐𝑐n̅ +  𝑢𝑢��̃�𝑐n +  𝑢𝑢��̃�𝑐n + 𝑢𝑢�𝑐𝑐�̅�𝑛)𝐻𝐻
0 dz. (2-4) 

The cross terms in eq. (2-4) (i.e., tidal velocity multiplied by subtidal nitrate 

concentration and vice versa) are likely to be negligible at most sites, but we include these 

terms for completeness. The total nitrate load introduced into the lagoon through West 

Hook was estimated by multiplying the flux values from eq. (2-4) by the width of the 

channel at West Hook (W=2500 m). 

2.3 Results 

 Historical measurements 

Measurements of lagoon seabed temperature provided an indication of which 

locations in the lagoon were subject to large temperature variation during a tidal cycle. 

As a measure of temperature variability δT, we estimated the standard deviation of the 

seabed temperatures during April 2009. Higher variability was observed at the open 

lagoon entrances where there was no emergent reef flat, and at lagoon sites adjacent to 

the deep channel between North and South Scott Reef (Figure 2-1c). The largest δT of 

1.0°C occurred at West Hook, indicating a dominant influx of colder water at this 

location; whereas in the other limit, sites within the interior of the lagoon had much lower 

values not exceeding 0.3°C. The much smaller temperature fluctuations suggest that the 

cold water entering the lagoon created less dramatic temperature changes well within the 

interior of the lagoon itself (Rayson 2012). 
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The longer term temperature time series from West Hook revealed semi-diurnal 

fluctuations in water temperature that were most pronounced during spring tide, and also 

varied seasonally (Figure 2-3). The largest temperature drops consistently occurred 

during spring tide over all seasons; temperature drops were up to 3.9°C (spring mean 

1.9°C) during the austral spring, up to 4.0°C (spring mean 2.7°C) through the summer 

months, and up to 5.6°C (spring mean 2.8°C) in autumn. Although often undetectable 

during winter, occasional temperature swings of up to 1.5°C (spring mean 0.8°C) were 

also observed. 

 

  

Figure 2-3. Historical data from West Hook over ~13 month period March 2008 – May 2009. (a) 

Temperature and (b) water level. Red lines denote the zoomed in time period (February-March 2009) 

of (c) temperature and (d) water level. 
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 Bore dynamics 

 During the 2015 study, the semi-diurnal tide at West Hook displayed a strong 

spring-neap cycle with some diurnal inequality (Figure 2-4a). The maximum tidal range 

was 3.8 m during spring tide, reducing to 0.23 m at neap tide. The total along-channel 

velocity increased as the tidal range increased, peaking at 1.1 m s-1 near the surface on 21 

April (Figure 2-4b). Cold water pulses associated with bore-like features (herein termed 

‘bores’) intruded into the lagoon close to the bottom (z = 1.6 m), which were sometimes 

also evident in the upper water column during spring tide (Figure 2-4d). The initial arrival 

of cold water coincided with the tide beginning to flood into the lagoon, while a second 

more abrupt and colder bore entered the lagoon when velocities exceeded 0.3 m s-1, 

approximately 4 h before high tide. As the tide started to ebb and velocities were directed 

out of the lagoon, the temperature returned over a period of ~2 h back to pre-intrusion 

levels. The frequency and magnitude of the temperature excursions were greatest at the 

seabed and during spring tide; a quiescent period from 11-15 April during neap tide 

(<1.0°C) was followed by a series of larger fluctuations (up to 4.5°C, mean 2.4°C) from 

16 April onwards. However, the tidal range did not entirely explain the magnitude of the 

temperature perturbations. In particular, the increased winds from a tropical storm system 

(19-22 April) appeared to dampen the tidally-driven temperature and velocity variability, 

likely by enhanced vertical mixing driven by surface winds that would deepen the 

offshore thermocline. Higher winds (>10 m s-1) corresponded with temperature drops of 

just 1°C, even during spring tide, which gradually increased back to >3°C once the wind 

speed fell below 10 m s-1 again (Figure 2-4c). Therefore, the local meteorological 

conditions can also moderate the magnitude of the temperature drops associated with the 

cold-water bores. 
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Figure 2-4. Time series over the entire West Hook mooring deployment during April 

2015. (a) Water level (η) variation and depth-averaged velocity. (b) Rotated total along-

channel velocity, positive values represent flow into the lagoon. (c) Wind speed and 

direction from the ship’s weather station. Gaps on 16 April are due to poor data, and no 

data was available for the last day of the study. (d) Temperature data from the deepest 

and shallowest depths on the mooring, height above bottom z = 1.6 m and 27.1 m, 

respectively. The period highlighted in red on 16 April is shown in more detail in Figure 

2-5. (e) Total nitrate concentration derived from mooring temperature measurements. (f) 

Cumulative nitrate flux for each term: tidal (<33 h), subtidal (>33 h), cross term (i: tidal 

velocity and subtidal nitrate, cross term (ii: subtidal velocity and tidal nitrate). 
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Ship-based CTD profiling adjacent to the West Hook mooring provided in-situ 

observations of calibrated chlorophyll-a fluorescence and nitrate concentrations over a 24 

h period during a transition period between neap and spring phases of the tide (denoted 

by red lines in Figure 2-4d). During this period, a bore of cold water extending from the 

bottom up to a height of 10-20 m flowed into the lagoon (Figure 2-5a). A near two-fold 

increase in chlorophyll-a fluorescence at z = 5 m coincided with the arrival of the cold 

water, which increased from 0.52 μg L-1 during C1, to 0.90 μg L-1 at C3 (~4 h later), and 

then returned to pre-intrusion values within 6 h (C5). Over this period, the seabed nitrate 

concentrations increased from 0.65 μM at C1 to 1.59 μM at C4, before falling to 0.24 μM 

at C6, when temperatures had returned to initial values.  

An offshore CTD cast (Figure 2-6a) revealed a shallow mixed layer depth of ~40 

m with a temperature of 30.7°C and salinity of 34.63. The lowest salinity water of 34.40 

was located around 90 m depth; higher surface salinities due to high evaporation and low 

precipitation are common at this time of year due to the onset of the southeast (dry) 

monsoon (Cresswell et al. 1993). There was an obvious chlorophyll-a maximum 

(fluorescence peak) at 60 m below the surface, below which the chlorophyll-a profile was 

roughly inverse to the nitrate profile. Nitrate was depleted in the warm surface waters, 

and increased in concentration with depth beyond the nitracline at ~80 m where the nitrate 

concentration was 2.35 μM, reaching values of 34.47 μM at 400 m. The temperature-

salinity (T-S) relationships for the CTD profiles collected before and during the passage 

of a cold-water bore indicate that before the bore (C1), the water was relatively warm 

(minimum 29.9°C) and its salinity range was small, 34.54 – 34.58 (Figure 2-6b). Six 

hours later as cold water propagated into the lagoon, the T-S relationship revealed the 

presence of cooler (min 27.6°C) and less saline (min 34.45) water. Comparing these 

values to the offshore CTD profile indicates upward vertical transport of water from a 

depth of ~75 m (72-78 m). Note that water from this depth also had a high chlorophyll-a 

concentration.   
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Figure 2-5. Mooring and CTD data for the period on 16 April denoted in red lines in 

Figure 2-4d. (a) Moored temperature time series, vectors display along-channel total 

velocity with flow to the right indicating flow into the lagoon. (b) Calibrated 

fluorescence profiles (used to infer chlorophyll-a concentration) from CTD casts 

adjacent to the mooring at West Hook, chlorophyll-a bottle samples displayed as 

circles. (c) Equivalent vertical nitrate profiles, calculated from bottle samples 

(circles) and from temperature-nitrate relationship (line). 
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 Nitrate fluxes into South Scott lagoon 

Nitrate concentrations during the 24 h sampling period at West Hook were very 

low, except close to the seabed during the cold-water intrusion periods (Figure 2-5c). The 

nitrate concentrations inferred from the temperature-nitrate relationship varied with the 

tide (Figure 2-4e). The individual terms that contribute to the instantaneous depth-

integrated nitrate fluxes QNO3 were calculated using eq. (2-4). The total cumulative nitrate 

flux (13.56 kg N m-1, Figure 2-4f), obtained by integrating the QNO3 contributions forward 

in time, was dominated by the tidal component (reaching 12.22 kg N m-1 by the end of 

the experiment) and was nearly an order of magnitude greater than the subtidal component 

Figure 2-6. Ship-based CTD profiles. (a) Offshore hydrographic profiles from a CTD station on 

20 April. Label colour corresponds to profile, black line: chlorophyll-a fluorescence (μg L-1), 

blue: salinity, red: temperature (°C), solid black circles: bottle nitrate concentration (μM). (b) 

Temperature-salinity data at West Hook before (C1, Figure 2-5) and during (C4, Figure 2-5) the 

cold-water bore. 
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(reaching 1.40 kg N m-1). The cumulative nitrate fluxes were generally correlated with 

the spring-neap phase of the tide, with large increases occurring after 18 April when the 

tidal range started to increase. Nevertheless, immediately following the period of 

increased wind speed >10 m s-1 (20-22 April) the nitrate fluxes into the lagoon became 

substantially reduced. Figure 2-7 separates the fluxes into spring and neap periods, 

demonstrating that total nitrate fluxes during springs (cumulative 10.42 kg N m-1, mean 

1.46 ± 0.11 kg N m-1 d-1) were more than three times larger than during neaps (cumulative 

3.36 kg N m-1, mean 0.46 ± 0.05 kg N m-1 d-1). This difference occurred despite the 

dampening from the winds that reduced the magnitude of nitrate fluxes compared to what 

Figure 2-7. Nitrate flux estimates. (a) Cumulative flux over the 15-day deployment for the total 

study and separated into spring and neap periods. Each time-period is decomposed into tidal, 

subtidal, cross terms (i) and cross terms (ii) components. (b) Mean instantaneous flux for each 

component for the total, spring and neap periods of the study, with error bars representing ± 

standard error. 
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would be anticipated during spring tide. The contribution of the cross-term fluxes to the 

cumulative net fluxes was negligible. 
2.4  Discussion 
 The combination of steep topography at the entrance to the atoll, the vertical 

stratification, and the large tidal range present caused bore-like surges to propagate up the 

reef slope during the flood stage of the tide (especially during spring tidal phases). These 

bores delivered cold water that was nutrient rich and higher in chlorophyll-a fluorescence 

into the lagoon waters of South Scott.  

 Cold-water bore characteristics  

 Temperature drops of up to 4.5°C (mean 2.4°C) that occurred over a semi-

diurnal tidal cycle were associated with elevated chlorophyll-a and nitrate concentrations 

as the tide flooded into the lagoon. An offshore CTD cast suggested the source depth of 

the bores was ~75 m, which was comparable to the depth of the nitracline (~80 m). Similar 

tidally-forced temperature perturbations have also been observed over a number of reef 

slope environments worldwide: in western Guam temperature fluctuated at times by 2°C 

(Storlazzi et al. 2013), by 5°C in the Florida Keys (Leichter et al. 1996), and up to 8°C in 

the South China Sea (Wang et al. 2007). In addition, pulsed delivery of chlorophyll-a and 

nutrients by internal waves has been observed in fringing reefs in the Florida Keys 

(Leichter et al. 1996; Leichter et al. 2003; Davis et al. 2008), and within some reef atolls 

(Wolanski and Delesalle 1995; Wang et al. 2007; Leichter et al. 2012). These studies of 

nutrient fluxes by internal waves have predominantly been conducted on reef slopes and 

in environments where the tidal range is small. Here we have quantified a substantial 

delivery of nutrients and chlorophyll-a to a reef ecosystem, that are first uplifted along 

the reef slope, then transported horizontally through a channel into a large, mesophotic 

coral reef lagoon where the tidal range is large.  

The spring-neap cycle modulated the magnitude of the temperature fluctuations. 

Obvious cold-water bores were not observed until the tidal range exceeded 2 m, after 

which we observed repeated semi-diurnal bores, which led to the largest temperature 

drops that coincided with velocities exceeding 0.3 m s-1. Previous studies of internal wave 

activity around Scott Reef (Wolanski and Deleersnijder 1998), and historical temperature 
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observations from West Hook (Figure 2-3) confirmed that the spring-neap modulation of 

the magnitude of bore temperature drops was a recurrent feature at the site over much 

larger timescales. The phase locked signal of the internal and barotropic tide suggests its 

generation is highly localized (Nash et al. 2012), and the extent of stratification appears 

to influence its strength. During the strong wind event (19-22 April), the surface winds 

increased the depth of the offshore thermocline (Rayson et al. 2018), weakening the 

observed temperature drops associated with bore events. During spring tides in our study, 

an anomaly occurred on 20 April, when the largest temperature drop (4.5°C) occurred 

and when the peak velocity at West Hook was smaller than expected for the tidal range 

(Figure 2-4). We hypothesize that the reduced velocities during this particular flood tide 

resulted from the strong winds to the southwest, which likely caused water to accumulate 

in the west of the lagoon and created a pressure gradient that counter-acted the flooding 

tide. Although additional data would be required to confirm the theory, our observations 

suggest that the local wind conditions (depending on wind direction and magnitude) could 

reduce the transport of cold water, and consequently the transport of nitrate and 

chlorophyll-a into the lagoon. 

 Seasonal variation 

Semi-diurnal decreases in water temperature during spring tide also displayed 

some seasonal variability, with the largest swings (up to 5.6°C, mean 2.8°C) occurring 

during autumn; whereas during winter months the temperature drops were frequently 

undetectable, and then gradually increased until the following autumn. Therefore, we 

would expect to see the greatest horizontal nutrient fluxes during autumn, diminishing in 

winter (as the mixed layer depth deepens and reduces internal bore prevalence), then 

increasing over the following seasons as the water column becomes more stratified 

(Rayson et al. 2012). If future changes in ocean stratification due to warming temperatures 

occur, the winter mixed layer depth around Scott Reef could potentially decrease and 

promote year-round tidal internal bores, causing enhanced fluxes of nutrients to South 

Scott lagoon.  
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 Estimation of the bore source depth 

To further investigate the baroclinic mechanisms responsible for delivery of 

deep offshore water into the lagoon, we implemented a simple model using a dividing 

streamline concept (Castro et al., 1983 and Figure 2-8). This model estimates the dividing 

depth at which fluid will either be lifted above the topography or go around the obstacle. 

The model balances the amount of kinetic energy required to overcome the potential 

energy required to lift the fluid from a depth offshore up to the atoll lagoon (Castro et al. 

1983): 

1
2
𝜌𝜌 𝑈𝑈2(ℎ𝑠𝑠) = 𝑔𝑔 � (ℎL − 𝑧𝑧) �−

𝑑𝑑𝜌𝜌
𝑑𝑑𝑧𝑧
� 𝑑𝑑𝑧𝑧 ∙

ℎL

ℎ𝑠𝑠
 

(2-5) 

Here hL is the depth of the reef edge below the free surface, U is the near-bed 

velocity at the mooring, ρ is the average density at the reef edge, hs is the depth offshore 

of the streamline below the free surface (i.e. a source depth), g is the gravitational 

acceleration, and dρ/dz the density gradient. The stratified fluid will be unable to rise from 

depth and flow into the lagoon if the stratification is too strong or the flow speed is too 

weak. In the limit of no stratification for a steady flow, fluid from all depths passes up 

and over the topography. If we consider a constant density gradient, we can simplify eq. 

(2-5) to: 

ℎ𝑠𝑠 = ℎ𝐿𝐿 �1 −
𝑈𝑈
𝑁𝑁ℎ𝐿𝐿

�, (2-6) 

where ℎL is the depth of the reef edge (taken as 42 m based on the bathymetry). Here, N 

is the buoyancy frequency (�𝑔𝑔/𝜌𝜌 𝑑𝑑𝜌𝜌/𝑑𝑑𝑧𝑧 ). This simplified model assumes a steady flow, 

a constant linear density gradient, and no mixing of the water as it is vertically transported. 

