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Abstract

Coral bleaching and mortality have typically been characterised by
the anomaly of sea surface temperature (SST). However, many stud-
ies have established that corals in some areas emerged relatively un-
scathed from anomalously high SST maxima that equal or exceed
those associated with extensive bleaching. This thesis qualitatively
and quantitatively explored the temperature deviations between coral
surface temperature and ambient seawater temperature that likely de-
termines the microscale physical processes involved in coral bleaching.
It was deemed to be imperative to be able to gain a clear understand-
ing of how the key physiological and environmental stressors – irradi-
ance, water flow, and coral morphological features (colony shape, size,
tissue thickness, and pigmentation) – drive the temperature microen-
vironment of corals, which may subsequently improve the bleaching
or recovery predictions, thereby leading to more effective reef man-
agement.

The work presented in this thesis applied Computational Fluid Dy-
namics (CFD) technique coupled with hydrodynamic modelling and
ray-tracing technique to predict coral surface warming due to the ef-
fects of various primary and secondary stressors under both controlled
laboratory-scale conditions and shallow reef-flat environments. A de-
tailed overview of the mechanistic basis for understanding the role
of radiative heat flux, water flow and circulation pattern, and coral
morphological features in affecting the microscale temperature was de-
scribed. Secondary stressors – such as cloud cover, water clarity, flow
regimes, waves and wind-driven currents, permeability and porosity
of both tissue layer and skeletal matrix, colony pigmentation, tissue
thickness – were covered in the “ecosystem” models developed as part
of this work. The model results were validated thoroughly against
published laboratory and field observations.

This thesis demonstrates that modelling microscale temperature could
yield important insights into thermoregulation in corals. In combina-
tion with more detailed studies of added temporal and spatial data,
this approach may hopefully allow the construction of physical sys-
tems which closely predict reality.
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Chapter 1

Introduction

1.1 General introduction

Coral reefs are highly diversified and productive ecosystems described by many
as “rainforests of the sea”. They present a range of benefits, not only to the
surrounding ecosystem (by providing habitat and food to many diverse aquatic
flora & fauna), but also represent a significant economic benefit to local com-
munities (for example, tourism and fisheries) which also provide protection to
shorelines from the impact of waves and storms. However, a large number of
studies have raised concerns about the long-term degradation of the world’s coral
reefs, with some estimates suggesting that approximately 30% of the world’s reef
area destroyed so far, and this number is expected to double in the next few
decades (Hoegh-Guldberg, 1999a; Hoegh-Guldberg et al., 2007; Hughes et al.,
2003). The major risks to coral reefs can be divided into two categories: (1)
anthropogenic drivers, which include climate change, ocean acidification, water
pollution, destructive fishing and overfishing, and contact uses (i.e. tourism); (2)
environmental drivers, which include extreme weather conditions (tropical storms
or hurricanes, ENSO - El Niño Southern Oscillation), local variability (i.e. sedi-
mentation, water quality, solar radiation, sea temperature), outbreaks of crown of
thorns starfish (Acanthaster planci), and diseases. Historically, reefs have evolved
to cope with a variety of natural disturbances, however there is a growing body
of evidence to indicate that the recovery rate of corals is often depressed due to
the increase in frequency and severity of various human-induced impacts, possibly
exceeding the rate at which coral communities can recruit and reproduce (Brown,
1997; Glynn, 1993; Hoegh-Guldberg, 1999a; Muscatine and Porter, 1977).

Increases in the global mean temperature and increases in sea surface temper-
ature (SST) are now widely accepted as real. In combination with a variety of
other emergent threats (i.e. ocean acidification, ozone depletion, sedimentation,
etc.), coral bleaching may well be the biggest threat to coral reefs now and in
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1. INTRODUCTION

the future (Hoegh-Guldberg, 1999a; Hoegh-Guldberg et al., 2007; Hughes et al.,
2003). The increasing magnitude and frequency of coral reef bleaching events
has had devastating and widespread effects worldwide. The occurrence of large
scale bleaching events often correlate with increased SST anomalies (Baker et al.,
2008; Hoegh-Guldberg, 1999a; Hughes et al., 2003; McWilliams et al., 2005). This
direct link between anomalously high SST and coral bleaching raises further con-
cerns that rising SST, driven by global warming, could cause an increase in the
frequency and severity of mass bleaching events, However, a recent number of
contradictory findings of coral cover on the Great Barrier Reef (GBR) based on
the collection of annual long-term data suggest that the impact of SST-induced
coral bleaching on the GBR over the last few decades was found to be minimal
(Death et al., 2012; Osborne et al., 2011; Sweatman et al., 2011). While the SST
approach may be useful for predicting the localised onset of bleaching tempera-
ture thresholds, there may be several drawbacks to its use (McWilliams et al.,
2005). For example, the bleaching thresholds are highly variable and may not
be comparable between methods using different data sets (Mumby et al., 2001)
or with different coral species compositions (Baird and Marshall, 2002; Hoegh-
Guldberg and Salvat, 1995). Thermal thresholds also do not take into account
other climatic variables that may influence bleaching, for instance, cloud cover
on radiative stress (Mumby et al., 2001). The extent of variability in bleach-
ing threshold varies among species owing to their morphological characteristics,
hence, severity and recovery may vary between bleaching events. Therefore, this
bleaching variability is not consistent with the idea of a step function of SST and
bleaching event characteristics.

This thesis presents a new prediction technique that couples heat and mass
transfer with fluid dynamics to study the coral thermal microenvironment at
various spatial scales with a view to better understanding the sources of such
variability in bleaching thresholds. This is achieved through the development
of Computational Fluid Dynamics (CFD) models of different coral species, mor-
phologies and pigmentations and examining their responses to varying thermal
consistency and flow conditions. For the purposes of this thesis, the thermal mi-
croenvironment can be defined as the temperature of the colony surface and of
the boundary layer directly above it, which can deviate substantially from the
mean temperature of the surrounding seawater. This temperature deviation is a
function of several factors, though it is predominantly due to radiative heat flux
and water flow on the coral surface. A heat balance is maintained between losses
from convection into the surrounding water (dependent on water flow and other
surface characteristics involved in the boundary layer formation), heat conduc-
tion into deeper layers of the coral, and emission of short and long-wave radiation
incident on the coral surface (Fabricius, 2006). Furthermore, this thesis provides
a conceptual study of the capabilities of CFD to be coupled with atmosphere-
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ocean general circulation models (GCM) , which serves as an initial motivation
to explore the full range of parameters that could trigger coral bleaching events.
While climate change is difficult to combat, exploring spatial and temporal trends
of bleaching frequency or intensity is the first step in its mitigation. Accurate
predictions of bleaching stress would also allow governments and institutions to
prioritise reef conservation by designing more effective Marine Protected Areas
(MPA) in geographic regions that are projected to suffer the least from fluctua-
tions in environmental extremes.