If the mixed layer depth (MLD) is deeper than the depth of the topographic feature ℎL, 

the model does not apply, i.e. during the winter months at Scott Reef when the MLD can 

reach 100 m (Rayson et al. 2011). For the ‘offshore’ stratification, we rely on the time-

varying stratification averaged over the depth range between 45 - 75 m derived from the 

two deep moorings, which varied between 0.017 and 0.021 s-1. We set U to the maximum 

mean velocity for each bore from the sea-bed to 8 m (i.e., using part of the extrapolated 

velocity profile). We applied eq. (2-6) to estimate the source depth ℎ𝑠𝑠 for each bore where 

the temperature excursion was >1.0°C, which yielded a mean value of 64 m (range 59 to 
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83 m, median 62 m), implying that nutrient-rich water can be uplifted when the MLD was 

shallower than these values. We found good comparison between the model prediction 

via eq. (2-6) and the bore origin depth estimated from the offshore CTD of ~75 m.  Our 

results demonstrate that the simplified model, eq. (2-6), is a useful tool to determine if the 

depth of cold-water pulses is significant for nutrient (and chlorophyll-a) transport.  

 

 Ecological significance 

Nitrate is an essential macronutrient in photosynthetic production. In 

oligotrophic waters, rapid consumption by phytoplankton can quickly deplete surface 

concentrations. At West Hook, nitrate concentrations were low throughout the water 

column, except near the seabed as cold-water bores entered the lagoon (Figure 2-5). Over 

the experiment, the tidal component contributed the most (90%) to the total mean 

instantaneous nitrate flux (0.96 ± 0.06 kg N d-1), which was true during both spring and 

Figure 2-8. Schematic of the passage of a cold-water bore and variables used in determining 

bore depth. Cold, nutrient rich water from depth hs (~ 64 m) can be lifted over the reef edge 

depth hL (42 m) given the maximum mean mooring velocity (U) and density (ρ) in the bottom 

8 m of the lagoon for each bore, and offshore buoyancy frequency N (assuming linear 

stratification from the reef edge depth). See text for detailed explanation of terms. 



2.4  DISCUSSION 

29 

neap tides (Figure 2-7). The nitrate fluxes during spring tides were nonetheless on-

average three times higher than during neap tide. Tidal bores entering through the lagoon 

entrances are expected to be the dominant process through which external nutrients are 

delivered to the benthic and pelagic biological communities within the lagoon, relative to 

other processes such as sub-tidal flows, island/atoll generated upwelling, etc. 

Internal bores contribute a significant source of external nutrients for supporting 

primary production within South Scott. The mean pelagic primary production of the 

lagoon has been previously estimated as 288,000 kg C d-1 (Brinkman et al. 2010). By 

adopting the Redfield Ratio of C:N = 106:16, the corresponding nitrate pelagic primary 

production would be 43,500 kg N d-1. Using the channel width (W=2500 m), our depth-

integrated nitrate fluxes translate into a total net input of ~2400 kg N d-1. The West Hook 

channel makes up ~10% of the northern lagoon perimeter open to the deep channel (i.e., 

not surrounded by shallow reef flat), and historical temperature measurements indicate 

some additional lateral advection of cold water into the lagoon through the northern 

entrances (Figure 2-1c). Therefore, we scaled up our West Hook nitrate input to estimate 

a total nitrate input to the lagoon of ~24,000 kg N d-1, which would account for ~55% of 

the total lagoon pelagic production and hence significantly contribute to supporting the 

lagoon benthic communities. 

 The advection of open ocean phytoplankton within these bores is likely another 

important source of nutrition for the benthic organisms, as increased heterotrophy can 

occur in corals exposed to internal waves (Roder et al. 2010). Our ship-based observations 

revealed the advection of chlorophyll-a into the lagoon during an intermediate phase of 

the tides (Figure 2-5); we thus anticipate increased concentrations later during spring tide, 

when the magnitude of temperature fluctuations was largest. Our estimates of 

photosynthetically active radiation (PAR) at West Hook (40 m) are between 5 – 10% of 

surface PAR, and at 50 m (within the lagoon) values vary between 1 – 5% (A. J. Heyward 

pers. comm.). Photosynthesis typically occurs down to 1% of surface PAR (Kirk 2010), 

suggesting the benthic communities of the deep lagoon are not light limited. However, 

we hypothesize that due to the low light conditions they would still be more adapted to 

heterotrophic feeding than their shallow counterparts, with the opportunity to graze on 

advected organic particles from the offshore deep chlorophyll-a maximum.  
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2.5 Conclusions 
Cold-water bores generated by the semi-diurnal tide led to substantial horizontal 

fluxes of nitrate and increased concentrations of chlorophyll-a into the deep lagoon of 

South Scott atoll, that would support reef communities within this productive and diverse 

ecosystem. For remote atoll environments such as Scott Reef, this mechanism is expected 

to be more significant than in coastal fringing reefs, where concentrations of terrestrially 

derived nutrients may be large (e.g. Umezawa et al. 2002). During the study, these bores 

originated from ~75 m depth offshore, their relative strength was correlated with the tide, 

and they were most pronounced closest to the seabed. The study has highlighted two 

factors that affect the intensity of the bores and their resulting along-channel exchanges: 

firstly the strength of the tidal forcing given the correlation with the spring-neap tidal 

cycle, and secondly the offshore stratification, which led to large seasonal variations in 

the occurrence of bores. Future work will focus on the effect that temperature drops of up 

to 4.5°C may have on reducing thermal stress associated with coral bleaching in the deep 

lagoon. 
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3 
HYDRODYNAMICS OF A TIDALLY-FORCED CORAL REEF 
ATOLL 2 

3.1 Introduction 
 Circulation patterns within coral reef environments play a primary role in 

regulating the spatial distribution of temperature (Zhang et al. 2013), nutrients (Falter et 

al. 2004), oxygen (Gruber et al. 2017), larvae (Pineda 1991) and other planktonic 

organisms (Wyatt et al. 2010), by controlling how water is exchanged between shallow 

reefs and the surrounding deep ocean. The circulation of many reef environments is 

dominantly driven by surface waves (Hench et al. 2008; Lowe et al. 2009b); however, 

depending on the reef morphology and the regional meteorological/oceanographic 

conditions, the circulation of many reef systems can be influenced or dominated by 

forcing provided by tides (Lowe et al. 2015), winds (Atkinson et al. 1981; Lowe et al. 

2009b) and buoyancy effects (Herdman et al. 2015). ‘Tide-dominated reefs’, which can 

be defined as reefs where the mean tidal range is greater than the mean annual significant 

wave height, likely account for approximately one third of reefs worldwide (Lowe and 

                                                 
2 This chapter is an adapted version of: Green, R. H., Lowe, R. J., & Buckley, M. 

L. (2018). Hydrodynamics of a tidally forced coral reef atoll. Journal of Geophysical 
Research: Oceans, 123. https://doi.org/10.1029/2018JC013946 

https://doi.org/10.1029/2018JC013946
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Falter 2015). These reefs are predominantly found in northern Australia, east Africa and 

off Central and South America and have substantially different dynamics to wave-

dominated reef systems, yet their hydrodynamics have received much less attention in the 

literature. 

 In addition to hydrodynamic forcing conditions, the morphology of a reef-lagoon 

system is intrinsically linked to its circulation. Topographic constrictions and/or increased 

bottom friction may cause ‘tidal truncation’ in reef systems with particularly large tides, 

where the duration of the falling tide is elongated compared to the rising tide (Lowe et al. 

2015). For example, in the Great Barrier Reef, asymmetric flood/ebb characteristics due 

to the offshore sea level falling below that of the reef crest have been observed at the coral 

cays of Lady Elliot Island (McCabe et al. 2010) and One Tree Reef, where lagoon water 

is isolated from the surrounding ocean for up to half of each tidal cycle, due to a near-

continuous shallow reef rim that prevents water from draining out of the lagoon during 

low tide (Ludington 1979). Hydraulic ‘ponding’ of water on tide-dominated intertidal reef 

platforms has also been observed to occur in reefs due to resistance from bottom friction, 

which at low tide can cause the offshore water level to fall several meters below the water 

level on the reef (Lowe et al. 2015). Tidal truncation, evident through the presence of an 

asymmetric tide, is a phenomena that has also been observed in other shallow coastal 

systems experiencing large tides, such as estuaries (Warner et al. 2003) and tidal inlets 

(Lincoln and Fitzgerald 1988). In general, the occurrence of extended ebb tide in these 

environments can have important ecological consequences, by influencing variability in 

sediment transport and turbidity (Lincoln and Fitzgerald 1988), temperature (McCabe et 

al. 2010), light and dissolved oxygen concentrations (Gruber et al. 2017). 

 An atoll coral reef morphology is characterized by generally having a steep mid-

ocean slope rising to a shallow reef rim that surrounds a central lagoon, often lacking any 

large permanently exposed (island) land masses. Therefore, the connectivity of an atoll 

to the open ocean often depends strongly on how flows interact with submerged reef flats, 

and/or channel systems or breaks in the reef rim. There have been a number of 

hydrodynamic studies in different atoll settings that have described circulation driven by 

a combination of wave, wind, and tidal processes (Tartinville et al. 1997; Kraines et al. 

1999; Andréfouët et al. 2001; Callaghan et al. 2006; Dumas et al. 2012; Costa et al. 2016; 

Rogers et al. 2017). These studies have primarily been conducted in wave-dominated 
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environments, where waves play a dominant role in at least some parts of the reef system. 

In these environments wave setup, representing the time averaged deviation of the mean 

water level due to wave breaking, is increased at low tidal levels allowing for exchange 

during this time (Vetter et al. 2010; Buckley et al. 2015). By contrast, in tide-dominated 

environments, the depth of the reef rim relative to mean sea level is often less than the 

offshore tidal amplitude, which means at low tide it becomes exposed, restricting 

exchange with the open ocean (Lowe et al. 2016), and can result in potentially long aerial 

exposure of benthic reef communities (Richards et al. 2015). 

 There are, to our knowledge, no detailed studies investigating the circulation of 

tide-dominated coral reef atolls. In this study, we investigate how strong tidal forcing 

influences the hydrodynamics and circulation of a semi-enclosed atoll in northwestern 

Australia, where wave forcing is small but tides are large, and therefore represents an 

ideal case study to understand how tides interact with coral reef atolls. The aims of the 

study are: 1) to assess the implication of strong tidal forcing on local hydrodynamics and 

flushing within a semi-enclosed atoll; 2) to test the application of the Delft3D Flexible 

Mesh model in a shallow coral reef environment with complex bathymetry forced by 

large water level variations; 3) to apply the numerical model to understand flushing 

mechanisms by considering momentum balances that are established by the interaction 

between the surrounding ocean tides and flow within the atoll; and 4) to explore how the 

circulation of such atolls will likely respond to future sea level rise.  

3.2 Methods 

 Site description 

 Scott Reef is an isolated system of coral reef atolls (including South Scott, North 

Scott, Seringapatam) that rise dramatically from depths of over 1000 m on the edge of the 

continental shelf in northwestern Australia (Figure 3-1a). South Scott has a large (300 

km2) and deep (~50 m) lagoon and is open to a 500 m deep, 2 km wide channel along its 

northern perimeter (see Rayson et al. 2018 for its deep channel dynamics); in contrast 

both North Scott and Seringapatam are smaller and have shallower lagoons (averaging 

~10-15 m deep) with a shallow reef rim almost completely enclosing the lagoon. The 

hydrodynamics of this region are dominated by a large semi-diurnal tide, with a spring 
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tidal range of up to 4 m. Figure 3-1b shows tidal ellipses for the northwest shelf region 

surrounding Scott Reef, derived from the TPXO7.2 global tide solution (Egbert and 

Erofeeva 2002), as represented by the dominant semidiurnal M2 constituent in the region. 

Figure 3-1. Study area and site locations. (a) Regional context of Scott Reef and nearby reefs in 

northwestern Australia. (b) The three atolls comprising the Scott Reef system: South Scott, North Scott 

and Seringapatam, with the model domain indicated by the red square. Tidal current ellipses (based on 

the dominant M2 tide) displayed, derived from the TPXO7.2 global tide solution. Bathymetry contours 

in light grey. (c) Bathymetry of North Scott <1 m showing morphology of the reef rim, depths <0.5 m 

displayed as 0.5 m. (d) Map of North Scott with instrument locations superimposed. Black circles denote 

locations where currents and tides were measured in 2015, squares denote locations where tides were 

measured in 2015, red triangles show supplementary tide and current data used from 2007. Dashed black 

line represents the ‘lagoon’ cross section used in investigation of momentum balances, dashed red line 

represents extension of this cross section to include the reef rim (i.e. defining the ‘whole atoll’ transect), 

used in Figure 3-6a. Bathymetry <25 m is displayed, depths >25 m shown as contours. 
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The tidal ellipses are orientated in a southeast-northwest direction, with the tidal range 

(related to the major axis of the current ellipses) increasing in magnitude as the depth 

decreases eastwards onto the continental shelf. Based on TPXO7.2, the gradient in M2 

tidal amplitude in the vicinity of Scott Reef decreases ~0.2 cm every km towards the west, 

and hence over the scale of North Scott (~15 km) the amplitude is predicted to decrease 

~3 cm from east to west.  

In this study, we focus on the hydrodynamics of North Scott, a 14 x 16 km 

shallow semi-enclosed lagoon with 160 km2 of potential coral reef habitat. A wide and 

shallow reef rim surrounds the lagoon (Figure 3-2a), which ranges in depth between 0.3 

– 1.2 m below mean sea level (MSL), such that at low tide, the reef rim generally becomes 

Figure 3-2. Aerial photographs of Scott Reef. (a) Photo showing a wide reef rim, which 

becomes exposed when offshore water level drops below the mean sea level. (b) Photo of 

North Scott south channel, one of two channels through which all exchange occurs when 

the lagoon is isolated at low tide. Photo credit Nick Thake Photography. 
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exposed and water within the lagoon becomes almost completely isolated from the deep 

surrounding ocean. A detailed inspection of the reef rim depths indicates that the western 

side is somewhat shallower than at the east (Figure 3-1c). This asymmetry is typical of 

reef atolls, where the reef rims exposed to the greatest wave energy are generally 

shallower due to greater reef accretion and storm deposits (Woodroffe 2008); thus 

consistent with the dominant southwestward source of wave energy incident to Scott 

Reef. During low tide periods, the only exchange of water that can occur between the 

lagoon and ocean is through two narrow (~200 m) and shallow (~12 m) channels in the 

north and south of the lagoon (Figure 3-1d, Figure 3-2b).  

 Field measurements 

 In April 2015, an array of hydrodynamic instruments were deployed at North 

Scott during a multidisciplinary cruise aboard the R/V Falkor (Schmidt Ocean Institute). 

For a detailed summary of the instrumentation and sampling configuration refer to Table 

3-1. Three RBR Solos continuously recorded pressure outside (sites 1 and 2) and inside 

(site 6) the lagoon. Pressure and velocity profiles were measured by two Nortek AWACs 

at 2.4 m and 6.1 m depth, with a vertical bin resolution of 0.3 m and 0.5 m (sites 4 and 

5). In addition, one Nortek Aquadopp profiler (ADP) at 1.5 m depth measured velocity 

profiles with a vertical bin resolution of 0.1 m (site 3, Table 3-1 and Figure 3-1). These 

instruments were deployed upward looking and effectively flush with the bottom, for at 

least 13.5 days between 10 April to 29 April 2015.  

 Data Analysis 

 All raw data were quality controlled to remove outliers and then averaged onto 

a uniform 5-minute time interval. To implement a common vertical reference datum to 

describe depths, we assumed that at high tide the water level was uniform at all sensor 

locations, determined the depth offset of each instrument, and adjusted each instrument 

so z = 0 m corresponded to the MSL measured outside the lagoon at site 1 during the 

study period (Lowe et al. 2015). We note that there is a gradual eastward increase in tidal 

amplitude across the atoll of order several cm (refer to further details in Section 3.3.1 

below), which could lead to a small error in the absolute water levels reported using this 

method. However, by using the southern site 1 as the reference, we minimize bias towards 
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the eastern or western sides, and the error has negligible impact on our analyses. Observed 

water levels (η) are thus expressed relative to this MSL datum. Velocity data were 

discarded where the water free surface was <0.3 m from the instrument at sites 3 and 4 

adjacent to the reef rim. We used a principal component analysis to determine the 

dominant flow direction, and rotated velocities along the principal major axis (Table 3-1). 

Herein, we will define positive velocities as flow that is directed into the lagoon, and 

negative velocities as flow out of the lagoon. When velocities are expressed as vectors 

we use a Cartesian (positive East-North) convention.  

To investigate the effect of any residual circulation within the atoll, we computed 

the time-averaged discharge vectors over a spring-neap cycle 〈�⃗�𝑞〉 as: 

〈�⃗�𝑞〉   =   
1
𝑇𝑇
� 𝑢𝑢�⃗  (𝑥𝑥,𝑦𝑦, 𝑡𝑡) ℎtot (𝑥𝑥,𝑦𝑦, 𝑡𝑡) 𝑑𝑑𝑡𝑡
𝑇𝑇

0
, (3-1) 

where T is the defined averaging period (~ 14.5 days), 𝑢𝑢�⃗  is the velocity vector at location 

(x,y) and time (t), and ℎtot is the total depth (hMSL + η). At site 4, data were short by ~ 1 

day to capture a full spring-neap cycle, but we do not expect a change in the direction of 

the residual current due to this shorter averaging period.  

To gain a broader understanding of the residual circulation of the reef, we used 

10-minute spaced historical current data from 2007 provided by the Australian Institute 

of Marine Science (with sites displayed in Figure 3-1d). Data were selected and used for 

a full spring-neap cycle as in 2015, to ensure the datasets were comparable. Historical 

significant wave height, (Hs) were output from the NOAA Wavewatch III model (Tolman 

2008), (http://polar.ncep.noaa.gov/waves/) to confirm our focus study period represented 

typical wave conditions at Scott Reef. 

  

http://polar.ncep.noaa.gov/waves/
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Table 3-1. Field instruments and configurations. Note that the *s denote sites within the reef-

lagoon system. PCA rotation based on the principal major axes where 0° is true north. 

Site Mean 
Depth 
[m] 

Instrument Sampling configuration PCA rotation 
[° clockwise] 

1 8.9 RBR Solo 2 Hz continuous N/A 
2 15.5 RBR Solo 2 Hz continuous N/A 
3* 1.5 Nortek 

Aquadopp 
(ADP) 

Pressure and average velocity profile 
every 300 seconds, 0.1 m bins 

40.5 

4* 2.4 Nortek 
AWAC 

Pressure and average velocity profile, 
0.3 m bins 

45.7 

5* 6.1 Nortek 
AWAC 

Pressure and average velocity profile 
every 300 seconds, 0.5 m bins 

-32.3 

6* 20.6 RBR Solo 2 Hz continuous N/A 

 

 Model: Delft3D – Flexible Mesh 

 We applied recent developments in the Delft3D Flexible Mesh (Delft3D-FM) 

modelling suite to simulate the hydrodynamics of North Scott, in order to provide a more 

detailed understanding of the processes responsible for the circulation. Delft3D-FM is an 

open source unstructured grid model maintained by Deltares 

(http://oss.deltares.nl/web/delft3dfm) that solves the 2D and 3D shallow water equations 

using finite volume schemes (Martyr-Koller et al. 2017), representing a major 

redevelopment of the widely used Delft3D (structured grid) model (Lesser et al. 2004). 

The model solves for water levels and current velocities on an unstructured grid (mesh) 

that is ideally suited for complex bathymetry such as at North Scott, and accounts for 

wetting and drying that is necessary to capture the drying out of the shallow reef rim at 

low phases of the tide. We ran a number of hindcast numerical simulations to validate the 

model for this new application to a shallow reef environment by comparing the results 

against the field observations (R1 – R4, Table 3-2). The model was then applied to 

conduct a number of simulations designed to investigate the lagoon flushing time over 

different tidal phases, and the response of the atoll to different sea level rise scenarios (R5 

– R12, Table 3-2).  

http://oss.deltares.nl/web/delft3dfm
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 The size of the domain covered 61 km x 61 km, to include North and South Scott, 

mapped onto a grid with 78,273 triangular cells (see Figure 3-1b for domain area). The 

horizontal spatial resolution ranged from ~35 m in the North Scott channels to 1 km at 

the outer boundaries. The bathymetry (corrected to MSL) was based on 10 m resolution 

gridded bathymetry that was derived from LiDAR and multibeam surveys and provided 

by the Australian Institute of Marine Science. Boundary conditions were generated from 

tidal constituents obtained from the TPXO7.2 global tide solution (Egbert and Erofeeva 

2002) using 13 constituents at the boundary edge (M2, S2, N2, K2, K1, O1, P1, Q1, MF, 

MM, M4, MS4 and MN4). We ran the model in 2DH mode (horizontal depth-averaged), 

a reasonable assumption as North Scott lagoon is shallow and was relatively well-mixed 

during the study, confirmed by a chain of thermistors deployed in the center of the lagoon 

(121.89 °E, 13.95 °S) in 20 m depth (not shown). Comparison of the seabed and surface 

temperatures revealed little stratification during this time (Root mean square deviation = 

0.16°C, R2 = 0.96, n = 1493).  

 Bed stress (𝜏𝜏𝑏𝑏) is described as 𝜏𝜏𝑏𝑏 = 𝜌𝜌𝐶𝐶𝐷𝐷|𝑢𝑢�⃗ |𝑢𝑢�⃗ , where CD is a depth variable drag 

coefficient calculated using a Manning formulation 𝐶𝐶𝐷𝐷 = 𝑔𝑔𝑔𝑔2/ℎ1/3, where h is water 

depth (Roelvink and Reniers 2012). We use a Manning coefficient n of 0.03 in the 

simulations, as initial model sensitivity tests with values ranging from 0.003 – 0.04 

(Kraines et al. 1999) showed that a value of 0.03 gave the most accurate prediction of 

velocities. A uniform horizontal eddy viscosity and diffusivity of 1 x 10-3 m2 s-1 was used, 

with no surface wind stress included as sensitivity analysis revealed that wind stress 

during the period of the experiment had a negligible effect on the results. To focus on the 

response of the hydrodynamics to the dominant forcing (tides), the small waves (mean Hs 

< 0.6 m) present were not included in the simulations. We justified all the above 

assumptions by first validating the model with our field observations. The model was 

spun up over one day, and simulations conducted in parallel using Message Passing 

Interface (MPI) on one compute node of a Cray Cluster, where each node had 2 x 12-core 

Intel Xeon E5-2690V3 Haswell processors. 

  Model validation and application 

 A set of hindcast simulations were run to fully cover the period of observations 

(10 – 29 April) for validation purposes, initialized at different tidal stages and phases 
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(Table 3-2). To quantitatively compare model predictions of a variable (𝑋𝑋model) to our 

observations (𝑋𝑋obs) we assessed the model performance by calculating the bias, root mean 

square error (RMSE), and Murphy Skill (Murphy 1988), defined as: 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 =
1
𝑁𝑁
�(𝑋𝑋model − 𝑋𝑋obs), (3-2) 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = �1
𝑁𝑁

 �(𝑋𝑋obs − 𝑋𝑋model)2, (3-3) 

𝑅𝑅𝑢𝑢𝑀𝑀𝑀𝑀ℎ𝑦𝑦 𝑅𝑅𝑆𝑆𝐵𝐵𝑆𝑆𝑆𝑆 = 1 −  
∑(𝑋𝑋model − 𝑋𝑋obs)2

∑  (𝑋𝑋obs −  𝑋𝑋obs�����)2
∙ (3-4) 

Note that a Murphy skill score of one indicates perfect agreement between the 

observations and the model predictions, while zero indicates the model predictive ability 

is equivalent to using a mean of the observations. To visualize the spatial distribution of 

velocity vectors, in some instances we interpolated the unstructured grid model output 

onto a regular grid with a uniform spacing of 1000 m. This was deemed more appropriate 

than field thinning to minimize aliasing of data based on the non-uniformly spaced grid. 

 The role of tidal forcing on the circulation of North Scott was assessed by 

initializing the lagoon with a conservative numerical tracer of unit concentration 1. We 

made an assessment of e-flushing time, defined here as the time it takes for a numerical 

tracer to decline to a value equal to e-1 of the initial concentration, through mixing with 

open ocean water with a specified concentration of 0 (Jouon et al. 2006; Zhang et al. 

2012). The calculation of flushing times provides an indication of the rate at which lagoon 

water is exchanged with the ocean under various conditions, which directly impacts 

oceanic tracers such as temperature, nutrients and pH.  

 Finally, to investigate how future sea level rise would likely affect the circulation 

of the reef, we ran a sensitivity analyses for two different sea level rise (SLR) scenarios, 

0.7 m and 1.5 m. The + 0.7 m scenario is based on Intergovernmental Panel on Climate 

Change (IPCC) predictions under the RCP8.5 ‘business-as-usual’ case (Church et al. 

2013), while the + 1.5 m limit is an upper limit based on semi-empirical projections of 

SLR to a global temperature increase of 4°C (Nicholls et al. 2011).  
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Table 3-2. Model scenarios. Mean sea level (MSL) values are used to investigate the response of 

the atoll to sea level variations. Tidal phase refers to whether the model was initialized at spring 

or neap tide, and tracer initialization is the stage in the tide at which the tracer was released. 

Run 
ID 

MSL 
[m] Tidal phase Tracer 

initialization 

R1 0 Spring High tide 
R2 0 Spring Low tide 
R3 0 Neap High tide 
R4 0 Neap Low tide 
R5 +0.7 Spring High tide 
R6 +0.7 Spring Low tide 
R7 +0.7 Neap High tide 
R8 +0.7 Neap Low tide 
R9 +1.5 Spring High tide 
R10 +1.5 Spring Low tide 
R11 +1.5 Neap High tide 
R12 +1.5 Neap Low tide 

3.3 Results 

 Observations 

 The water level observations (η) covered a spring-neap cycle, and revealed a 

dominant semi-diurnal tide with a slight diurnal inequality (Figure 3-3a). The offshore 

neap tidal range at site 1 was 0.6 m, rising to a maximum of 4.0 m at spring tide. A similar 

neap tidal range was observed within the lagoon at site 5, but the spring tidal range was 

reduced relative to offshore (reaching only 3.3 m), with the water levels at this time also 

becoming highly asymmetric. Zooming in on an 18 h period during spring tide highlights 

the differences that occur during the second half of the ebb portion of the tide, whereby 

the water level inside the lagoon falls at a much slower rate than offshore (Figure 3-3c). 

The offshore water level took 6.3 h to transition from high to low tide (approximately half 

of the semi-diurnal tidal cycle), whereas the lagoon site took nearly 2 h longer (8.0 h) to 

fall to its minimum value, in response to the sea level dropping below the height of the 

reef rim and restricting water from returning to the ocean that could only occur through 

the relatively small channels. As a result, at low tide the water level within the lagoon 

was ~0.6 m higher than offshore. As the tide flooded, the offshore and lagoon water levels 

were not equal again until ~2 h before high tide. At each site, we calculated the mean 
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range and duration of the rise (Trise) and fall (Tfall) for the whole study period of ~27 tidal 

cycles (Table 3-3). At sites within the lagoon, the average Tfall was consistently 2 h longer 

than Trise, whereas equivalent values for offshore sites were almost split evenly over the 

~12 h semi-diurnal tidal cycles. This pattern is indicative of tidal truncation by 

topographic constriction, whereby at low stages of the tide the lagoon water is only able 

Figure 3-3. Water level and velocity observations. (a) Water level comparison between the lagoon 

southern channel (site 5) and offshore (site 1). (b) Velocity measurements at the lagoon southern channel 

(site 5). Note that positive values represent flow into the lagoon (negative values flow out of the lagoon). 

(c) Water level comparing inside (site 5) and outside (site 1) the lagoon over an 18 hour period starting 

20 April 2015 11:15. (d) Velocity measurements for the same time period as (c), with gaps in the data at 

site 3 when shallow depths resulted in no valid data. 
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to enter or exit though the two channels, until the tide is high enough to broadly flood into 

the lagoon over the reef rim. 

 Highly asymmetric velocities were also observed within the atoll, with a rapid 

flood and much longer and slower ebb (Figure 3-3b,d). The velocity ranges at all sites 

increased around spring tide, reaching speeds up to 2.0 m s-1 in the southern lagoon 

channel (site 5). During the majority of the study, the maximum flood velocity at this site 

was at least twice the max ebb velocity; this was a general trend that was also observed 

at sites 3 and 4 adjacent to the shallow reef rim (Figure 3-3d). At low tidal stages, these 

sites experienced slower flows and an extended period of still water (~3 h longer) relative 

to what occurred at high tidal stages. As the tide rose and spilled over the reef rim, the 

velocities increased abruptly, with site 3 experiencing a maximum velocity ~0.3 m s-1 

faster than site 4 but was still slower than in the channel at site 5. However, the velocity 

direction at these sites was not completely synchronous. For each tidal cycle, a ~3.5 h 

period occurred around high tide where velocities at site 3 (east reef rim) were still 

directed into the lagoon but were directed out of the lagoon at site 4 (west reef rim), 

suggesting that when averaged over the full tidal cycle there was a net westward lagoon 

flow. The residual transport vectors, calculated over a full spring/neap cycle using eq. 

(3-1) for both the present field observations and the historical data from 2007, revealed a 

net tidally-averaged flow towards the west both inside and directly outside of the reef-

lagoon system during both periods (Figure 3-4b).  

 
Table 3-3. Variations in water level properties throughout the lagoon for the study period. Trise 

and Tfall represent the duration of the rise and fall sections of the tide. The *s denote sites within 

the reef-lagoon system. 

Site Mean Range 
[m] 

Min/max range 
[m] Trise [h] Tfall [h] 

1 2.23 0.61/3.95 6.31 ± 0.27 6.15 ± 0.51 
2 2.45 0.65/4.09 6.33 ± 0.26 6.12 ± 0.38 
3* 2.17 0.63/3.21 5.42 ± 0.61 7.00 ± 0.76 
4* 2.12 0.59/3.28 5.07 ± 0.72 7.35 ± 0.71 
5* 2.03 0.59/3.34 5.38 ± 0.60 7.06 ± 0.63 
6* 2.11 0.59/3.26 5.00 ± 0.64 7.42 ± 0.65 
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 Hindcast numerical model predictions 

Hindcast simulations of water levels over the study duration showed excellent 

agreement with our observations, and accurately captured the asymmetric tide observed 

within the lagoon (Murphy Skill 0.89 – 0.99, RMSE 0.08 – 0.28 m) (Figure 3-5, Table 

3-4). Likewise, the model did very well at capturing the complex velocity patterns 

observed (Murphy Skill 0.81 – 0.92, RMSE 0.07 – 0.22 m s-1), albeit the model slightly 

over predicted velocities within the channel (site 5) exiting the lagoon (Figure 3-5d). We 

hypothesize this could be due to small scale bathymetry variability in the narrow channel, 

which is only ~250 m wide at instrument location.  

Figure 3-4. Tidal current vectors indicating residual transport over a 

spring-neap period. Black vectors represent data collected in the 2015 

study, blue and red vectors represent observations collected during April 

2007. Note the different scaling of the vectors; outside the reef the depths 

are large and thus different scaling is required. 
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Figure 3-5. Model validation against data over a 4 day period during spring tide. (a,b,c) Water 

level; (d,e,f) Velocity. Model simulations in red, observations in black, with site numbers 

indicated. Note the only offshore site included is Site 1 in (c). 
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Table 3-4. Assessment of model performance statistics (Murphy Skill, Bias, and RMSE). Note 

that velocities are compared with values projected along the principal major axes. The *s indicate 

reef-lagoon sites. 