1.2 Literature review of the nature of thermally

induced bleaching

In most of the literature on coral bleaching, the relationship between bleaching
and temperature has been assessed on the basis of data obtained on sea surface
temperatures (SST). However, it is the temperature of the colony surface and of
the boundary layer directly above it that determines physiological processes, and
these temperatures can deviate substantially from the surrounding seawater. This
deviation of surface temperatures from ambient seawater temperatures is a func-
tion of several factors. Three main factors include the short-wave solar radiation
incident on the surface of the coral and the proportion of the incident radiation
absorbed by its surface (short-wave absorptivity), the coral’s morphology (size,
shape, and composition – i.e. tissue thickness, pigmentation and permeability),
and water flow and circulation patterns around it (physical oceanography within
and surrounding the coral reef) which can materially affect heat and mass trans-
fer of corals under various flow rates and regimes. There is also an existing body
of literature that explores the molecular and cellular responses of coral symbionts
and physiological basis of bleaching.

Many studies have linked elevated SST with coral bleaching, which is generally
considered to be the primary stress impacting corals and associated with global
warming (Brown, 1987; Fitt et al., 2001; Glynn, 1993; Glynn and D’croz, 1990;
Glynn, 1991; Goreau, 1992; Jokiel and Coles, 1990; Pittock, 1999; Wilkinson,
2000; Williams and Willaims, 1990). However, a variety of other stressors can
cause bleaching (Brown, 1997; Coles and Brown, 2003; Glynn, 1993; Lesser, 2004),
but the physiological and cellular mechanisms by which these stressors cause
bleaching are not well understood (Douglas, 2003). Several studies have also
discussed the coral bleaching mitigation effects of upwelling-induced decreases
in water temperature during times of highest heat stress (Chollett et al., 2010;
Glynn, 1996; Riegl and Piller, 2003). However, in other studies, e.g. (Bayrak-
tarov et al., 2013), differences in absolute water temperatures between exposed
and sheltered sites were insignificant and calculated temperature anomalies be-
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tween sites were comparable. Consequently, their data indicated that the decrease
in water temperature was not responsible for the observed coral bleaching and
recovery dynamics between the investigated sites (Bayraktarov et al., 2013).

The concept of thermal thresholds comes from the notion that knowing the
thermal limits of a species of coral will assist in predicting the frequency and in-
tensity of bleaching events. While information detailing temperature anomalies,
predominantly expressed as “HotSpots” and “Degree Heating Weeks (DHW)”
(Liu et al., 2003; Van Oppen and Lough, 2008), are now routinely being used to
forecast bleaching risks; such products however cannot accurately predict bleach-
ing below the landscape scale and may lead to potentially erroneous statements
concerning the health of coral reefs globally. Improving current metrics requires
multi disciplinary knowledge, spanning biology, physics, and ecology, but also
due to the complexity and heterogeneity of reef environment, extensive spatial
and temporal information is also needed. This thesis re-evaluates the thermal
physiology of reef corals by indicating how sub-lethal responses to coral surface
warming are related to other variables in setting the physiological limits of corals.

Elevated sea temperature: The primary cause of mass bleaching is increased
sea temperatures. Mass bleaching, however, affects reefs at regional to global
scales and cannot be explained solely by localised stressors operating at smaller
local spatial scales. Corals live at the upper-limits of their thermal environ-
ment such that water temperatures elevated by only 1-2 ◦C above the maxi-
mum monthly average in summer can result in bleaching. Prolonged exposure to
“bleaching” temperatures will eventually kill the coral; however, if temperatures
quickly return to normal levels, the corals may recover. However, it is interest-
ing to note that a few studies that have observed no bleaching despite high SST
anomalies in various spatial and temporal scales.

Solar radiation: There are examples from both the field and the laboratory
where solar radiation alone has been implicated in the bleaching of reef corals. In
some instances, particular loss of chlorophyll because of bleaching were demon-
strated under specific wavelengths: Photosynthetically active radiation (PAR),
400-700 nm and Ultraviolet radiation (UVR), 280-400 nm. There have been also
a number of reports in which corals have bleached when changes in solar radia-
tion combined to produce particularly stressful conditions, such as during periods
of low wind velocity and calm seas, which favour the intense heating of shallow
waters and subsequent strong penetration of solar radiation. Many studies also
suggests that the spatial extent and patterns of bleaching response may be in-
fluenced by factors that determine the amount of solar radiation to which corals
are exposed. These factors might include cloud cover attenuation in the water
column, the rise and fall of turbidity from runoff, and tidal flushing.

Elevated sea temperature and solar radiation: The most widely acknowledged
cause of bleaching is elevated seawater temperatures and high solar radiation, ex-
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acerbated by other stressors (i.e. low salinity, low cloud cover). Their synergistic
and additive effects on coral bleaching are well established.

The following section reviews and summarise literature studies relevant to the
relationship between a range of stressors and thermal stress in corals that often
lead to bleaching.

1.2.1 Basic coral anatomy and symbiosis

Corals are colonies of polyps connected by a common gastrovascular system.
Polyps are small fleshy extensions of the coral (typically millimeters in diameter)
compared to the often massive structure of the colony (Muller-Parker and D’Elia,
1997). Corals are composed of two cell layers: the epidermis and the gastrodermis
(Figure 1.1). These cell layers are separated by a thin tissue layer (mesoglea) that
is made up of collagen, mucopolysaccharides, and cells, and has a relatively high
refractive index (Barnes, 1980; Dubinsky and Jokiel, 1994; Johnsen and Widder,
1999; Muller-Parker and D’Elia, 1997).

Corals lives in a mutual symbiotic relationship with dinoflagellate algae (zoox-
anthellae) that live within their tissue. This relationship provides the corals with
nutrients necessary for calcium metabolic processes required for coral skeletal
growth (Figure 1.2). Areal densities of zooxanthellae normally exceed one mil-
lion per square centimeter of coral surface, although algal density in corals can be
highly variable both temporally and spatially (Muller-Parker and D’Elia, 1997).
The zooxanthellae can produce excess photosynthetic product, these products
are rich in carbon but are believed to lack sufficient nitrogen and phosphorous
to solely support algal reproduction (Jones and Yellowlees, 1997; Szmant et al.,
1990). The same applies for the coral host, which often receives adequate suste-
nance from zooxanthellae for daily respiration, but only provides minor contribu-
tions towards tissue growth and reproduction (Dubinsky and Jokiel, 1994).
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Figure 1.1. Schematic diagram of coral cross-section, with boxed insets
showing coral tissues layers in contact with the seawater and the skeleton. From
Barnes (1980) (Barnes, 1980), Muller-Parker and D’Elia (1997) (Muller-Parker
and D’Elia, 1997), and Kuhlmann (1988) (Kühlmann, 1988).
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Figure 1.2. Diagram of the coral symbiosis. A cross-section of a single coral
polyp from a coral colony is shown in the upper left-hand boxed inset. The
arrow leading from the coral polyp points to a section through the two tissue
layers of the oral surface of the polyp. Adapted from Muller-Parker and D’Elia
(1997) (Muller-Parker and D’Elia, 1997).
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1.2.2 Coral bleaching