Site Skill Indices Velocity [m s-1] Water level [m] 

1 Murphy Skill  0.89 

 Bias - -0.03 

 RMSE - 0.28 

2 Murphy Skill  0.99 

 Bias - 0.01 

 RMSE - 0.08 

3* Murphy Skill 0.81 0.97 

 Bias -0.08 0.01 

 RMSE 0.15 0.14 

4* Murphy Skill 0.92 0.99 

 Bias -0.01 0.01 

 RMSE 0.07 0.09 

5* Murphy Skill 0.83 0.99 

 Bias 0.14 0.01 

 RMSE 0.22 0.08 

6* Murphy Skill  0.98 

 Bias - 0.01 

 RMSE - 0.11 

 

 To assess the circulation across the whole atoll system, in Figure 3-6 we show 

modelled water level variations (along an east-west cross section through the centre of 

the atoll, denoted by the black and red dashed lines Figure 3-1d) together with the velocity 

fields at various phases of a single tidal cycle at spring tide (19 April). At high tide (t = 0 

h), the water level was higher (0.09 m) on the east of the atoll, causing a small westward 

flow within the lagoon. Note that this difference in tidal elevation would be due to a 

combination of the gradual increase in tidal amplitude to west as well as local deviations 

in water levels as the tides flow around the atoll. As the tide starts to fall (t = 3 h), the 

same east-west pressure gradient remains offshore, but the water level remains marginally 



3.3  RESULTS 

47 

higher inside the lagoon due to the frictional resistance that impedes flow returning to the 

ocean. At this time, flow is directed out of the lagoon over the whole reef perimeter, while 

the offshore flow direction has switched to the west. When the reef rim is exposed at low 

tide (t = 6 h), the water level is now ~0.6 m higher inside the lagoon than outside, with 

strong flows directed out of the channels that now provide the only connection to the 

ocean. The offshore water level is now higher (0.09 m) on the west of the lagoon. As the 

tide begins to flood (t = 8 h), the water level initially rises higher on the outside of the 

lagoon than the inside as the reef rim is still exposed, which causes flow in the channels 

Figure 3-6.  Snapshots of modelled water level and velocity variability at several tidal stages during a spring 

tide, 19 April. (a) Water level variability over a cross section through the centre of the atoll from west to 

east (denoted by the black and red and dashed lines in Figure 3-1d), reef rim shown in grey. (b) 

Corresponding snapshots of velocity vectors. (c) Equivalent tidal height for each time snapshot, difference 

in water level between locations ~1 km east and west of the atoll shown as red dashed line. 
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to reverse direction. In the offshore region, the flow is weak but towards the east. At the 

point when water outside the lagoon is high enough to begin to overtop the reef rim (t = 

9 h), large flows are directed into the lagoon along the entire reef perimeter. Two hours 

before high tide (t = 10 h), the reef rim is fully submerged, but flow continues into the 

lagoon as an inward pressure gradient still exists from the lagging lagoon water level.  

To justify excluding waves in the model, we calculated the mean (experiment-

averaged) Hs over the study period for the outer reef pressure sensors, which ranged from 

0.1 m to 0.6 m depending on site. An instantaneous maximum Hs of 2.1 m occurred on 

the east side of the atoll due to a low-pressure system which passed over during our study 

between 19 – 22 April and generated moderate winds ~10 m s-1 directed to the southwest. 

Nevertheless, to confirm that wave-driven flows were still negligible compared to the 

strong tidal flows, we calculated the residual velocity and water levels between our 

observations and the model output. There was no significant correlation between these 

residuals and both the wind and wave data (R2 < 0.1 for both water levels and velocities), 

reaffirming that tidally-driven processes were dominant even over this range of wave and 

wind conditions.  

 Atoll flushing  

 A series of numerical experiments were conducted with the validated model to 

investigate how the tidally-driven circulation patterns and residual transport control the 

spatial distribution of flushing times within the interior of the atoll. For this analysis, 

water within the atoll was initialized with a numerical conservative tracer with a 

concentration of 1 (Figure 3-7), which was gradually diluted as the lagoon water was 

replaced with tracer-free water from the surrounding ocean. Firstly, we ran four scenarios 

to assess the influence of the tidal phase on the flushing of the tracer, initialized at low 

and high tide during spring (20 April) and neap (12 April) tides, which progressed 

following the normal tidal evolution after this time (Table 3-2). We present the mean 

tracer distributions (averaged over the tracer releases at both maximum high and low tide) 

at both spring and neap tidal phases (i.e. the mean of R1 & R2, R3 & R4). Note that results 

for each individual set of simulations are included in Section 3.6 (Supplementary Figure 

3-1 and Supplementary Figure 3-2). During spring tide, the larger flows caused the tracer 
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to disperse more rapidly; whereas during neap tide, by 36 h there was still little flushing 

(Figure 3-7h).  

Figure 3-7. Evolution of tracer concentration over 36 h. Average of simulations initialized at high 

and low tide for spring (a-d) and neap (e-h) tide. In the simulations, the initial lagoon tracer 

concentration was set to 1. Black contour denotes 1 m isobaths. (i) Spatially averaged tracer decay 

within the reef-lagoon system, i.e., for the region where initial tracer concentration was 1. The 

horizontal dashed line represents the e-flushing value, i.e. e-1 of initial concentration. 
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In all simulations, the eastern side of the atoll and southern channel areas were most 

rapidly flushed by offshore oceanic water. Oceanic (tracer-free) water dominated the 

eastern portion of the lagoon within 36 h during spring tide (Figure 3-7d); whereas in the 

western lagoon, the tracer concentration at 36 h was higher than after 12 h, consistent 

with the dominant residual westward transport. The flushing characteristics differed in 

the vicinity of each channel, with a more extensive area of low tracer concentration 

present in the south lagoon compared to in the north. As shown in Figure 3-7g, the 

northern channel predominantly exchanged water to the southwest (i.e. into the lagoon), 

which was diverted by a topographic feature similar to a flood-tidal delta at the head of 

the channel. The spatially-averaged tracer concentration decay within the reef-lagoon 

system for both spring and neap simulations showed that during spring tide, the tracer 

decayed to the e-flushing value 2 days earlier than during neap tidal phases (Figure 3-7i). 

 The spatial distribution of the mean flushing time for each simulation revealed 

an east-west asymmetry across the lagoon (Figure 3-8). For example, during spring tide 

the eastern lagoon was flushed in less than 1.5 days, while much of the western lagoon 

took over 3 days (Figure 3-8a). At spring tide, the greatest local flushing times of 6 days 

were observed in the north and southwest of the lagoon. A similar pattern was observed 

during neap tide, but the flushing times (excluding those adjacent to channels) were at 

least 2 days longer (Figure 3-8b). Differing degrees of connectivity provided by the 

channels to the open water were clear; for instance, during spring tide, the area in the 

vicinity of the southern channel that was flushed within 1 day was ~15 km2, while after 1 

day in the northern channel a much narrower and smaller area of ~5 km2 was flushed. 

Overall, the southern channel and eastern areas of the lagoon had the most rapid flushing 

times, while the southwest and northwest areas were only weakly connected to the open 

ocean with comparatively long flushing times. Note that a full set of results for the 

individual simulations are included in Section 3.6 (Supplementary Figure 3-3 and 

Supplementary Figure 3-4).  
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 Lagoon momentum balances 

To further investigate the mechanisms responsible for driving the net (tidally-

averaged) westward transport observed within the lagoon (and their timing in relation to 

the tide), we consider the one-dimensional (1D) unsteady momentum balances through 

the lagoon east-west cross section (denoted by the black dashed line in Figure 3-1d). Here 

we focus on the direction of the residual flow within the lagoon, disregarding the reef rim 

given that it effectively dries out at low tidal levels. We use the model output interpolated 

on to a 600 m spaced regular grid with a 30 s time step. Neglecting wave-induced 

radiation stresses and wind stresses (due to their negligible effect at North Scott, as shown 

in Section 3.3.2), the depth integrated east-west (𝑥𝑥-coordinate, positive eastward from the 

west reef crest) momentum equation can be written as (e.g. Mei et al. 2005): 

   
∂u
∂t

  ��� +   

acceleration

 u
∂u
∂x

+v 
∂u
∂y�������

advection

+  g 
∂η
dx

  ���   
pressure
 gradient

+   
τb,x

ρ htot
  

�����
bed shear

stress

=0, (3-5) 

 

where u and v are the depth-averaged velocities in the x (east) and y (north) directions (m 

s-1), g is gravitational acceleration (9.81 m s-1), 𝜏𝜏𝑏𝑏,𝑥𝑥 is the eastward component of the bed 

shear stress (N m-2) and ρ the seawater density (kg m-3).  

Figure 3-8. Spatial differences in mean simulated e-flushing time for current sea level. (a) For spring 

tide (R1 & R2) (b) for neap tide (R3 & R4). Note that flushing times > 6 days are plotted as 6 days. 

Contour denotes 1 m isobaths. 
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 We first assess differences in water levels offshore and in the lagoon, and their 

relationship to the east-west (u) velocity, represented by the depth-weighted and spatially-

averaged velocity within the lagoon cross section (Figure 3-9a,b). Offshore water levels 

taken ~1 km east (ηeast) and west (ηwest) of the atoll cross-section show slightly higher 

tidal amplitudes towards the east onto the continental shelf (maximum difference 0.14 m 

at spring tide), consistent with Figure 3-1b. There is also a ~1 h delay in the tidal phase 

over this distance. Lagoon water levels (ηlagoon) roughly match offshore water levels from 

two hours before to three hours after high tide (Figure 3-9a), corresponding to offshore 

water levels greater than ~0.8 m. At lower stages of the tide (t >3 h, where t = 0 h is high 

tide), the lagoon becomes increasingly isolated from offshore due to effects of the shallow 

reef rim, and lagoon water level deceases at a slower rate than the falling tide offshore. 

Large velocities (up to 0.13 m s-1) tended to occur only towards the west (negative values), 

peaking ~1 h after high tide (Figure 3-9b). These are associated with the large-scale 

pressure gradient visible in the offshore water levels. At lower stages of the tide (shaded 

area), the flow is weak (<0.02 m s-1) but still predominantly remains directed westward. 

Offshore, there is tidal pressure gradient which would be expected to drive west-east flow 

were it not for the lagoon becoming isolated from offshore due to the low tidal level.  

The individual terms of the 1D (east-west) momentum equation were locally 

calculated from the model output, integrated over the lagoon east-west transect, and 

presented as an average over 5-minutes (Figure 3-9c). During higher stages of the tide 

(i.e. t between -3 and +3 h), the dominant momentum balances within the lagoon are 

between the pressure (water level) gradient term and the local acceleration of the flow 

within the lagoon. Initially, the lagoon water level lags the offshore water level, so there 

is some variability in the terms, but the generally higher offshore ηwest creates a pressure 

gradient that results in an acceleration of the flow within the lagoon towards the east. 

During a brief period of the rising tide at t=-2 h, when ηlagoon is equal to ηeast, the offshore 

pressure gradient causes a small eastward velocity. Around t=-1 h, the offshore pressure 

gradient subsequently reverses (i.e. ηeast > ηwest), which causes the lagoon flow to be 

accelerated towards the west.  
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Figure 3-9. Investigation of the mechanisms responsible for the westward residual flow using numerical 

model output during a spring tidal cycle. (a) Offshore water level on the east (ηeast), and west (ηwest) of 

the atoll, lagoon water level (ηlagoon) and the difference between ηeast and ηwest (∆η). Shaded area 

represents lower stages of the tide (when ηeast < 0). (b) u (east-west) component of velocity averaged 

over the lagoon cross section, with positive flow towards the east. (c) Spatially-averaged momentum 

terms integrated over the lagoon cross-section. 
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During a two-hour period following high tide (i.e. t between +1 and +3 h), the flow within 

the lagoon decelerates due to a reversal of the water level gradient within the lagoon. This 

is a dynamically important phase of the flow cycle, which contributes to the residual flow 

within the lagoon, and hence warrants a further assessment of the various mechanisms 

responsible. 

During this deceleration phase, the elevated water on the western edge of the 

lagoon (negative pressure gradient term) is suggestive of a gradual restriction of the 

westward flow that causes water to pile up on the western side of the lagoon. One 

possibility is a sudden emergence of the reef rim that uniformly restricts water exiting or 

entering the lagoon. However, an abrupt closing off of the lagoon would decelerate the 

flow at a time-scale controlled by the shallow water wave speed and lagoon width. By 

assuming a typical lagoon depth (10 m) and east-west lagoon width (10 km), this 

deceleration would be predicted to occur over order 10 minutes; therefore, inconsistent 

with the much longer ~2 h period observed. A more likely explanation is that the water 

depth over the western reef rim becomes significantly shallower earlier than at the east; 

this is reasonable, given that the western reef rim is indeed shallower relative to mean sea 

level (typically by ~0.3 m; Figure 3-1c) and also due to the offshore water level itself 

being lower in the west during this phase of the tide (by ~0.1 m; Figure 3-9a). These 

asymmetric reef depths would cause the flow at the western reef rim to be restricted earlier 

(either by physical blockage or the elevated bottom friction at shallower depths) while a 

westward inflow continues across the eastern rim, thus resulting in a more gradual 

deceleration of the lagoon flow. In addition, the larger channel located at the southwestern 

side of the atoll would also likely contribute to extending the westward flow inside the 

lagoon at low tide; an effect that cannot be captured in this simple one-dimensional 

analysis. In reality, the combination of these mechanisms would interact to control the 

time it takes for the lagoon flow decelerate as the tide falls. 

Finally, at lower stages of the tide (shaded area) when the entire reef rim 

becomes exposed, the lagoon becomes largely disconnected from the influence of 

offshore tidal characteristics; therefore, there is no water level (pressure) gradient present 

to drive an eastward flow and all momentum terms remain small. There still remains some 

flow through the channels in the north and south at this time that is not evident in the 
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cross section shown, causing the water level to continue to fall slowly within the lagoon 

(Figure 3-9a).  

 Sensitivity to sea level rise 

 We extended the model to assess the sensitivity of atoll circulation to future sea 

level rise, given two scenarios of 0.7 m and 1.5 m rise and assuming present bathymetry 

and roughness (Table 3-5). Under the same offshore tidal conditions, the water level 

asymmetries within the reef were significantly reduced with sea level rise. Given a 0.7 m 

rise, the ebb-flood asymmetry was reduced, but still present (Trise 5.82 h, Tfall 6.66 h which 

is ~35 minutes shorter than present day conditions). A 1.5 m increase in MSL completely 

eliminated the asymmetric tide, i.e. the low tide in the lagoon is now able to drop to the 

same level as it does offshore, and effectively no tidal truncation is observed (Trise 6.15 h 

and Tfall 6.32 h).  

Table 3-5. Sensitivity of tidal rise and fall duration in the reef-lagoon system and offshore 

(average for all observation sites) to two sea level rise scenarios (+0.7 m and +1.5 m increase 

relative to present mean sea level). 

 
The effect of sea level rise on the atoll flushing times is presented as a percentage 

change from present conditions (MSL), which shows that the response is not homogenous 

throughout the lagoon (Figure 3-10). The most significant changes occur in the vicinity 

of the channels at both spring and neap tide. A MSL rise of 0.7 m at spring tide causes 

the total flushing time to decrease (mean -15%), with a further MSL rise to 1.5 m 

decreasing flushing time further (mean -21%). On the other hand, at neap tide large and 

spatially-variable changes, particularly adjacent to the channels result in the mean atoll 

flushing time increasing by 3% with a 0.7 m MSL rise, and up to 8% considering a 1.5 m 

MSL rise. Results from individual simulations are included in Section 3.6 

(Supplementary Figure 3-5 and Supplementary Figure 3-6).  

Site Mean 
duration MSL [h] MSL + 0.7 m 

[h] 
MSL + 1.5 m 

[h] 
Reef-lagoon 

system 
Trise 5.22 5.82 6.15 
Tfall 7.21 6.66 6.32 

Offshore Trise 6.32 6.27 6.27 
Tfall 6.14 6.22 6.23 
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3.4 Discussion 
 Previous atoll hydrodynamic studies have considered a range of different 

morphologies with varying degrees of reef enclosure, which in turn influence the total 

exchange between lagoon waters and the open ocean. Closed atoll lagoons are virtually 

separated from the open ocean, which can cause lagoon water levels to remain higher 

than offshore at all phases of the tide (Callaghan et al. 2006). By contrast, open atolls 

often have continuous submerged reef flats and large passes (Atkinson et al. 1981; 

Tartinville et al. 1997; Kraines et al. 1999), while semi-enclosed atolls (as in the present 

study) have channels or wide reef flats through which water exchange may occur 

Figure 3-10.  Percent change in flushing time in days from present conditions. (a,b) to MSL + 0.7 m, 

(b,c) to MSL + 1.5 m. Note that any change > 100% is plotted as 100%. Left hand panel represents 

simulations during spring tide, right hand panel represents neap tide and all results presented are an 

average of simulations initialized at high and low tide. Contour denotes 1 m isobaths. 
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(Andréfouët et al. 2006; Dumas et al. 2012). As a result, circulation is driven by a 

combination of atoll morphology and the surrounding oceanic environment (wave-

climate, tidal regime, winds). This study provides new insight into how regional tide 

properties can regulate the hydrodynamics within this class of coral reef system. 