1.2.2.1 A definition

Corals, as well as numerous species of cnidarians, mollusks, polychaetes, protists
and other taxa, are hosts to dinoflagellate symbionts, Symbiodinium. Bleaching
is a stress response that results when the coral-algae relationship breaks down
that leads to the visible paling of the host organism, either due to the loss of
pigments when zooxanthellae are degraded from the coral hosts or when pigments
within the algae are expelled along with the algae (Figure 1.3) (Brown, 1997;
Hoegh-Guldberg, 1999a; Marshall and Schuttenberg, 2006). In severe cases where
zooxanthellae loss is prolonged (i.e. the stress-induced bleaching is severe and
depleted zooxanthellae populations do not recover), the coral host usually dies
within days or weeks. The cellular damage to the symbionts and/or their hosts
is a response to thermal stress. Natural and anthropogenic variations in the reef
environment including high or low SSTs, increased solar irradiance, suspended
sedimentation, turbid inorganic nutrients, and decreased salinity can disrupt the
enzyme systems in zooxanthellae that offer protection against oxygen toxicity,
resulting in the overproduction of oxygen radicals that often leads to bleaching
(Baker et al., 2008; Hoegh-Guldberg, 1999a; Lesser, 2006; Muscatine and Porter,
1977).

a

ab

c

Figure 1.3. (a) Partially bleached Porites spp. (b) Partially bleachedAcropora
spp. (c) Totally bleached Pocilliopora spp.
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1.2.2.2 Past events

Coral reef bleaching events principally driven by increased SST, have been re-
ported in all major reef regions since the 1970s and have increased dramatically
in number since the early 1980s (Figure 1.4) (Baker et al., 2008; Glynn, 1993;
Hoegh-Guldberg, 1999a; Hoegh-Guldberg et al., 2007; Hughes et al., 2003). Many
of these events have seen a decline in reef health, indicated by increases in coral
diseases, presence of bioeroders, or the loss of marine habitat including reef fishes
and other biotas (Baker et al., 2008). The magnitude and frequency of coral
bleaching events during the past few decades has increased rapidly, with numer-
ous mass bleaching events reported, involving hundreds of reefs, and on occasion,
whole ocean basins. As a result, many of these events and the associated colony
recovery rates have been studied over decadal scales, and some compilations are
available in the published studies (Brown, 1997; Coles and Brown, 2003; Glynn,
1996; Wilkinson, 2000; Wilkinson et al., 2008; Williams and Willaims, 1990), as
well as online databases provided by agencies such as WorldFish Center, National
Oceanic and Atmospheric Administration (NOAA), and Great Barrier Reef Ma-
rine Park Authority (GBRMPA).

Typically bleaching events within affected regions are not uniform, exhibiting
patchiness over micro (mm to cm) to meso (km) scales (Baker et al., 2008; Brown,
1997; Brown et al., 2002; Glynn, 1993). Variability in bleaching is believed to
result predominantly from morphology and genetic compositions as well as spatial
and temporal fluctuations in environmental conditions. Evidently, the occurrence
of mass bleaching events have been reported from virtually every region that
supports coral reefs, and no region of the world’s tropical and subtropical seas
appears safe from bleaching (Figure 1.4).

Figure 1.4. Reef database of worldwide bleaching records (from January 1963
to November 2014). The global map is obtained from ReefGIS,
http://reefgis.reefbase.org/
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1. INTRODUCTION

1.2.2.3 Loss and recovery trends and future outlook

Recovery of reefs from severe bleaching impacts have been variable across all
spatial scales with some reefs have experiencing more rapid recovery compared
to others (Baker et al., 2008; Brown, 1997; Brown et al., 2002; Glynn, 1993;
Hoegh-Guldberg, 1999a; Hughes et al., 2003). Some studies have recorded a
significant overall recovery of coral cover in the Indian Ocean following widespread
bleaching in 1998 (Baker et al., 2008; Lambo and Ormond, 2006; Ledlie et al.,
2007; McClanahan et al., 2005; Riegl, 1999; Smith et al., 2006; Wilkinson, 2004).
On the contrary, coral cover in the Western Atlantic Ocean has continued to
decline due to multiple smaller bleaching events and a diverse set of chronic
secondary stressors (Baker et al., 2008; Rogers et al., 2008; Wilkinson et al.,
2008). No clear trends are apparent in the eastern Pacific where some reefs are
recovering and others are not (Baker et al., 2008; Birkeland et al., 2008; Craig
et al., 2005; Wakeford et al., 2008; Wilkinson, 2004).

Major anthropogenic risk factors that ultimately leads to coral bleaching and
mortality were recently found to account for only 10% of coral cover losses in the
GBR during the period of 1985-2012, whereas large-scale acute disturbances such
as tropical cyclones and coral predation by crown-of-thorns starfish accounted for
48% and 42%, respectively (Death et al., 2012). On the contrary, a few studies
suggested that coral cover was higher and found no evidence of consistent decline
in coral cover since 1995 in the GBR (Osborne et al., 2011; Sweatman et al., 2011),
and estimated optimistic future survival rates even under higher SST scenarios
(Kleypas et al., 2008; McClanahan et al., 2007).

There is a general agreement in the literature that coral bleaching will be
a severe threat to continued coral survival for the next 30-50 years even under
the most optimistic climate scenarios (Baker et al., 2008). Mitigation of anthro-
pogenic as well as large-scale acute disturbances are essential to prevent further
loss in coral cover. Nevertheless, future predictions also need to include intrinsic
and extrinsic stressors, such as the coral symbiotic and morphological properties,
and the temporal and spatial environmental condition, in order to estimate the
potential response of bleaching and survival rates.

1.2.3 The cellular and physiological basis of bleaching

Bleaching was first described as an injury to corals as a result of high temperatures
following several days of hot and calm weather in the Dry Tortugas, Florida
(Baker et al., 2008; Mayor, 1914). Following that observation, a study described
bleaching as loss of coral pigmentation as a result of reduced salinity and light
exclusion (Coles and Brown, 2003; Vaughan, 1914). Furthermore, during the
Low Islands (GBR) expedition in 1928-1929, bleaching was described as a decline
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in cellular concentrations of symbionts in coral host that had been exposed to
elevated temperature and secondary stresses (Baker et al., 2008; Coles and Brown,
2003; Yonge et al., 1931). Following a series of mass bleaching events in the Pacific
and Caribbean during the late 1980s, marine scientists and biologists made rapid
progress in understanding the molecular underpinnings of bleaching, in particular
how interactions between temperature and light result disrupt photosynthesis (i.e.
Photosystem II, PSII) (Brown et al., 2000; Fitt and Warner, 1995; Fitt et al., 2001;
Iglesias-Prieto et al., 1992; Jones et al., 1998; Lesser, 1996; Warner et al., 1996,
1999); how enzymatic antioxidants degrade oxygen free radicals (Lesser et al.,
1990), and how the xanthophyll cycle dissipates excess absorbed energy (Brown
et al., 1999).