 Validation of the Delft3D-FM model 

 Despite the complex bathymetry and large tides with associated wetting / drying 

challenges, the Delft3D-FM model performance was excellent (Murphy Skill > 0.81 at 

all sites for currents and > 0.89 for water levels) and was able to capture with high 

accuracy both the complex water level and velocity variations that were observed within 

the atoll (Figure 3-5 and Table 3-4). The unstructured grid was particularly well suited 

for this application, as it was able to provide the necessary finer scale resolution to resolve 

channel flows that are critical to the atoll circulation, whilst still being able to simulate 

the large scale offshore tide and its interactions with the atoll system over a large model 

domain. The model was run in 2DH mode which was appropriate for the study period 

given the lack of significant stratification in the <20 m lagoon; however, some vertical 

lagoon stratification could exist at other times of year (e.g. during Austral summer due to 

solar heating), that could potentially warrant 3D simulations. 

 During our study, observations of Hs varied between 0.1 m and 2.1 m, and the 

mean tidal range was 2.4 m. Average annual Hs at Scott Reef from a dataset spanning 23 

years is 1.4 m (Young et al. 2011; Lowe and Falter 2015), thus our study was 

representative of typical annual variability. Throughout the cyclone season (November – 

April), tropical storms episodically occur, and wave-driven processes would clearly 

increase in importance during these extreme events. For instance in 2004, Tropical 

Cyclone Fay passed directly over Scott Reef and the significant wave height reached 5.6 

m (estimated from Wavewatch III). Although we did not take into account wind stress or 

wave effects in the model, we have demonstrated that for scenarios under typical (i.e. 

non-tropical cyclone) conditions, the circulation is still predominantly driven by the 

strong tidal forcing.  
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 Tidally-driven circulation 

 The observations and numerical modeling reveal that the offshore tidal 

amplitude in the Scott Reef region is greater than the depth of the North Scott reef rim 

relative to MSL, and as a result the reef becomes exposed on each tidal cycle. Due to its 

morphology, at low stages of the tide the only exchange between the lagoon and the open 

ocean is through two narrow and shallow channels in the north and south. This results in 

a highly asymmetric tide in the lagoon, where the duration of the ebb is on average 2 h 

longer than the flood (Figure 3-3 and Table 3-3). Analogous observations of tidal 

asymmetry due to the topographic constriction of a shallow reef rim on fringing reef 

islands in the Great Barrier Reef have previously been observed at Lady Elliot Island 

(McCabe et al. 2010), and One Tree Reef (Ludington 1979). In the tide-dominated 

platform reef (Tallon Island) within the coastal Kimberley region of the northwestern 

Australia, where the tides become much larger (i.e. 8 m range), the large bottom stresses 

over the rough and wide reef flat result in a 10 h ebb tide duration (Lowe et al. 2015). 

This skewed tidal profile causes ‘ponding’ of water within reef systems, with reduced 

ocean exchange likely to drive extremes in water quality parameters, demonstrated at 

Tallon Island, where temperature and oxygen fluctuate by up to 11 °C and 440 μM (or up 

to 280% oxygen saturation) within a single tidal cycle (Gruber et al. 2017). While not the 

focus of this study, it is also expected that analogous hydrodynamics would have an 

important role in the water quality conditions of atoll reefs such as North Scott. 

 Our results revealed a significant residual westward flow within the lagoon due 

to how the atoll interacts with the propagating tide in the surrounding ocean. The 

conceptual model in Figure 3-11 summarizes how the regional tide interacts with the atoll 

and the dominant momentum balances that are established across the reef. At high tide, 

ηeast > ηwest, resulting in a pressure gradient that accelerates flow towards the west (as seen 

in Figure 3-11a). As the tide falls and the reef rim emerges, the lagoon starts to become 

disconnected from offshore. Although the offshore pressure gradient remains the same, 

water within the lagoon is impeded by the western rim, and thus flow decelerates, 

balanced by a pressure gradient towards the east (Figure 3-11b). At low tide, ηwest > ηeast, 

but the lagoon is largely disconnected from this offshore pressure gradient as the reef rim 

is exposed, thus there is no equivalent flow to balance out the dominant westward flow at 

higher stages of the tide, resulting in the residual flows observed. North Scott has 
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Figure 3-11. Conceptual model of momentum balances over the reef cross section at different tidal 

stages. Note that the difference in water levels relative to the atoll bathymetry is exaggerated, and the 

reef rim is shallower on the western side, as in Figure 3-1c. (a) At high tide, the offshore pressure 

gradient is reflected in the lagoon, which accelerates flow inside the lagoon towards the west. (b) As 

the reef rim starts to emerge (firstly on the west), the lagoon becomes disconnected from the offshore 

pressure gradient and the flow within the lagoon decelerates, which is balanced by a lagoon pressure 

gradient towards the east. (c) At low tide, the rim becomes completely emerged and the lagoon 

isolated from offshore tidal characteristics, resulting in negligible flow (and hence momentum term) 

values within the lagoon. 
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maintained its current position relative to MSL despite its location on a subsiding 

continental margin (Collins and Testa 2010). If the reef morphology was different, for 

example the reef was instead fully submerged throughout the entire tidal cycle, then no 

substantial residual would exist as the offshore pressure gradient would be reflected in 

the lagoon over all tidal stages. Likewise, if the atoll area was reduced such that the 

offshore tidal amplitude was equal on either side of the reef, there would be no dominant 

residual flow. 

 Lagoon flushing times 

 The differences in the evolution of tracer fields within the atoll between spring 

and neap tides demonstrate the restricted circulation and flushing of the lagoon when the 

tidal range is small (Figure 3-7). Over all tidal phases, the dominant westward residual 

(tidally-averaged) transport observed within the reef was the most important flushing 

mechanism. Smaller, but still significant exchanges through the channels driven at tidal 

timescales were more pronounced in the vicinity of the southern channel; the topography 

at the northern channel entrance (i.e. flood-tide delta-like feature) resulted in 

comparatively less flushing. The significance of channels acting as conduits for exchange 

in atolls has been highlighted in a number of previous studies (Kench 1998; Kraines et al. 

1999; Callaghan et al. 2006; Dumas et al. 2012; Costa et al. 2016). However to our 

knowledge, this is the first study whereby the interaction of regional tidal characteristics 

with an atoll is a primary flushing driver. We hypothesize this is a phenomena not limited 

to North Scott but likely applicable to similar tide-dominated atolls that occur worldwide 

in the presence of moderate- to strong-tides. 

We found a distinct zonation of flushing times within the lagoon at both spring 

and neap tide, whereby the eastern lagoon and areas influenced by the channels had 

flushing times <1 day. The west of the lagoon had higher flushing times, with some ‘slack 

water’ zones in the southwest and northwest (flushing time > 6 days). An important 

implication of these results is that these areas where flushing time is longer would be 

expected to experience larger water quality extremes (Zhang et al. 2013; Lowe and Falter 

2015; Bahr et al. 2017). North Scott lagoon suffered extreme mortality in the 2015-2016 

coral bleaching event, where peak temperatures occurred around neap tide. We have 

shown that during neap tide, lagoon flushing is slower, which likely compounded the 
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effect of high temperatures to coral colonies within the lagoon. The detrimental effects of 

reduced circulation in semi-enclosed atolls instigating extreme water quality events has 

been previously observed in the Cocos Island atolls (west of Scott Reef in the Indian 

Ocean), when unusually low winds following coral spawning slowed lagoon flushing 

sufficiently enough to cause extreme hypoxia and mass mortality of fish and coral (Hobbs 

and Macrae 2012). Models such as Delft3D-FM can improve our interpretation of the 

spatial distribution of tracers, help to understand the spatial variability of extreme events 

such as mass bleaching, and assist in predicting subsequent recovery.  

 Effect of channel morphology 

 The observed flow velocities within the atoll were highly asymmetric at all sites; 

in the northern channel the flood velocities (into the lagoon) reached 2 m s-1, whilst ebb 

velocities (out of the lagoon) did not exceed 0.9 m s-1. On the reef rim sites, the flow was 

negligible for periods of up to 3 h when exchange could only occur through the channels 

(Figure 3-4). At North Scott, if these channels were not present, for almost half the tidal 

cycle the atoll would be completely enclosed. We used the model to test the sensitivity of 

circulation to these channels by completely removing them hypothetically in the model; 

these results indicate that without these two channels the water level inside the lagoon 

would remain up to 0.6 m higher than if channels were present. The flushing time for 

simulations with channels removed was up to 190% slower in the areas that were 

previously flushed rapidly (Supplementary Figure 3-7), indicating how sensitive lagoon 

circulation is to water exchange through these two channels, despite occupying only a 

very small portion of the perimeter of the reef rim. 

  Response to sea level rise 

 A sensitivity analysis was conducted to assess the likely response of the atoll 

hydrodynamics to two scenarios of sea level rise (0.7 m and 1.5 m). We found that the 

tidal asymmetry decreased with higher sea level, with Tfall increasing by on average 30 

minutes longer with a 0.7 m sea level rise and completely disappearing (Trise and Tfall 

approximately equal) with a 1.5 m increase (Table 3-5). We show the hydrodynamics of 

North Scott could change dramatically with an increase in sea level; through the 

diminishing existence of the asymmetric tide, and decreasing relevance of the channels 
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for exchange, with large implications on the lagoon flushing time. In wave-dominated 

atolls, sea level rise will cause increased wave heights, run-up and wave-driven flooding 

(Storlazzi et al. 2015). The effect on tide-dominated reefs is less well known, although 

Lowe et al. (2016) showed reduced diurnal temperature extremes. Further work is 

ultimately required to address the consequences of sea level rise on tide-dominated reefs 

that experience large tides relative to the mean depth over the reef rim. 

3.5 Conclusions 
 We have demonstrated how the semi-enclosed morphology, large tidal range and 

regional tidal characteristics interact to regulate the hydrodynamics and circulation within 

a semi-enclosed coral reef atoll. Observations within North Scott reveal a strong effect of 

tidal truncation within the lagoon, whereby the duration of the ebb flow is ~2 h longer 

than the flood. These asymmetric water levels and velocities were reproduced accurately 

using a new unstructured grid model (Delft3D-FM model). A residual east-west flow due 

to the phasing of the water level relative to the offshore pressure gradient established by 

the regional tide was the primary flushing mechanism, with bidirectional flow through 

channels of secondary importance. With future climate and sea level change we expect to 

see weakening of the asymmetric tide and an increasingly uniform tidal profile. North 

Scott represents an ideal site to study how strong tidal forcing influences the 

hydrodynamics of semi-enclosed atolls, the results of which are likely extendible to 

similar reefs systems, which are presently unrepresented in the literature. The effect of 

these complex physical processes on lagoon thermodynamics and biogeochemical 

variability will be investigated in future studies. 
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3.6 Supporting information for Chapter 3 
 

Supplementary Figure 3-1. Evolution of tracer concentration over 36 h 

initialized at low tide. Model runs R2 (a-d, spring) and R4 (e-h, neap). 

In the simulations, the initial lagoon tracer concentration was set to 1. 

Black contour denotes 1 m isobaths. (i) Spatially averaged tracer decay 

within the reef-lagoon system, i.e., for the region where initial tracer 

concentration was 1. 
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Supplementary Figure 3-2. Evolution of tracer concentration over 36 h 

initialized at high tide. Model runs R1 (a-d, spring) and R3 (e-h, neap). 

In the simulations, the initial lagoon tracer concentration was set to 1. 

Black contour denotes 1 m isobaths. (i) Spatially averaged tracer decay 

within the reef-lagoon system, i.e., for the region where initial tracer 

concentration was 1. 
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Supplementary Figure 3-3. Spatial differences in flushing time for simulations 

initialized at low tide (model runs R2 and R4) for (a) spring and (b) neap tide. Note 

that flushing times >6 days are plotted as 6 days. Contour denotes 1 m isobaths. 

Supplementary Figure 3-4. Spatial differences in flushing time for simulations 

initialized at high tide (model runs R1 and R3) for (a) spring and (b) neap tide. 

Note that flushing times >6 days are plotted as 6 days. Contour denotes 1 m 

isobaths. 
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Supplementary Figure 3-5. Percent change in flushing time in days from 

present conditions for simulations initialized at low tide. (a,b) to MSL + 

0.7 m (R6 & R8), (c,d) to MSL + 1.5 m (R10 & R12). Note that any 

change >100% is plotted as 100%. Left hand panel represents 

simulations during spring tide, right hand panel represents neap tide. 

Contour denotes 1 m isobaths. 
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Supplementary Figure 3-6. Percent change in flushing time in days from present 

conditions for simulations initialized at high tide. (a,b) to MSL + 0.7 m (R5 & R7), 

(c,d) to MSL + 1.5 m (R9 & R11). Note that any change > 100% is plotted as 100%. 

Left hand panel represents simulations during spring tide, right hand panel represents 

neap tide. Contour denotes 1 m isobaths. 
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Supplementary Figure 3-7. Percent difference in flushing time (MSL = 0) with channels 

removed. (a) For spring tide, (b) For neap tide. Flushing times calculated as a mean 

between simulations initialized at high and low tide. 
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4 
PHYSICAL MECHANISMS INFLUENCING LOCALIZED 
PATTERNS OF TEMPERATURE VARIABILITY AND CORAL 
BLEACHING WITHIN A SYSTEM OF REEF ATOLLS 3 

4.1 Introduction 
 Coral reefs are recognized as one of the most sensitive ecosystems to climate 

change, existing under a specific range of chemical, physical and biological conditions 

(Hoegh-Guldberg 2005). The limits of this environmental envelope are being increasingly 

exceeded under the effects of climate change, with rising frequency and severity of 

prolonged and/or intense thermal stress events that induce large-scale bleaching over the 

past three decades (Heron et al. 2016; Hughes et al. 2017). Marine heat waves (MHW) 

often occur over large geographical scales, but water temperatures in a reef system can 

also differ substantially from the open ocean (Jokiel and Brown 2004; Falter et al. 2014), 

and at fine-scales within the individual reefs (Davis et al. 2011; Pineda et al. 2013).  

                                                 
3 This chapter is an adapted version of: Green, R.H., R.J. Lowe, M.L. Buckley, 

T. Foster, J.P. Gilmour, (accepted pending revision), Physical mechanisms influencing 
localized patterns of temperature variability and coral bleaching within a system of reef 
atolls. Coral Reefs 
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 Atmospheric conditions such as solar radiation, air temperature, cloud cover and 

wind speed can warm or cool waters by altering air-sea heat fluxes (McGowan et al. 

2010). Heat lost or gained from atmospheric exchange causes local temperature variations 

within shallow coral reefs (McCabe et al. 2010; MacKellar et al. 2013; Zhang et al. 2013). 

The intensity of heating or cooling depends on the water depth; shallow sites will heat 

faster during the day and cool faster at night than deeper sites (Davis et al. 2011). Oceanic 

processes that drive reef circulation, and hence the residence times that influence local 

temperature variability, include waves (Falter et al. 2014; Rogers et al. 2016) and tides 

(Lowe et al. 2016). Reef morphology further influences water circulation patterns and can 

create extremely heterogeneous residence times that may facilitate local heating (Lowe 

et al. 2009a). These processes all act synergistically and result in local reef temperatures 

that can substantially deviate from the surrounding ocean, which may either amplify 

(DeCarlo et al. 2017) or mitigate (Schmidt et al. 2016) thermal stress. This can lead to 

spatial heterogeneity in bleaching patterns within a reef system at scales finer than 

satellite-based measurements can resolve. 

 The majority of reef thermodynamic studies have focused on reefs where waves 

play a dominant role in circulation and transport (Falter et al. 2014; Rogers et al. 2016). 