In general, bleaching often results from accumulated oxidative stress occur-
ing on the thylakoid membrane of the chloroplast of zooxanthellae (Downs et al.,
2002; Lesser, 1997, 1996). This phenomenon leads to photoinhibition, which is the
photodamage of PSII due to the dysfunction and subsequent degradation of D1

protein cells within the PSII reaction center, as shown in Figure 1.5 (Aro et al.,
1993; Hoegh-Guldberg, 1999a; Jones and Hoegh-Guldberg, 2001; Jones et al.,
1998). Essentially, bleaching occurs when the PSII system lowers the sensitivity
of zooxanthellae to photoinhibition, in which light becomes a liability under con-
ditions of higher than normal temperatures (Jones and Hoegh-Guldberg, 2001;
Jones et al., 1998).
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Figure 1.5. Photoinhibition model of coral bleaching. Adapted from Lesser
1997, Jones et al. 1998, Hoegh-Guldberg 1999 (Hoegh-Guldberg, 1999a; Jones
et al., 1998; Lesser, 1997). (A) The two photosystems (PSI and PSII) pass light
energy to the dark reactions where CO2 is fixed and regulated by the
interconversion of the enzyme systems. (B) Heat stress interrupts the flow of
energy to the dark reactions which is then converted to active oxygen that
makes up the photosynthetic components of the zooxanthellae. Abbreviation;
SOD: superoxide dismutase; APO: ascorbate peroxidase; VDE: violaxanthin
de-epoxidase.
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1.2.4 The environmental factors that drive and mitigate
bleaching

A variety of other stressors have been identified that can cause and mitigate the
frequency and intensity of bleaching.

1.2.4.1 The role of temperature

The single most important factor driving coral bleaching events is the increasing
frequency of high temperature anomalies. Most of regional bleaching episodes
of coral reef bleaching documented to date have been attributed to high tem-
peratures (Brown, 1987; Fitt et al., 2001; Glynn, 1993; Glynn and D’croz, 1990;
Glynn, 1991; Goreau, 1992; Jokiel and Coles, 1990; Pittock, 1999; Wilkinson,
2000; Williams and Willaims, 1990). Bleaching and mortality due to low tem-
peratures has also been well documented (Coles and Jokiel, 1977; Coles and Fad-
lallah, 1991; Glynn and D’croz, 1990), however the cold stress mechanism (like
heat stress) can also lead to bleaching by impairing the function of PSII (Hoegh-
Guldberg et al., 2005; LaJeunesse et al., 2007; Saxby et al., 2003).

The historical correlation between climate change and coral extinction is fre-
quently discussed in the literature due to the belief that elevated SST is the
primary driver in bleaching. However, questions still exist as to the combina-
tion of heat and exposure time needed for bleaching to occur. To answer this,
the heat-threshold (many refer to bleaching-threshold) provides indication of the
likeliness of bleaching (Berkelmans, 2002; Glynn, 1993, 1996; Goreau et al., 1997;
Goreau and Hayes, 1994; Hoegh-Guldberg, 1999a), however this idea was highly
contested and is still debated until today (Fitt et al., 2001; Manzello et al., 2007;
McClanahan et al., 2007). The idea was based on the existence of upper and lower
temperature thresholds based on SST data which, when exceeded, will result in
physiological stress resulting in the breakdown of symbiosis (Baker et al., 2008;
Glynn, 1993).

As a measure to backcast and forecast bleaching episodes based on SST data,
several indicators have been established. The most-used and earliest developed
indicators are the monthly mean SST above a local threshold (Brown et al., 1996;
Goreau, 1991) and cumulative heat-stress (Gleeson and Strong, 1995; Glynn,
1990b; Podestá and Glynn, 1997). The NOAA has taken advantage of this long
data series by establishing SST climatology upon which it has based a number
of satellite global 50-km resolution experimental products, namely Hotspot and
Degree Heating Week (DHW) (Liu et al., 2003). The Hotspot approach uses a
Degree Heating Month (DHM) index which is defined as the cumulative sum of
anomalies that has surpassed 1◦C above the maximum mean-monthly summer
temperature in that particular region (Goreau and Hayes, 1994). Shortly after
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DHM, a degree days (DD) index was developed (Podestá and Glynn, 1997), which
is a summation of differences between daily SST values and mean SSTs over the
warm phase of the year. Time-integrated bleaching thresholds were proposed
to estimate bleaching intensity by examining the records (Figure 1.6), which
used a 3-day maximum temperature to estimate bleaching intensity on the GBR
(Berkelmans, 2002; Berkelmans et al., 2004; Manzello et al., 2007).

Figure 1.6. The time-integrated bleaching threshold for reef sites on the GBR
(Berkelmans, 2002) and the Caribbean (Manzello et al., 2007).
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The Degree Heating Week (DHW) measures accumulated thermal stress over a
12-week period by calculating the number of degree-weeks by which temperatures
exceed the mean annual maximum temperature (Liu et al., 2003). DHWs have
been relatively successful in predicting coral bleaching events, and have been in-
corporated into NOAAs Coral Reef Watch program. However, a particular study
found that DHWs, combined with information on past temperature anomalies
and coral community sensitivity, only predicted about one-half of Indian Ocean
bleaching in 2005, suggesting that these metrics might not be good predictors of
milder bleaching events (McClanahan et al., 2007).

1.2.4.2 The role of regional weather conditions

Large-sale ocean-atmosphere phenomena, in particular El Nino-Southern Oscil-
lation (ENSO), have been implicated as a probably driver of the temperature
anomolies that likely cause bleaching (Glynn, 1993, 1984, 1990a,b; Prahl, 1983,
1985; Wilkinson, 1999). Many studies have associated ENSO with extensive
bleaching in the eastern Pacific (Hueerkamp et al., 2001; Podestá and Glynn,
1997) and Palau (Bruno et al., 2001). Other large-scale ocean-atmosphere phe-
nomena such as the Pacific Decadal Oscillation (PDO) and the Indian Ocean
Dipole (IOD) have appeared to be the drivers of thermal anomolies associated
with bleaching events in Hawaii and the western Indian Ocean, respectively (Jok-
iel and Brown, 2004; McClanahan et al., 2007).

Short and long-term effects of large-scale weather patterns are important in
modulating the bleaching response (Skirving et al., 2006). A particular study
has attributed absence of bleaching in the Tuamotu Islands in 1998 to high cloud
cover since heat-flux into the ocean was dramatically reduced compared with
clear and calm days (Mumby et al., 2001). In addition to clouds, the presence of
aerosols may affect the scattering of radiation and thus decrease heat-flux to the
ocean. A study showed that high levels of aerosols effectively mitigated bleaching
conditions, even during ENSO phenomenon (Gill et al., 2006). Furthermore,
storm conditions (and even hurricanes) can mitigate bleaching due to strong wave
action that lead to vertical mixing, therefore removing excess heat from shallow
water (Heron et al., 2004; Manzello et al., 2007; Skirving et al., 2006).