However, one-third of the world’s reefs are ‘tide-dominated’, where wave forcing is small 

but tides are large, and therefore experience very different hydrodynamic regimes (Lowe 

and Falter 2015). In these reefs the offshore tidal amplitude can often exceed the depth of 

the reef rim, and as a consequence, at low tide the reef becomes exposed (Lowe et al. 

2016). These topographic constrictions and/or increased bottom friction slows the 

outflow of water from the system, and can result in ‘tidal truncation,’ where the falling 

(ebb) tide duration is substantially longer than the rising (flood) tide duration (Lowe et al. 

2015). The extended residence times caused by this tidal truncation have been associated 

with large variations in water quality parameters such as temperature and oxygen (Lowe 

et al. 2016; Gruber et al. 2017). 

 Atoll reefs rise steeply from the deep ocean to a shallow reef crest that surrounds 

a lagoon, which is generally connected to the ocean via channels. The outer reef slopes 

and deeper lagoons of reefs can also be exposed to internal waves and internal tidal bores 

(Wang et al. 2007; Leichter et al. 2012), which are generated by tidal forcing in density-

stratified environments and transport cooler water from below the thermocline. Although 
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the exterior slopes are exposed to oceanic flows, restricted water exchange between the 

lagoons and open ocean mean atolls are considered the most hydrodynamically closed 

reef formation (Andréfouët et al. 2015). As a result, the thermal regime over a typical 

atoll system can be highly variable, but there are limited studies of the thermodynamics 

of atoll reefs, particularly in atolls where tides play a much more dominant role than 

waves. 

 In this study we explore the mechanisms responsible for spatial variability in 

temperature in a tide-dominated coral reef atoll in northwestern Australia in 2016 during 

the longest global mass bleaching event on record (Heron et al. 2016). The Scott Reef 

system of three atolls (North Reef, South Reef and Seringapatam Reef) rise from depths 

of over 1000 m on the edge of the continental shelf in northwestern Australia, located 

>300 km from the mainland coast (Figure 4-1a). The closest reefs are Ashmore 240 km 

to the north and the Rowley Shoals 400 km to the south, thus the Scott Reef system is 

isolated and the coral communities largely self-seeded (Gilmour et al. 2009; Underwood 

et al. 2009; Underwood et al. 2018). South Reef has a deep lagoon (~50 m) that is open 

on its entire northern flank to a 2 km wide, 500 m deep channel (Figure 4-1b). The lagoons 

of North Reef and Seringapatam Reef are considerably shallower (~15 m), and almost 

Figure 4-1. Study area. (a) Regional context of the Scott Reef system and nearby reefs in 

northwestern Australia. Tropical Cyclone Stan track marked with dates, which passed ~300 km 

to the west of the system in late January 2016. (b) The three atolls of South Reef, North and 

Seringapatam Reef, area bounded by box in (a). 
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completely enclosed by a shallow reef rim (Figure 4-2a). North Reef has two narrow, 

shallow channels that connect its lagoon to the open ocean in the northeast and south; 

whereas Seringapatam Reef has just one channel in the northeast (Figure 4-2b).  At low 

tide, the only exchange between these lagoons and the open-ocean occurs through these 

channels, because the spring tidal range in the region reaches 4 m, but the reef rim is only 

~0.3–1.2 m below mean sea level. Internal waves of semi-diurnal tidal frequency 

(‘internal tides’) have been detected on the outer flanks of Scott Reef and the surrounding 

continental shelf (Rayson et al. 2011), which cause vertical displacement of isotherms 

(Rayson et al. 2018) to transport cooler water from depth onto shallower reef slopes. 

 The aims of the study are: 1) to assess local (km) scale temperature variability at 

a coral reef atoll during the marine heat wave; 2) to understand the physical mechanisms 

driving temperature variation; 3) to identify locations where thermal stress and the 

incidences of coral bleaching were reduced, and thus potential refugia during marine heat 

waves. 

Figure 4-2. Aerial photographs of Seringapatam Reef. (a) Photo showing the wide reef rim on the east 

of the atoll, which is similar to that enclosing North Reef. (b) Photo of the channel in the northeast, at 

low tide this is the only conduit through which lagoon water can exchange with open ocean water. 

Photo credit: Nick Thake Photography. 
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4.2 Methods 

 Field measurements 

 In January 2016, temperature loggers (HOBO U22 Pro-v2) were deployed with 

15-minute logging intervals at sites within the lagoons and on the reef slopes of the atolls 

(Figure 4-3). We focus on data from 12 representative sites in a water depth of 6-9 m, and 

one shallower 3 m site (site 3a). The temperature loggers were calibrated in a room 

temperature water bath before and after the deployment (Lentz et al. 2013), ensuring they 

read to within 0.1°C of each other. In addition, four RBR Solo pressure sensors (tide 

gauges) continuously recorded pressure at 1 Hz, and were deployed inside and on the 

outer slope of North Reef and Seringapatam Reef at ~6 m depth. The tide gauges were 

recovered in April 2016, after recording 185 tidal cycles.  

 At 12 long term monitoring (LTM) sites, benthic communities were sampled 

along 5 x 50m permanent transects, marked at 10 m intervals. Sites were surveyed in 

January 2016, during mass bleaching in April, and again in October 2016. During each 

survey, a tape was laid along the permanent transect and a camera used to capture an 

image of the benthic community at a distance of between 30 and 50 cm from the substrata. 

In April, visual assessments of the severity of coral bleaching were made at 13 LTM sites 

by estimating the percentage of bleached corals according to the following categories: 

>91%, 61-90%, 31-60%, 11-30%, 1-10% or <1%. The percentage of bleached corals 

included those that had bleached but whose fluorescent pigments remain, those that had 

bleached white and without fluorescent pigments, and those that had bleached and 

recently died, i.e., intact coral skeletons covered in turf algae (Depczynski et al. 2013).  

 Satellite temperature and atmospheric data 

 Sea surface temperature (SST) was obtained from NOAA Coral Reef Watch 

daily global 5 km satellite coral bleaching heat stress monitoring product v3.1 between 

1985 and 2017 (NOAA Coral Reef Watch 2018). Daily sea surface temperature anomalies 

(SSTA) were also obtained from this dataset for March 2016, which the SST data revealed 

to be the hottest month during the marine heat wave. Hourly atmospheric data (including 

air temperature and pressure, wind vectors, cloud cover, humidity, longwave radiation, 

shortwave radiation) were extracted at ~25 km resolution from the National Centers for 
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Environmental Prediction’s (NCEP’s) Climate Forecast System Version 2 (CFSv2, 

http://cfs.ncep.noaa.gov/, Saha et al. (2011)).  

  

Figure 4-3. Site locations for (a) North and South Reef, with bathymetry <65 m displayed as 

a colour map and depths >65 m shown as contours. (b) Seringapatam (using ESRI satellite 

World Imagery, as no detailed bathymetry was available). Specific observations at each site 

indicated by the legend in (b), where η is water level and LTM is a long term benthic 

monitoring site. 

http://cfs.ncep.noaa.gov/
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Following a similar approach to Zhang et al. (2013), we used the CFSv2 data to 

calculate the net flux of heat across the air-sea interface (Qnet, W m-2), i.e. 

Qnet  =  QSWR  +  QLWR  +  Qlt  +  Qsb. (4-1) 

The short-wave radiation flux (QSWR) represents the net input of solar energy to the ocean, 

and depends on factors such as the length of the day (which varies with season and 

latitude), and absorption or reflection in the atmosphere (e.g. by clouds). The outgoing 

long-wave radiation flux (QLWR) is the infrared radiation emanating from the ocean 

surface back to the atmosphere and thus represents a heat loss from the ocean. Latent heat 

flux (Qlt) is the heat lost due to evaporation and is primarily influenced by wind speed 

and relative humidity. Sensible heat flux (Qsb) represents the convective heat exchange 

and is therefore related to the wind speed and the difference in temperature between the 

ocean and air. The latent and sensible terms were calculated using bulk atmospheric heat 

flux parametrizations, as described in Zhang et al. (2013). 

 The influence of strong winds and waves generated by tropical storms and 

cyclones on the temperature regimes at Scott Reef were investigated during the 2016 heat 

wave event and for a historical cyclone event in 2004. Hindcast predictions of the 

significant wave height (Hs) and wind conditions (speed and direction) were output from 

the NOAA Wavewatch III model, (http://polar.ncep.noaa.gov/waves/, Tolman (2008)). 

Using output from these various datasets we calculated spatially-averaged values within 

the region bounded by longitudes [121.6°E 122.1°E] and latitudes [13.6°S 14.2°S]. 

 Data analysis 

Daily mean temperatures were calculated for each logger by averaging over 24 

h starting at midnight. Local measurements of water level were averaged at 15-minute 

intervals and put into a common vertical reference datum, by assuming at high tide the 

sea surface was flat across each atoll. The data were subsequently adjusted so that z = 0 

m corresponded to the mean water level of the experiment (Lowe et al. 2015). 

 Long-term monitoring images were analysed using point sampling technique 

and benthic groups identified to the lowest taxonomic resolution achievable by each 

observer (Jonker et al. 2008). Monitoring sites vary in their taxonomic composition, but 

Acropora dominates in the shallow lagoons (Gilmour et al. 2013). The effects of heat 

http://polar.ncep.noaa.gov/waves/
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stress on rates of bleaching and mortality among sites was therefore standardised by 

comparing the two most common coral groups at Scott Reef, that have contrasting 

susceptibility to coral bleaching, the Acropora and massive Porites. In all studies of coral 

bleaching, the Acropora are among the most susceptible to heat stress and the massive 

Porites among the least susceptible (Gilmour et al. 2013; Hoey et al. 2016). The two coral 

groups are also the most widely distributed across habitats and study sites across Scott 

Reef. Variation in coral mortality among sites, relative to local oceanography, was 

calculated as the percentage change in coral cover before (January 2016) and after 

(October 2016) the mass-bleaching. Sites were included only when the pre-bleaching 

cover of each coral groups was >2%, as inferring mortality from relative changes in cover 

is unreliable when initial cover is low. The Acropora were found in high (>2%) 

abundance at all sites, whereas the massive Porites were rare (<2%) at some lagoon sites 

(10, 13, 14, 15).  

We adopted the definition of Marine Heat Waves (MHW) developed by Hobday 

et al. (2016) as a discrete (i.e. clear start/end dates), prolonged (a duration of at least 5 

consecutive days) anomalously warm water (relative to a baseline climatology) event. 

The baseline climatology was derived from daily SST between 1985-2014 using an 11-

day window centred on the day, using codes available in R (https://CRAN.R-

project.org/package=RmarineHeatWaves). Any MHW was defined relative to a 90th 

percentile threshold, and for each event calculated, its duration (time between start and 

end dates), mean and maximum intensity (mean and highest temperature anomaly) were 

considered, as described in more detail in Hobday et al. (2016).  

We applied the climatology to the SST from the beginning of 2015 to investigate 

the 2015-2016 heatwave event in the Scott Reef region. In addition, we identified and 

quantified MHWs from daily in-situ temperature logger measurements, using a 

climatology calculated using the average temperature for all records over the Scott Reef 

system, where data had been collected intermittently over 7 long term monitoring sites 

since 2006 (denoted by unfilled symbols in Figure 4-3). 

https://cran.r-project.org/package=RmarineHeatWaves
https://cran.r-project.org/package=RmarineHeatWaves
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Figure 4-4. Thermal conditions surrounding the bleaching event. (a) Regional scale pattern of sea 

surface temperature anomalies (SSTA), monthly averaged for the hottest month of March 2016. (b) 

Sea surface temperature (SST) spatially averaged over the Scott Reef area, with the climatological 

mean (blue) and 90th percentile threshold (green), calculated using a climatology derived between 

the years 1985 – 2014. The shaded red area indicates the periods during which marine heatwaves 

were detected, using methods described in Hobday et al. (2016). 
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4.3 Results 

 Thermal conditions 

 During the austral summer of 2015-2016, the ocean off northwestern Australia 

began to experience a marine heat wave. The waters surrounding Scott Reef had large 

positive SST anomalies of 2°C during the hottest month of March 2016 (Figure 4-4a). 

The other oceanic reefs of Ashmore and the Rowley Shoals experienced anomalies of 

1.5°C and 1.2°C, respectively. A comparison of the mean temperature obtained by 

averaging over all of the in-situ sites at Scott Reef against the SST shows close agreement 

between the two data sources (R2 = 0.91, root mean squared deviation = 0.24°C for the 

time period shown in Figure 4-6a). 

 The October 2015 to October 2016 SST record for the waters surrounding Scott 

Reef revealed several periods above the threshold to be classified as a MHW, initially 

starting in October 2015 (Figure 4-4b). The longest continuous MHW (237 d) occurred 

from 19 March to 10 November 2016 with a mean temperature anomaly of 1.4°C, and a 

maximum temperature anomaly of 2.5°C on 2 March 2016. There were two notable 

decreases over the period shown, in which the SSTs fell outside of MHW conditions: in 

mid-December 2015 (where the SST dropped by 2.5°C over 16 d) and late January 2016 

(where the SST dropped by 1.3°C over 8 d). The 2.5°C temperature decrease in SST mid- 

December 2015 corresponds to the onset of the Australian summer monsoon, which 

creates negative air-sea heat fluxes (i.e., ocean cooling) due to increased cloud cover, 

wind and rainfall (see Benthuysen et al. 2018 for more detail). For the second event, 

moderate wind speeds of up to 10.5 m s-1 and low pressure of 1006 hPa at the end of 

January (Figure 4-6b,c) coincided with the passage of Tropical Cyclone (TC) Stan, a 

category 3 cyclone that traversed southwards ~300 km to the west of Scott Reef on 

January 27 (Figure 4-1a). Cyclone Stan caused a 1.3°C temperature decrease at Scott Reef 

that alleviated the MHW conditions across the region for the following 25 days. 
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Figure 4-5. Effect of Tropical Cyclone Stan. (a) Mean daily in-situ (red) temperature for 

all instruments, and mean satellite sea surface temperature (black) for pixels surrounding 

Scott Reef. The lightly shaded regions represent the standard deviation of the mean. (b) 

Wind speed and (c) atmospheric pressure, derived from the Climate Forecast System 

Version 2 (CFSv2) hourly product, averaged over 1 day. Vertical dashed line indicates 

the arrival of TC Stan in the region. 



CHAPTER 4   

80  

Figure 4-6. Heat flux variables and their effect on temperature. (a) Seasonal snapshot of 

terms that comprise the net air-sea heat fluxes Qnet surrounding Scott Reef for the period of 

temperature logger deployment, including the net short- and long-wave radiation (QSWR and 

QLWR), the latent (Qlt) and sensible (Qsb) heat flux contributions. Refer to methods for 

descriptions of terms. Note that positive values represent heat input to the ocean. Vertical 

dashed line indicates the arrival of TC Stan. (b) Differences (∆T) in daily mean temperature 

at exposed lagoon or slope sites, relative to offshore SST. The dashed line (∆T = 0) indicates 

no difference in temperature. (c) as (b) but for shallow semi-enclosed lagoon sites. All data 

are smoothed with a 7 day moving average. 
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 Air-sea heat exchange 

 We investigated how the air-sea heat flux terms in eq. 4-1 varied over the annual 

cycle to understand how differences in atmospheric forcing contribute to the heating or 

cooling of ocean temperatures (Figure 4-6a). During the continuous MHW months of 

February – September 2016, there was net heating (positive Qnet) in all months apart from 

May through July, when there was net cooling (negative Qnet). The air-sea heat flux 

variability was predominantly driven by variations in the positive solar energy input 

(short-wave radiation) and the heat loss due to evaporation (latent heat flux), which 

contributed to a mean total heat flux value of +104 W m-2 during March 2016.  

 The ‘exposed’ reef temperature sites (i.e. sites 1-6 and 11 in Figure 4-3), defined 

as those not bounded by a near-continuous reef rim, had similar in-situ temperatures to 

the offshore SST, i.e., the difference in temperature relative to offshore SST (∆T) was 

~0°C (shown for sites 2, 4 and 11 in Figure 4-6b). In contrast, at sites within the enclosed 

lagoons of North Scott and Seringapatam Reef (i.e., sites 9, 10, 13-15), the difference 

between in-situ temperatures and those offshore generally followed a similar pattern to 

the variation of the net air-sea heat flux (Qnet), whereby lagoon temperatures were warmer 

than offshore (∆T > 0°C) in all months apart from May through July (shown for sites 10 

and 13 in Figure 4-6c). The exception was one site in the southern Seringapatam lagoon 

(site 15), where the temperature difference did not correlate with the variation in the net 

heat flux. Temperatures here were cooler than those offshore (∆T < 0°C) for ~75% of the 

time, compared to ~30% of time for the next closest lagoon site (site 14, ~2 km away). 