1.2.4.3 The role of water flow and circulation patterns

Physical oceanography can help explain the spatial variability of coral bleaching.
Unlike the biological approach which focuses on the coral’s reaction to stress, the
physical approach investigates where the stress is located. If the water in certain
areas of a reef becomes hotter than other areas during a bleaching period, spatial
variability in bleaching would be expected. Spatial patterns of coral bleaching
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may be attributed to the spatial variability of water flow and circulation patterns.
Water-mass of the ocean is constantly moving in various temporal and spatial

scales. The scales and causes of these water motions are many, beginning with
the great ocean currents, tidal currents and local waves (Kraines et al., 1998;
Vogel, 1981). Hydrodynamic force is a direct environmental factor, but water
motion also affects other factors, including nutrient availability, light penetration
(turbidity), temperature, and salinity changes (Baird and Atkinson, 1997; Lobban
et al., 1985). Because of the high density of water, a wave or current exerts
greater force than do winds. Therefore, too much water motion can impose
drag and dislodge corals (Denny, 1985, 1988). However, too little water motion
can impose diffusion stresses due to impairment of molecular uptake and release
(Wheeler, 1988).

Some studies have also stressed the importance of water flow in modulating
physiological processes in corals by enhancing photosynthesis and increasing res-
piration rates of coral tissues (Atkinson et al., 1994; Bruno and Edmunds, 1998;
Dennison and Barnes, 1988; Lesser et al., 1994; Patterson et al., 1991; Sebens
et al., 2003). Water flow affects the rate of nutrient uptake and ingestion rates
of particulate material, hence, some corals will grow more rapidly when flow
increases (Jokiel, 1978; Kuffner, 2001; Sebens et al., 2003).

Differential rates of water-flow are largely a consequence of the effect of
frictional drag force across the coral’s boundary layers thereby changing mass-
transfer rates of gases and metabolites (Atkinson and Bilger, 1992; Nakamura
et al., 2001; Patterson and Sebens, 1989). When water-flow rates are low, thick
diffusive boundary layers prevent efficient passive diffusion processes. Several
studies have shown positive correlations between water-flow conditions and the
rates of (1) photosynthesis (Dennison and Barnes, 1988; Lesser et al., 1994),
(2) growth (Jokiel, 1978; Sebens et al., 2003), (3) phosphate uptake (Atkinson
and Bilger, 1992), (4) micosporine-like amino acid accumulation under ultravi-
olet light exposure (Kuffner, 2001) and (5) survival under high irradiance and
SSTs (Nakamura et al., 2001). Water flow increases mass transfer of inorganic
nutrients (Nakamura et al., 2001) and dissolved gases across the diffuse boundary
layer between the water column and the coral tissue (Lesser et al., 1994), thereby
reducing oxidative stress and limiting photoinhibition, which in turn may prevent
or minimize coral bleaching (Finelli et al., 2006; Nakamura et al., 2005).

1.2.4.4 The role of irradiance

Solar radiation underpins primary production on coral reefs and contributes to
coral bleaching (Hoegh-Guldberg, 1999a). High irradiances usually occur to-
gether, and their synergistic effects on coral bleaching are well established (Jones
and Hoegh-Guldberg, 2001). But since seawater temperatures change more slowly
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than irradiance levels, warming events followed by cloudy weather or sudden in-
creases in turbidity may result in simultaneous elevations in seawater tempera-
tures and reduced irradiances. Solar irradiance has many potential targets and
mechanisms (e.g. radiant energy heating, desiccation, wavelength-related pho-
tosystem damage, and other wavelength-related cell/molecular damage). Field
observations of minimal bleaching despite warming events have been attributed to
reduced irradiances from cloud cover (Mumby et al., 2001) or turbidity (Phong-
suwan, 1998), and laboratory experiments have shown greater photoinhibition
and bleaching of corals kept at elevated temperatures when exposed to high ir-
radiances than low irradiances (Lesser and Farrell, 2004). However, elevated
seawater temperatures reduce photosystem function in isolated reef coral zooxan-
thellae kept in the dark (Warner et al., 1996) or at low irradiance (Warner et al.,
1999). Effects of elevated seawater temperatures at different irradiance levels
are particularly relevant to corals in shallow back reef systems, where seawater
temperatures are often elevated and irradiance levels can rapidly fluctuate with
changing weather conditions as well as the rise and fall of turbidity from runoff
and tidal flushing (Dahlgren and Marr, 2004).

Atmospheric conditions affect the amount of heat transferred through the air-
sea interface. Heat passes through the air-sea interface through radiation, conduc-
tion, convection, and water-phase transformation. A latent heat flux is used to
denote the heat transfer from a water-phase transformation, such as evaporation.
Finally, solar radiation is separated into shortwave (Ultraviolet radiation [UVR],
280-400 nm) and longwave (Photosynthetically active radiation [PAR], 400-700
nm) components. In most bleaching cases due to solar damage, UVR has been
documented to have more damaging effects in cell/molecular levels because it
enhances photoinhibition at high irradiance and accumulates mycosporine-like
amino acids (MAA) (Brown et al., 1994; Gleason and Wellington, 1993; Jokiel
et al., 1982; Lesser and Shick, 1989). Symbiotic algae, zooxanthellae, are also
routinely exposed to UVR in shallow coral reef system (Jokiel, 1980), with UV-
A (320-400 nm) and UV-B (280-30 nm) penetrating to considerable depths (20
m or greater) in clear seawater (Calkins and Thordardottir, 1980; Jerlov, 1950;
Lesser and Shick, 1989; Smith and Baker, 1979). There are predominantly two
major factors that determine the amount of UVR received by submerged corals;
the first factor is related to the stratospheric ozone depletion (partly caused by
climate change amongst other stressors) which may affect weather patterns and
consequently allowing more UVR into the ocean, and the second factor is the
attenuation of UVR in the water column (Brown, 1997).

Attenuation of solar irradiance in the visible and near-UV wavelengths can
be attributed to five atmospheric processes: Rayleigh scattering, absorption by
oxygen, absorption by ozone, scattering and absorption by aerosols, and absorp-
tion by water vapour (Gregg and Carder, 1990). Irradiance that is not scattered
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by the atmosphere proceeds directly to the Earth’s surface as direct irradiance,
and that which is scattered out of the direct beam but still proceeds toward the
Earth’s surface as diffuse irradiance. The sum of the direct and diffuse compo-
nents defines the global irradiance.

Igh = Idh + Idnsinθ (1.1)

where Igh is the global horizontal irradiance, Idh is the diffuse horizontal irradi-
ance, Idn is the direct normal irradiance, and θ is the sun altitude.

Variations in direct irradiance below the water surface are mainly caused by
three oceanographic factors: the transmittance of irradiance through the water
column (turbidity) (Van Duin et al., 2001), water depth (tides) (Kleypas, 1996;
Pond and Pickard, 1983), and the sea-state (rough or smooth water surface)
(Weinberg, 1976); while the attenuation of diffuse irradiance is mainly affected
by the variations in clouds (Mumby et al., 2001; Wright, 1995). If light availability
for benthic communities shows multiple periodicities, it will have consequences for
temporal patterns of primary productivity, light stress, or both (Anthony et al.,
2004). Furthermore, in particular habitats in which light periodically becomes
limiting for growth (e.g., in deep and turbid waters), the effect of external sources
of light reduction on the health or stress status of benthic primary producers
might depend critically on their timing relative to the natural irradiance pattern
(Anthony et al., 2004). For instance, tidal immersions - low-tide occurrences that
leave corals exposed - are damaging to shallow-water reefs, especially on the reef
flat and the reef crest. The amount of damage incurred depends on the time
of day and the weather conditions that coincide with low tide. During the day,
corals are exposed to UVR, which may stress them and cause them to expel their
symbiotic zooxanthellae. In this thesis I examine the contributions of clouds,
turbidity, tides, and sea-state to the variation of irradiance.

1.2.4.5 The role of morphology and size

Coral populations clearly differ in their susceptibility to thermal stress, some
are simply more physiologically tolerant, yet other differences are influenced by
colony morphology, colony size and depth distribution. Although, physiological
responses are measured in hours and days, population changes take weeks, months
or years, yet ultimately the latter is a time-integrated response of the former.
For example, experimental work shows that massive colonies are less sensitive
to an increase in water flow and thermal stress compared with more complex
morphologies (Finelli et al., 2006), which may be related to the general tolerance
of massive colonies to thermal stress reported from all oceans.

Coral morphology (size, shape, and composition (i.e. tissue thickness and per-
meability)) is one of the dominant drivers to determine the variation in bleach-
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ing susceptibility (Loya et al., 2001; Marshall and Baird, 2000; Shenkar et al.,
2005). The taxonomy of the scleractinian coral is typically confounded by the
existence of morphological variations, ranging from highly complex branching
structures to simple hemispherical and encrusting forms (Veron, 1995, 2000).
The within species variation in morphology and skeletal characters and growth
forms are highly influenced by irradiance and water flow rates (Anthony et al.,
2004; Berkelmans et al., 2004), which highlights the importance of temperature
microenvironments not only in the context of thermal stress but also in relation
to temperature-controlled growth rates (Fabricius, 2006).

Surveys conducted over a broad range of habitats and biogeographic regions
have shown that scleractinian corals with branching morphologies generally suffer
higher rates of mortality than species with massive and encrusting morphologies;
while coral species with massive and encrusting morphologies frequently bleach
during periods of elevated temperature, but they also often demonstrate a high
rate of survival (Brown and Suharsono, 1990; Fujioka, 1999; Glynn, 1983, 1990a;
Hoegh-Guldberg and Salvat, 1995; Jokiel and Coles, 1990; Loch et al., 2004;
Loya et al., 2001; Marshall and Baird, 2000; McClanahan, 2000; McClanahan and
Maina, 2003; Wilkinson, 2000). For examples, fast growing and finely branched
species, such as Acropora and Pocillopora, are considered to be highly susceptible
to thermal stress and experience high rates of whole colony mortality (Baird and
Marshall, 2002; Guest et al., 2012; Loya et al., 2001). In contrast, massive corals
such as Porites and Faviids are viewed to be more resistant to thermal stress and
more frequently experience partial, rather than whole colony mortality (Baird
and Marshall, 2002; Guest et al., 2012; Loya et al., 2001; Woesik et al., 2001).
Therefore, the accumulating evidence that some types of corals tend to bleach
more readily than others may be defined by a possible relationship between colony
morphology and bleaching.

Corals are distributed across a wide range of light habitats from high-light en-
vironments on shallow-water reef flats (Hoegh-Guldberg and Jones, 1999; Jones
and Hoegh-Guldberg, 2001) to low-light environments in deep water (Fricke et al.,
1987; Kaiser et al., 1993; Mass et al., 2007), shaded caves (Anthony and Hoegh-
Guldberg, 2003; Kaniewska et al., 2008), and turbid water (Anthony and Fabri-
cius, 2000). A few studies were conducted to investigate the ambient light lev-
els across coral habitats (Anthony and Hoegh-Guldberg, 2003; Falkowski et al.,
1990). Furthermore, a few laboratory studies have examined irradiance levels
within coral tissue (Kühl, 2005; Magnusson et al., 2007) or in the skeleton under-
neath (Fine et al., 2005; Magnusson et al., 2007; Shibata and Haxo, 1969), and
differences in light attenuation between coral species (Magnusson et al., 2007).

Colony size also plays an important role in determining patterns of mortality
on bleached reefs. Small juvenile colonies of some species can survive better than
large, mature colonies (Loya et al., 2001; Mumby, 1999; Riegl, 2002; Van Woesik
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et al., 2004). Consequently, repetitive bleaching events might shift the age dis-
tribution of coral colonies toward smaller colonies with lower fecundities (Done,
1999), in turn hindering the recovery of these reefs. However, this may not be
true of all sites and species, and may vary according to how other environmen-
tal stressors interact with bleaching. This suggests that large colonies might be
more resistant than small colonies to environmental disturbances, such as nutri-
ents and sedimentation (Bak and Meesters, 1999). These studies provide evidence
that colony-level differences can affect bleaching susceptibility and suggest that
the impact of future thermal stress events may be biased toward larger colonies
of dominant reef-building species (Brandt, 2009).

Presently, the two most common size-normalising parameters for Scleractinian
corals are the surface area of the skeleton covered by living tissue, and tissue
biomass. The surface area of the skeleton has been used to standardise physi-
ological data for >60 years (Kanwisher and Wainwright, 1967; Motoda, 1940),
however it has gained widespread acceptance with the publication of the simple
method using aluminium foil (Marsh, 1970). Although alternative techniques
such as dye-dipping (Hoegh-Guldberg, 1988) provide greater resolution for mor-
phologically complex skeletons, none of the available methods quantifies the ac-
tual area of coral tissue, which arguably is more biologically relevant than skeletal
area (Edmunds and Gates, 2002; Patterson, 1992a); hence, there is no clear re-
lationship between skeletal area and actual surface area (Edmunds and Gates,
2002).

Determining surface area and volume of coral is essential to understanding
their interaction with external and internal physical and biological processes.
The suite of analytical techniques employed by coral biologists have advanced sig-
nificantly in the last decades to estimate three-dimensional morphological coral
properties (mainly surface area, Table 1.1) with various accuracy and environ-
mental scale measurements. While these methods have been shown to be reliable
for simple coral growth forms, large degrees of error were introduced when ap-
plying them to more complex growth forms (Edmunds and Gates, 2002; Holmes,
2008; Jones et al., 2008). Wax dipping provided the best estimate of the surface
area of coral skeletons which had external corallites, regardless of morphological
complexty; whereas X-ray computed tomography (CT) scanning provided the
highest resolution surface area estimates by detecting surface features smaller
than 1000 µm2 (Veal et al., 2010).