 To investigate how the large tides interact with the atoll morphology to explain 

the temperature variability observed in southern Seringapatam lagoon (site 15), we 

examined the water levels and in-situ temperature over the whole study period, and 

display here one representative cycle in March 2016 (Figure 4-7). During this spring-neap 

cycle the lagoon water level (η) closely followed the offshore water level on only one day 

(18 March), during the minimum neap tide. For the remainder of the spring-neap cycle 

there were significant differences in tidal height (due to tidal truncation, where the 

offshore water level falls below the reef rim), particularly during spring tide; as a 

consequence, at spring low tide the lagoon water level was up to 1.3 m higher than 

offshore, and took up to 9 h to transition from high to low tide (Figure 4-7a). For the 
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duration of the field observations we calculated the mean range and duration of the tidal 

rise and fall for Seringapatam lagoon (site 13) and outer reef (site 12). Outside of the 

lagoon, the mean tidal range was 2.2 m, with comparable mean tidal rise and fall durations 

of 6.3 and 6.1 h. In contrast, within the lagoon the mean tidal range was only 1.5 m, with 

a shorter mean tidal rise duration of 3.9 h and an extended tidal fall duration of 8.5 h.  

 These tidal characteristics worked together with local net air-sea heat fluxes to 

drive the temperature variability observed in southern Seringapatam. The central lagoon 

and outer reef temperatures generally increased during the day and cooled at night 

(reflecting the diurnal variability in the net air-sea heat flux), with the outer reef daily 

temperature on average 0.4°C cooler than in the lagoon (Figure 4-7b). The temperature 

difference between the central and southern lagoon sites was affected by both the tidal 

range and the location of the lagoon sites. When the tidal range was large (>2.5 m), the 

temperature in the southern lagoon was similar to the central lagoon. However, as the 

Figure 4-7. Snapshot of a spring-neap cycle at Seringapatam. (a) Outer slope (black) and lagoon 

(red) water level (η) relative to mean sea level. (b) In-situ temperature for sites on the outer reef 

(11, black), central (13, red) and south (15, green) lagoon. Night-time indicated by grey shaded 

areas. 
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tidal range decreased towards neap tide, night-time temperatures in the southern lagoon 

(site 15) fell when the tide flooded (e.g. by 2.1°C over 6 h on the 18 March). The daily 

temperature range in the southern lagoon increased as the tidal range fell up until 19 

March, at which point temperatures remained significantly cooler than at the central 

lagoon and outer reef sites. The greatest concurrent temperature difference for the two 

lagoon sites shown reached 2.9°C, despite being only 3.5 km apart and at a similar depth. 

This neap tide cooling at the southern site was recurrent over multiple spring-neap cycles 

throughout the observation period - the cause of this temperature variability will be further 

explored in the Discussion. 

 Cool water influence and bleaching observations 

For each site, we calculated the mean daily temperature and mean daily 

temperature range for the deployment period between January and April (Figure 4-8a,b). 

Generally, cooler mean daily temperatures (30.7 - 31°C) were observed at sites located 

on the reef slope sites exposed to offshore waters and those in the South Reef lagoon. 

Within the shallow enclosed lagoons of North Reef and Seringapatam, there were three 

sites with warmer mean temperatures (31.3 – 31.5°C, sites 10, 15 and 16), but also two 

sites where the mean temperatures were similar to the exposed sites (30.8 – 30.9°C sites 

9 and 14). With the exception of the cooler site (site 15) within the Seringapatam lagoon 

(with the largest mean daily range of 1.6°C), small mean daily temperature ranges <0.4°C 

were observed in the semi-enclosed lagoons, increasing to a maximum of 0.7°C on the 

eastern reef slopes and within South Reef. The three sites that are more exposed to deeper 

oceanic water on the western reef slopes and in the channel experienced larger mean 

ranges of >0.9°C. At site 3, temperature drops of up to 2.7°C as the tide flooded were 

sometimes detected. Bleaching scores revealed severe bleaching across the study area, 

with 92% of sites being >61% bleached (Figure 4-8b). The only site with less severe 

bleaching (between 31–60%) was in southern Seringapatam (site 15). Generally, lower 

incidences of bleaching were found at sites where the daily mean temperature range was 

larger. We show the change in coral cover of the two most widely distributed species 

before and after the bleaching in 2016 (Figure 4-8d,e). Although still large, smaller 

changes were observed in massive Porites, the maximum reduction was 55%; in contrast 

Acropora cover decreased by >85% at all sites not subject to a cool water influence, and 
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there were five sites where the decrease was 100%. Smaller coral cover changes at sites 

3, 4 and 15 for both species indicate the cool water processes described helped to reduce 

mortality rates. 

Table 4-1. In-situ marine heat wave (MHW) metrics (Hobday et al. 2016) for sites with data 

available from 1 February – 30 September 2016 (244 days). *’s denote sites within a shallow 

semi-enclosed lagoon. Mean and maximum intensity represent the mean and highest temperature 

anomalies derived from a climatology calculated between 1985 – 2014. 

Site Number 

of events 

Total 

duration 

(day) 

Greatest 

maximum 

intensity (°C) 

Date of 

maximum 

intensity 

Mean 

intensity 

(°C) 

1 6 178 2.0 4 March 1.2 

2 4 174 1.8 4 March 1.3 

4 4 175 2.0 5 March 1.2 

5 3 199 1.9 3 March 1.3 

*10 5 197 2.4 6 March 1.2 

  11 2 215 1.9 3 March 1.3 

*13 5 202 2.8 4 March 1.3 

*15 7 92 2.1 9 March 1.3 

 

 In-situ MHW metrics give an indication of the thermal stress experienced at 

individual sites (Table 4-1). With the exception of the cooler Seringapatam lagoon site 

(site 15), the highest temperature anomalies (greatest maximum intensity) were observed 

in the semi-enclosed lagoons and all occurred within a four day period (3-6 March) that 

surrounded neap tide on 4 March. The total duration of MHWs over the period in-situ 

data were available for these sites (1 February – 30 September) varied substantially 

between 92 (site 15) and 215 days (site 11) but had an almost uniform mean intensity of 

1.2 or 1.3°C (Table 4-1). 
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Figure 4-8. Spatial overview of bleaching event. (a) Mean daily temperature between 16 January 

and 13 April 2016. (b) Mean daily temperature range for the same time period. (c) Bleaching 

categories observed in April 2016. (d) Relative change (mortality) in percentage cover before 

(January 2016) and after (October 2016) mass-bleaching for the dominant Porites Massive and (e) 

Acropora coral groups. *s indicate sites where cooling occurs.  
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4.4 Discussion 
 During the austral summer of 2015-2016, an extreme and prolonged MHW was 

observed across tropical northwestern Australia, which caused severe coral bleaching and 

mortality at the three atolls of the Scott Reef system. The extended MHW through the 

winter months likely compounded the effects of the summer MHW by decreasing the 

potential for corals to recover. Persistent thermal anomalies can cause disease outbreak 

(Miller et al. 2009) and also inhibit reproduction; typically coral spawning would be 

anticipated at Scott Reef in October, but no eggs were visible in any surviving colonies 

in 2016 (Foster et al. 2018). In this region, MHWs are typically related to El Niño 

conditions, whereas for the subtropical reefs further south along the Western Australia 

(WA) coast (i.e. south of 22°S), MHWs are associated with La Niña conditions (Zhang 

et al. 2017; Xu et al. 2018). During El Niño, the Australian Monsoon tends to weaken, 

resulting in reduced cloud cover and winds, which increases the net air-sea heat flux input 

at regional scales (Zhang et al. 2017; Benthuysen et al. 2018). During La Niña years, the 

intensification of the Leeuwin Current, a poleward flowing eastward boundary current, 

transports anomalously warm tropical water southwards along the subtropical coast of 

WA that can result in large temperature anomalies (Feng et al. 2013), which in turn can 

severely impact coastal ecosystems throughout southwestern Australia (Wernberg et al. 

2013). Latitudinal differences in temperature anomalies during the peak period of the 

MHW in 2016 revealed minimal thermal stress along the southern Pilbara and Midwest-

Gascoyne coasts (~20-30°S), while positive anomalies were sustained at Christmas 

Island, the oceanic atolls and inshore Kimberly, consistent with regional warming 

patterns expected during El Niño conditions (Figure 4-4a).  

 The study focused on the tide-dominated reefs of the Scott Reef atoll system, 

which have previously demonstrated remarkable recovery (over decadal timescales) from 

severe disturbances, including bleaching events and tropical cyclone damage (Gilmour et 

al. 2013). The Scott Reef system is geographically isolated from other reef systems, and 

consequently is thought to receive a negligible supply of larvae from external sources, 

relying primarily on local brood stock to replenish the reef over ecological time scales 

(Gilmour et al. 2009; Underwood et al. 2009; Underwood et al. 2018). It is therefore 

important to determine how the local oceanography can help to alleviate thermal stress 

and subsequent coral bleaching within specific areas within the reefs, given that any 
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remnant populations surviving a mass beaching event could help to facilitate future reef 

recovery. Based on the patterns of the temperature variability and the bleaching response 

across the three atolls, we can identify three different cooling mechanisms observed at 

Scott Reef that acted to alleviate thermal stress during the 2015-2016 MHW. 

 Cooling mechanism 1: Tropical Cyclone Stan 

Tropical cyclones are able to induce SST cooling at ocean scales of over 100s of 

kilometres, and alleviate thermal stress in coral reef regions sufficiently enough to 

mitigate impending bleaching during a marine heat wave (Carrigan and Puotinen 2014). 

Negative net air-sea heat fluxes during tropical cyclones, due to factors such as increased 

wind, cloud cover and reduced solar insolation causes heat loss from the upper ocean (see 

eq. 4-1 and Figure 4-6a). Furthermore, vigorous mixing of the upper ocean from the 

strong winds associated with tropical cyclones entrains colder water from beneath the 

thermocline, which deepens the mixed layer to cool surface temperatures (Rayson et al. 

2015). This ocean mixing mechanism usually dominates the SST response to cyclonic 

conditions, with air-sea heat fluxes playing a secondary role (Price 1981). For the Great 

Barrier Reef located off the opposite side of the Australian continent, that also 

experienced severe thermal stress in 2016, atmospheric cooling and ocean mixing from 

ex-Tropical Cyclone Winston potentially prevented widespread bleaching in its vicinity 

over the southern regions (Hughes et al. 2017). Previous studies have highlighted how 

frequently tropical cyclones influence reefs in northwestern Australia (Zinke et al. 2018) 

and that they can readily induce vertical mixing to 80-120 m depth (Rayson et al. 2015) 

causing deeper, cooler water to be entrained into the surface.  

In northwestern Australia, the trajectory of Tropical Cyclone Stan at the end of 

January 2016 resulted in a 1.3°C drop in SST in the ocean surrounding Scott Reef, which 

halted MHW conditions for 25 days and likely slowed the onset of bleaching. Whilst the 

effect of tropical cyclones may be beneficial to coral reefs by reducing temperatures in a 

cool wake, strong wind and waves can also cause catastrophic damage. For example, 

Cyclone Fay (category 5) passed directly over Scott Reef in 2004, with significant wave 

heights (Hs) incident to the reef reaching 5.6 m (estimated from Wavewatch III), which 

caused extensive damage to reef communities, including thousands of massive corals 

dislodged and pushed up onto the reef flat (Gilmour and Smith 2006). Tropical Cyclone 
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Stan in 2016 instead had a positive effect on Scott Reef, as it passed sufficiently far 

enough away from the system (~300 km) for coral colonies not to be affected by the 

damaging effect of strong waves. Despite Hs reaching 2.8 m on 30 January 2016 

(estimated from Wavewatch III), no evidence of any new cyclone damage was observed 

in our surveys.  

 Cooling mechanism 2: large tides with local air-sea heat exchange 

 At Scott Reef the large tidal amplitude exceeds the depth of the reef rim relative 

to mean sea level, and as a result the reef rim becomes exposed on each tidal cycle, which 

creates a highly asymmetric tide in the semi-enclosed lagoons (Figure 4-7a). In 

Seringapatam the mean falling period of the tide (8.5 h) occupies most of the full 12.4 h 

duration of the semi-diurnal tide, and at low tide the water level can be 1.3 m higher than 

offshore at low tide. During the low phases of the tide, water can only exchange between 

the lagoon and open-ocean through one narrow channel in the northeast (Figure 4-2b). 

Reduced exchange (and hence enhanced residence times) associated with this tidal 

truncation can drive temperature extremes, as air-sea heat exchange can act longer on reef 

waters at low tide to alter temperatures (Lowe et al. 2016).  

 During the 2015-2016 MHW, positive air-sea heat flux anomalies intensified 

oceanic heating to increase SST anomalies at regional scales across tropical northern 

Australia (Benthuysen et al. 2018). In shallow and semi-enclosed reef systems local air-

sea heat fluxes can then further regulate warming responses within reef systems to 

enhance or alleviate any pre-existing regional warming (MacKellar et al. 2013; Zhang et 

al. 2013). At Scott Reef, sites within shallow enclosed lagoons were generally warmer 

than offshore during the summer and cooler during winter months, reflecting a seasonal 

reversal in the net air-sea heat fluxes (Qnet) from net heat input in summer and heat loss 

in the winter; whereas sites exposed to the surrounding ocean had similar temperatures to 

offshore waters (Figure 4-6). The mean daily temperature in the enclosed lagoons 

(between January and April) was generally higher than at exposed sites, given that the 

time it takes for lagoon water to be replaced with oceanic water can be lengthy (order of 

days, see Chapter 3). This implies that in the summer (when Qnet is positive), these lagoon 

sites are likely to heat up more quickly and remain warmer for longer periods; therefore, 
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reef communities living within these reefs would be susceptible to greater levels of 

thermal stress than at the exposed sites (Figure 4-8).  

 The largest temperature range was however observed inside the southern lagoon 

of Seringapatam, where water was cooled over the shallow reef rim at night-time 

(consistent with a negative hourly Qnet, not shown). As the tide began to flood, this cooled 

water was transported into the lagoon and caused large decreases in night-time 

temperatures at the adjacent lagoon site during neap tide (Figure 4-7). At North Reef, 

flushing through channels is generally spatially-limited to those areas adjacent to the 

channels (Chapter 3), and it is therefore unlikely that this site is influenced by any 

exchange through the northeastern channel. This mechanism was only observed at neap 

tide as during spring tide when the flows are strong, the tides would contribute to mixing 

of lagoon and oceanic waters, and also decrease the lagoon residence time. During neap 

tide, higher residence times combined with low tidal energetics and enhanced nocturnal 

cooling due to the shallower depths over the reef rim allowed cooler, denser water from 

the reef rim to sink to the lagoon floor. This resulted in concurrent temperature differences 

of up to 2.9°C with a central lagoon site. The temperature remained cooler until the tidal 

range increased, which likely promoted mixing with warmer lagoon surface and offshore 

waters, causing temperatures to return to similar values as the other sites during spring 

tide. As a result of the extended period of cooler temperatures which halved the MHW 

duration compared to other sites (Table 4-1), considerably less bleaching (31-60%) and 

mortality was observed (the relative decrease in cover of Acropora was 11% despite being 

the dominant species, compared to 100% at other lagoon sites of Seringapatam). 

Therefore survivors from this site will be important in the recovery of the broader reef 

that experienced severe bleaching.  

 Over the rest of the Scott Reef system, the maximum intensity of thermal stress 

detected in-situ occurred within a 3-day period coinciding with neap tide in March (Table 

4-1), indicating that reduced tidal flows and shallower depths generally strengthen the 

temperature anomalies. The reef rim cooling mechanism was not detected at other 

enclosed lagoon sites we studied because either they were too far from the reef rim to 

benefit from the cooling (sites 10, 13 and 14), or rapid flushing of the lagoon prevented 

cooler temperatures from persisting (site 9, see Chapter 3). However, we anticipate that 
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other locations adjacent to the reef rim in southern Seringapatam are likely to experience 

the benefits of the tide-induced night-time cooling. 