Moreover, one of the main challenges for biological assessment of coral reefs
over large temporal and spatial scales is the ability to extrapolate data obtained
at the laboratory scale to spatially extensive physiological data sets such as tissue
biomass, coral surface area, colony weight and volume (Holmes, 2008). This thesis
utilises the cell looping technique to calculate incremented cell area and volume
over a mesh-based representation of coral morphology.
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Table 1.1. List of published methods for estimating the surface area of corals

Method Reference

Geometric shape fitting
(Jones et al., 2008; Kanwisher and Wainwright,
1967; Odum and Odum, 1955)

Aluminium foil (Marsh, 1970)

Paraffin wax (Stimson and Kinzie, 1991)

Latex (Meyer and Schultz, 1985)

Dye uptake (Hoegh-Guldberg, 1988)

Calculation of surface index (Chancerelle, 2000; Dahl, 1973; Holmes et al., 2008)

Photogrammetry (Bythell et al., 2001; Done et al., 1982)

3D reconstruction using video (Cocito et al., 2003)

Laser scanning (Holmes, 2008; Raz-Bahat et al., 2009)

Structured light (Veal et al., 2010)

X-Ray CT scan
(Kaandorp and Kübler, 2001; Laforsch et al.,
2008; Naumann et al., 2009)

1.2.5 Variations in bleaching susceptibility

The implications of short-term temperature stress, cumulative temperature stress,
or temperature variability for predicting the onset of bleaching and severity are
still largely unstudied in the literature. The temperature variability is predom-
inantly determined by fluctuations in environmental conditions, spatial hetero-
geneity of reef surfaces, genetic differences in hosts or symbionts, and differences
in environmental history (Baker et al., 2008). Corals are also able to acclimate
to their environment. For instance, corals living in warmer and tropical waters
are likely to have a greater tolerance to high SST than the same species living in
cooler and subtropical regions (Berkelmans, 2002). Furthermore, past experience
of environmental stress of bleaching may also indicate whether coral communities
tend to be more resilient when faced with a subsequent thermal stress (Brown
et al., 2002; Coles and Brown, 2003). Theory also indicates at there should be no
barrier to genetic adaptation of greater bleaching resistance in response to natural
selection imposed by bleaching (Day et al., 2008). The rates of such adaptation
remain largely unexplored. Understanding how each of these characteristics in-
teract remains one of the greatest challenges in predicting bleaching responses.
Hence, predicting whether a particular reef will bleach is complex and requires
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a large amount of information regarding its location, species composition, and
more importantly the intensity of the bleaching stress itself (Bird, 2005; Skirving
et al., 2006).

Many studies have now reported variation in bleaching susceptibility between
reefs, within reefs, and even within single coral colonies. The bleaching response
is complex due to the highly diversified adaptive capabilities and tolerances of
various symbiotic algae (Symbiodinium spp.) to environmental stress. There is
ample evidence that certain Symbiodinium are more stress tolerant than others
and subsequently some corals can thrive under warmer than normal conditions
(Coles and Brown, 2003; Rowan, 2004), which in part indicates that symbiosis
alteration may be one mechanisms by which corals may adapt to global warm-
ing. Differences in bleaching susceptibility have also been variously ascribed to
differences in physiology or morphology, in particular the overall growth form
(Marshall and Baird, 2000).

1.2.5.1 Spatial and temporal scales

Coral bleaching events are predominantly related to high SST anomalies with
high irradiance acting as a secondary effect, however, many bleaching-related
observations found enormous heterogeneity both in temporal and spatial scales.
What has become evident is that the thermal tolerances of coral populations ap-
pear to vary on small spatial scales (Berkelmans et al., 2004; Berkelmans and
Oliver, 1999). Most studies agree that the ocean-atmosphere interactions play
an important role in supplying energy to sustain the water circulation and con-
vection during the course of heat and mass transfers. For instances, the effects
of bleaching when there was a high degree of water mixing (Heron et al., 2008),
poor water quality (Wooldridge, 2009), cold water upwellings (Glynn, 1993), and
high cloud cover (Mumby et al., 2001).

1.2.5.2 Acclimatisation of corals to warmer conditions

The ability of corals to adapt and tolerate changes in global warming has been
a key topic of debate for over a decade (Coles and Brown, 2003; Gates and
Edmunds, 1999; Hoegh-Guldberg, 1999a; Hoegh-Guldberg et al., 2007; Smith
and Buddemeier, 1992). Acclimatisation refers to compensatory changes in the
metabolism of an organism exposed to multiple natural variations in the en-
vironment (Gates and Edmunds, 1999; Prosser, 1991). Bleaching temperature
thresholds of reef corals vary locally, and conditions that often leads to coral
mortality in some regions may have no effect on corals in others (Baker et al.,
2008). To gain insight into the responses of coral communities to shifting en-
vironmental conditions, it is necessary to assess the magnitude of change and
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the rate at which such changes might have some impacts on the physiology and
consequently the thermal stress of corals.

The SST anomalies that typically become an indicator of coral bleaching, are
often short-term and unpredictable in the long term. Their magnitude and dura-
tion is determined by seasonal patterns as well as ocean-atmosphere interaction,
such as the El Nino-Southern Oscillation. Consequently, adaptation or acclima-
tisation must respond to unpredictable and dramatic spikes in temperature that
may challenge adaptive mechanisms suited to gradual and continuous increases
in baseline or average SST (Baker et al., 2008; Hoegh-Guldberg, 1999a).

In general, corals can acclimatise by modifying their cellular metabolism as
well as by selecting individuals within populations that are better equipped to
cope with warmer conditions (Day et al., 2008; Hoegh-Guldberg, 1999a; Smith
and Buddemeier, 1992). However, an answer to the key question – whether corals
can respond to warmer conditions quickly enough to keep up with global climate
change remains elusive.

1.2.6 Current coral bleaching predictions

Detecting bleaching remains difficult due in part to the complex physiological and
physical factors that confound observations (Baker et al., 2008). Current predic-
tive modelling techniques are based, at least in part, on remote mapping of SST
via satellite and aircraft sensors with sufficiently high spectral and spatial reso-
lutions. Other statistically based predictions such as meta-analysis and Bayesian
belief network (BBN) have recently become the methods of choice to describe
the trends in reefs worldwide (Baker et al., 2008). Other analytical and numeri-
cal investigations were also implemented to study the climate, environment, and
morphology of a coral colony and reefs.

1.2.6.1 Remote sensing approaches

Remote sensing is often implemented to estimate the extent of coral bleaching
and mortality through satellite or aircraft based images of SST anomalies and
hot spots in near real-time. Hot spots are defined as patches of hot water that
have surpassed the maximum mean-monthly summer temperature in that par-
ticular region (Goreau and Hayes, 1994). Coral Reef Watch (CRW) - which was
established in 2000 by the National Oceanic and Atmospheric Administration
(NOAA) - has been providing twice-weekly charts of hot spots around the world.
Hot spots are, however, limited to describing the location and degree of stress
without providing an insight into the length of time scale that the coral is ex-
posed to the water anomaly. Building on this framework, CRW has introduced
a DHW map which measures the time-integrated cumulative impact of thermal
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stress on coral, and is calculated as the product of the exposure-time and degrees
of thermal stress over a rolling 12-week time period (Bird, 2005; Liu et al., 2003;
Skirving et al., 2006).