 Cooling mechanism 3: internal tides 

The final cooling mechanism is related to the presence of internal tides, which 

occur due to the combination of steeply sloping bathymetry, large tidal range and 

stratified water column surrounding Scott Reef. In the channel separating North and 

South Reef, internal tides cause isotherm displacements of up to 100 m during spring tide, 

allowing cooler water to mix with surface waters (Rayson et al. 2018). In the western 

entrance to South Reef, cool water intrusions of up to 4.5°C have been detected at 40 m 

depth as cooler, deeper offshore water is advected upslope as the tide floods into the 

lagoon (see Chapter 2). A Bernoulli-type pumping effect due to strong currents through 

the entrance could then draw the colder water upwards (Wolanski et al. 1988). In the 

shallower environments these intrusions are intermittently observed, but temperature 

drops of up to 2.7°C concurrent with flooding tide were sometimes detected at site 3. As 

the reef lies on the edge of the continental shelf, depths plummet more rapidly on the west 

side (~1000 m) than on the east (~500 m). The internal tide processes that originate in the 

deeper ocean on the west are reflected in the higher daily temperature range and the 

comparatively moderate bleaching observed in the west and channel sites during 2016. 

These features deliver cooler, deeper water into shallow reef environments, and have 

previously been demonstrated to reduce thermal warming sufficiently enough to reduce 

bleaching (Wall et al. 2015; Schmidt et al. 2016). At the sites exposed to cooler water at 

Scott Reef (3, 3a and 4) 61–90% of communities were bleached, compared to >91% in 

the eastern sites (1 and 5), and a similar pattern of variation was evident following the 

1998 bleaching event at Scott Reef (Smith et al. 2008; Gilmour et al. 2013), creating an 

additional area in the atoll system where temperature anomalies can be reduced by the 

oceanic processes.   

4.5 Conclusions 
 In this Chapter we have identified three physical mechanisms that acted to 

locally alleviate thermal stress and/or bleaching severity within different parts of the Scott 

Reef system of atolls during the MHW. Both the cool water intrusions and air-sea heat 
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flux mechanisms described created local areas where bleaching severity was reduced. 

These processes are dependent on the relatively large tides, and thus similar processes 

may occur in other tide-dominated reefs worldwide. Although sites exposed to the cooling 

mechanisms experienced lower incidences of bleaching, percentages of affected corals 

were still substantial (>31%), highlighting that exposure to these processes will not 

guarantee the necessary relief from stressful or lethal temperatures on coral reefs. Marine 

heatwaves are occurring globally with increased frequency and severity, and the world’s 

oceans will further warm into this century (Oliver et al. 2018). Therefore understanding 

the physical processes that promote reef resilience is critical to identifying local areas of 

refugia, to help determine future patterns of survival and recovery and focus management 

strategies on locations that merit high conservation value. 
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5 
 GENERAL DISCUSSION

5.1 Introduction 
 The overarching aim of this thesis was to investigate the hydrodynamics of a 

tide-dominated oceanic atoll, and how the physical oceanographic processes regulate the 

spatial and temporal distribution of water quality parameters such as nutrients and 

temperature. To study the interaction of large tides with complex atoll bathymetry and 

regional oceanographic/atmospheric processes, a number of instruments were deployed 

in a series of field experiments conducted at the remote Scott Reef system over the course 

of two years, and five research expeditions. The fieldwork component consisted of: 

1) An intensive, multidisciplinary oceanographic cruise over 4 weeks aboard the 

Schmidt Ocean’s vessel R/V Falkor, where three deep moorings and an array of 

shallow water instruments continually measuring water levels, currents and 

temperature were deployed; in addition to ship-based observations of water 

quality parameters (using a CTD rosette). The data from this experiment 

contribute to Chapters 2 and 3.  

2) Three expeditions with the Australian Institute of Marine Science on board the 

R/V Solander, continuing the long-term monitoring of shallow coral communities 

at Scott Reef through coral benthic surveys before, during and after the marine 
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heat wave associated with the 2014-2017 El Niño. On these expeditions, 

instrumentation measuring water levels and temperature was either deployed, 

recovered or exchanged. The data from these field experiments contribute to 

Chapter 4. 

 Additional numerical experiments were performed using an unstructured grid 

model (Delft3D-FM) that solves that the shallow water equations using finite volume 

schemes. This final discussion chapter synthesizes the main conclusions from the 

individual chapters and provides recommendations for future research based on the 

results of this thesis. 

5.2 Summary of major findings 
 The results from this thesis revealed how many of the physical processes 

occurring at the Scott Reef atoll system are intrinsically linked to the regional tidal 

characteristics. The 4 m tidal range, in combination with the bathymetry of the atoll and 

persistent regional density stratification contribute to the existence of internal tidal bores; 

asymmetric water levels/velocities and a westward residual flow within North Scott; and 

temperature variability that varies spatially over just a few km within the reef system. In 

each chapter of results, a recurring theme is dominance of the tide and its spring-neap 

variability in driving a range physical processes. In Chapter 2, the intensity of the internal 

tidal bores were found to be strongly modulated by the spring-neap cycle. In Chapter 3, 

flushing times within the atoll were closely linked to the spring-neap cycle. In Chapter 4, 

the majority of in-situ reef sites were exposed to the hottest temperatures at neap tide, 

although at one site significant cooling occurred adjacent to the reef, a process which was 

recurrent only at neap tide. The physical processes that we have described in each chapter 

would all have important biological consequences for organisms living within the reef, 

with the potential to community distribution, growth, diversity and productivity. 

Scott Reef is located on the edge of the continental shelf;  off its eastern side the 

depths fall to 500 m, while on the western side depths plummet to >1000 m. This steep 

topography, in combination with a vertically stratified water column and the large tidal 

range means that as the tide floods, bore-like surges are forced upslope and into the deep 

(~50 m), open lagoon of South Scott through the northwestern entrance. These were 

manifest as temperature variations of up to 4.5°C (mean 2.4°C) over a tidal cycle, as 
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detected by a mooring at West Hook deployed in April 2015. We calculated the offshore 

source depth to be ~75 m, and showed that the internal bores were closely linked to the 

phase of the spring-neap cycle; they were only detected as the tidal range increased over 

2 m. Historical temperature data revealed evidence of seasonality in the presence and 

magnitude of the internal bores; they were the most significant (up to 5.6°C) in autumn, 

but during winter were undetectable. We attribute these differences to seasonal variability 

in the offshore stratification (and hence mixed layer depth), which can reach 100 m during 

winter (Rayson et al. 2011), whilst during spring and summer the mixed layer warms and 

a seasonal thermocline develops that persists through autumn (Rayson et al. 2012), 

facilitating internal tidal bore formation, causing the large temperature swings observed.  

 In-situ measurements of nitrate and temperature from CTD profiles provided a 

relationship to estimate nitrate concentrations from the high temporally- and spatially-

resolved mooring temperatures, from which horizontal nitrate fluxes were estimated by 

integrating the velocity measurements. We showed that the mean depth-averaged nitrate 

flux during spring tide (1.46 kg m-1 d-1) was over three times larger than that during neap 

tides (0.46 kg m-1 d-1), despite a passing tropical storm that temporarily reduced the 

magnitude of the fluxes by deepening the offshore thermocline which reduced the 

occurrence of internal bores. The nitrate flux estimates were scaled up to estimate fluxes 

into the whole lagoon, which we then calculated would account for ~55% of total lagoon 

pelagic production. Combined with increased chlorophyll-a concentrations within the 

bores, the internal tidal bores would therefore be expected to play an important role in 

supporting and maintaining ecological processes within the deep lagoon.  

The hydrodynamics of North Scott atoll, which has a shallow (~15 m) lagoon 

that is almost completely surrounded by a shallow reef rim, were then investigated using 

field data and numerical modeling in a new unstructured grid ocean circulation model 

(Delft3D-Flexible Mesh) (Chapter 3). The position of the reef relative to mean sea level 

and the large tidal range meant that at low tide, the reef rim was exposed, restricting 

lagoon–open ocean exchange to only two narrow channels. As a result, highly asymmetric 

water levels and velocities were observed, and the ebb tide was on average 2 h longer 

than the flood tide. Numerical modeling was used to investigate the complex circulation 

patterns observed in the field data, including a residual westward flow within the lagoon. 

The results revealed that at higher tidal stages, a dominant momentum balance exists 
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between the pressure gradient (established by the propagation of the tide on the shelf), 

and the local flow acceleration of water throughout the interior of the atoll that caused 

lagoon flow to the west. At lower tidal stages, which coincided with a reversal of the 

offshore pressure gradient, the lagoon became isolated from the offshore tidal 

characteristics, and all momentum terms were negligible. Therefore, there was no 

equivalent lagoon flow to the east, resulting in tidally-averaged (residual) flow towards 

the west. Asymmetric flushing patterns associated with this flow dominated flushing from 

the two channels, which is a novel mechanism not previously observed in other atolls, yet 

is likely to be applicable in other tide-dominated atolls. A spring-neap modulation, as 

observed in Chapter 2, was observed, whereby during neap tide, flushing times were ~2 

d longer than during spring tide. The asymmetric water levels and different flushing times 

are important to consider as they may drive large variations in water quality parameters 

such as temperature (Zhang et al. 2013; Bahr et al. 2017). 

During the 2014-2017 global coral bleaching event, the Scott Reef atoll system 

was subject to long-lived sea surface temperature anomalies of ~2°C, which caused severe 

bleaching over most of the system (>90% at some sites). Little is known about the 

thermodynamics of atolls, particularly those that are tide-dominated, and how they 

establish spatial variations in local temperature extremes (and as a consequence bleaching 

patterns). In Chapter 4, we identified three physical mechanisms that alleviated some of 

the thermal stress locally during the marine heatwave in 2016. Firstly, the cool wake of a 

Tropical Cyclone induced temperature drops of ~1.3°C. Air-sea heat fluxes interacted 

with the reef morphology during neap tide at Seringapatam to reduce water temperatures 

by up to 2.9°C. Finally, the internal tidal bores (as described in Chapter 2) forced deeper 

and cooler water up the steep atoll bathymetry into South Scott. The latter two processes 

created local areas where temperatures were decreased, and we predict may occur in other 

similar tide-dominated reef environments worldwide. Nevertheless, we showed that even 

at sites exposed to the cooling mechanisms outlined, some significant (albeit reduced) 

bleaching still occurred, which highlighted that exposure to these processes will not 

guarantee the necessary relief from stressful or lethal temperatures on coral reefs. Marine 

heat waves are set to increase in frequency and severity, and as the global oceans warm, 

understanding the physical processes that promote reef resilience is critical to identifying 

local areas of refugia and thus determining future patterns of recovery. 
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5.3 Broader implications 
Our study is the first to study in detail the hydrodynamics of a tide-dominated 

atoll system. Most atoll (and reef) hydrodynamic studies have focused on those that are 

wave-dominated, yet we demonstrate that tide driven processes are likely dominant in 

~10% of atolls worldwide. Unfortunately, a severe marine heatwave coincided with the 

timing of this thesis and we were thus able to make links between the hydrodynamics, 

thermodynamics and spatial patterns of bleaching over the atoll. Identifying locations 

where physical processes can reduce thermal stress is critical to locating pockets of 

surviving corals that can re-seed reefs following mass bleaching events. 

This study represents a benchmark which will help to inform future monitoring 

and scientific studies of tide-dominated reefs. The Rowley Shoals, a near-pristine reef 

system south of Scott Reef on the continental shelf of northwestern Australia, experiences 

a comparable tidal regime. The three semi-enclosed shallow reef lagoons (Mermaid, 

Clerke and Imperieuse) become isolated at low tide as the reef rim becomes exposed, 

restricting exchange with the deeper ocean, similar to Scott Reef. In addition, some 

bommies within the lagoons lie extremely close to MSL (Figure 5-1), and thus also 

become exposed as the tide falls. The Rowley Shoals is a Marine Park and 

Commonwealth Marine Reserve, with diverse and abundant coral and fish species, 

including some that are not recorded in any other Western Australian coral reef. These 

reefs were not severely affected by the marine heat wave event of 2015-2016. This could 

be because during El Niño years, the largest SST anomalies tend to occur further north 

towards the Timor Sea (see Figure 4-4), but also in January 2016 Tropical Cyclone Stan 

tracked ~80 km to the west of the reefs (see Figure 4-1). The cooling impact of Tropical 

Cyclones was discussed in Chapter 4, and in response to Tropical Cyclone Stan, at the 

most south-westerly reef at the Rowley Shoals (Imperieuse), in-situ slope temperatures 

cooled by 5.1°C in just 2 days. A knowledge of physical processes such as the circulation 

and residence time is important to facilitate the understanding of ecological processes 

within reefs such as Scott Reef and the Rowley Shoals, which will assist in developing 

effective management and conservation strategies. 
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Figure 5-1. Coral bommie in shallow lagoon of a Rowley Shoals atoll. 

5.4 Future Research 
 This work raises a number of interesting questions, from which future research 

themes are suggested: 

 In Chapter 2, the dynamics of the internal tidal bores into the South Scott Reef 

were presented. The specific generation mechanisms for the cold water pulses and the 

particular contribution from either internal waves or bores, which is linked to the slope of 

the bathymetry (Baines 1982) could be given further consideration, for which the Delft3D 

model could be used. Although we found that the bores deliver nutrients into the western 

entrance of the lagoon, further work is also required to quantify nutrient dynamics (fluxes, 

uptake and release) of the lagoon system as a whole, as well as other metabolic and 

biogeochemical processes such as primary productivity, respiration and grazing on 

suspended particulate matter. We hypothesized that due to the low light conditions in the 

deep lagoon, coral communities are likely to be more adapted to heterotrophic feeding 

than their shallow counterparts. Therefore future work could investigate the metabolic 

plasticity of those corals subjected to the semi-diurnal tidal bores, to evaluate in more 

detail their ecological significance.  
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 Large spatial differences in temperature over the reef system were highlighted 

in Chapter 4, most notably at a site in southern Seringapatam. No detailed bathymetry is 

currently available for this reef, and thus numerical modeling was not possible; however 

we recommend obtaining bathymetry as a priority of future fieldwork expeditions. By 

integrating temperature into a similar numerical model adopted in Chapter 3, it will be 

possible to further investigate this cooling mechanism and be able to predict how likely 

it is in a) other sections of Seringapatam/North Scott that are adjacent to the reef rim, and 

b) similar reefs worldwide. Furthermore, with detailed bathymetry, the hydrodynamic 

model presented in Chapter 3 can then be extended to include the three atolls that 

comprise Scott Reef.  This model could then be used to investigate ecological 

connectivity (e.g. coral larvae dispersal) both between, and within these individual reefs, 

which is important to be able to understand the genetic diversity of these corals 

(Underwood et al. 2018), and help predict future patterns of recovery following the 

catastrophic events such as the mass bleaching and mortality in 2016. A limitation of 

Chapters 2 and 3 is the short measurement period (one spring-neap cycle), and we 

recommend collecting a longer dataset, to validate our conclusions over different seasons. 

We would then also be able to determine if there were periods (e.g. during storms, 

cyclones) where wave breaking over the reef flat was important for currents and lagoon 

circulation. Another application of the model could be to investigate the exposure time of 

lagoon waters for all of the atolls; i.e. how much of the water exiting the lagoons during 

ebb tide returns when the tide floods. 

 Finally, we suggest comparing and contrasting the dynamics that we have 

observed at Scott Reef to other atoll systems; some obvious systems on the northwest 

shelf of Australia include the Rowley Shoals and Ashmore Reef. Preliminary data from 

the Rowley Shoals indicates that despite a similar tidal range to Scott Reef, the reefs are 

likely exposed to larger annual mean wave conditions, and that waves are also important 

in driving reef circulation. Therefore future work should investigate the interaction of 

tides and waves, in intermediate cases between purely tide- or wave- dominated coral 

reefs such at the Rowley Shoals. 
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