Satellite remote sensing to detect physical parameters that may drive coral
bleaching should be encouraged, however, the development of advanced satellite
sensors with high spatial and spectral resolutions is still yet to materialise. Some
environmental properties of reefs that can be measured using remote sensing are
listed in Table 1.2 (Mumby et al., 2004).

1.2.6.2 Meta-analysis

Meta-analysis is a statistical method that provides an estimation of the overall
magnitude of large-scale and long-term trends in coral reefs and other ecosystems
(Baker et al., 2008; Côté et al., 2005; Hedges et al., 1985; Parmesan and Yohe,
2003). Several studies have used this approach to describe the causes and rate
of coral reef decline in the Caribbean (Gardner et al., 2003), the Pacific (Bruno
and Selig, 2007) and even worldwide (Jackson et al., 2001; Pandolfi et al., 2003,
2005). For detailed discussion of the statistics of meta-analysis, readers may refer
to these studies (Hedges et al., 1985; Parmesan and Yohe, 2003).

1.2.6.3 Bayesian belief network

Bayesian belief networks (BBN) are a causal reasoning tool that offers a holistic
approach to coral bleaching predictions. The method provides a mathematical
framework based on past events and allowing information content of the data
to predict the future possibility of large-scale coral bleaching events occurring.
The difficulty in setting up a BBN is that it requires a large amount of inter-
disciplinary input data based on probabilistic understanding and past experience
provided by ecologists, oceanographers, climatologists, bio-statisticians and spa-
tial analysts. The accuracy of the model will depend on what the nodes measure
and is summarised through a conditional probability distribution in the form of
conditional probability table (CPT).
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Table 1.2. Physical parameters that may be measured using remote sensing. Adapted from (Mumby et al., 2004).

Platform Aircraft Satellite

Sensor
type

Hyper-
spectral

Micro-
wave

Hyper-
spectral

Multi-
spectral

(high
res.)

Multi-
spectral
(medium

res.)

Multi-
spectral

(low
res.)

Meteoro-
logical

Radar-
scattero-

meter
Radar

Radar-
Altimeter

Radio-
meter

Examples
of

sensor

AVIRIS,
CASI,
ATM

SLFMR Hyperion
IKONOS,
Quick-
bird

Landsat
TM,

SPOT,
IRS

SeaWiFS,
MODIS

GOES,
GMS,

METE-
ORSAT

SAR,
Quick-
SCAT

TRMM
TOPEX,
JASON-

1

AVHRR,
ATSR

SST
√ √ √

UVR
√ √

PAR
√ √ √ √ √

Attenuation coeff.
√ √ √ √ √ √

Cloud cover
√ √ √ √ √ √

Sea level
√

Salinity
√

Chl-a
√ √ √ √ √

Algal conc.
√ √ √ √

Sedimentation
√ √ √ √ √ √

Wind speed
√ √

Ocean circ.
√ √ √ √

Coastal circ.
√ √

?
√

Precipitation
√

√
indicates routinely possible; ?

√
indicates demonstrated in limited cases only
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1.2.6.4 Forecasting from climate models

Hoegh-Guldberg (1999) (Hoegh-Guldberg, 1999a) explicitly forecast the frequency
and severity of bleaching events, which eventually became the basis of climate
models. This work was a semi-quantitative prediction such that the model as-
sumed a single bleaching threshold at any given site and no capacity for acclimati-
sation or adaptation of corals over time (Baker et al., 2008). By synthesising field
data on bleaching temerature thresholds with coupled atmosphere-ocean general
circulation models (GCM) from the 2nd assessment (1996) of the Intergovern-
mental Panel on Climate Change (Houghton, 1996), Hoegh-Guldberg concluded
that severe bleaching events were likely to become “commonplace” worldwide by
2020 (Baker et al., 2008; Hoegh-Guldberg, 1999a). Furthermore, a more compre-
hensive study (Donner et al., 2005) predicted the likelihood of future bleaching
under climate change by incorporating models from the 3rd IPCC (2001) and a
bleaching prediction algorithm developed by NOAAs Coral Reef Watch (Baker
et al., 2008).

1.2.6.5 Hydrodynamic modelling of reef systems

Efforts to identify local physical or environmental conditions that characterise
reef areas using hydrodynamic modelling tools are relatively common in liter-
ature. Hydrodynamic models can be used to describe oceanographic currents
and from these predict SST patterns for future, severe, mass coral bleaching
events. Hydrodynamic modelling can also assist in the investigation of other is-
sues that relate to the coral reef ecosystem; connectivity with biological events
(e.g., coral/fish spawning) and anthropogenic interactions (e.g., sewage outfall,
pollution spills) can be monitored and/or predicted.

Reef morphology and hydrodynamics: Reef morphology is highly variable. Ini-
tial reef hydrodynamic studies largely focused on those coral reefs classified as
barrier reefs or atolls, systems where the shallow-reef lies adjacent to a deep and
expansive lagoon that connects freely to the open ocean (Atkinson et al., 1981;
Munk and Sargent, 1948; Taebi et al., 2012). The presence of an unbounded
lagoon adjacent to these reefs can establish distinct momentum balances in dif-
ferent regions of the reeflagoon system. In particular, the presence of a lagoon
can allow strong wave-driven currents to be established across reefs. Even in the
vicinity of wave breaking, the radiation stress gradients may be balanced by not
only wave set-up gradients, but also by shear stresses associated with a cross-reef
flow (Symonds et al., 1995; Taebi et al., 2012).

Bathymetry: One of the most important inputs to a high resolution hydro-
dynamic model is the bathymetry. The effect of incorrect bathymetry on the
models can be significant and, as such, the accuracy of bathymetry can be cru-
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cial to the success of the numerical model (Heron and Skirving, 2004) (a detailed
discussion is given in (Gille et al., 2004)). For remote geographic locations, where
in-situ data are limited, remote sensing techniques can provide such bathymetry.
A numerical study that developed a theoretical basis for describing water depth
by passive remote sensing (Lyzenga, 1978). Another study then applied this
knowledge to investigate shallow regions with low bottom-albedo and variable
bottom-types (e.g., sand, coral, algae, seagrass) using satellite data and devel-
oped a new algorithm for estimating water depths to 25 m and beyond (Stumpf
et al., 2003).

The General Ocean Turbulence Model (GOTM): It simulates small- scale tur-
bulence and vertical mixing in the ocean water column. It is a one dimensional,
hydrostatic water column model which uses the Boussinesq approximation when
calculating the turbulent eddy viscosity (Burchard, 2002). GOTM allows the se-
lection of a range of state-of-the-art turbulence closure schemes. A dimensionless
stability function, a turbulent velocity scale, and turbulent macro length scale are
all needed to calculate the Kolmogorov-Prandtl relations. Several zero-, one-, and
two-equation models used to calculate the turbulent velocity and macro length
scales, as well as various stability functions, are available in GOTM (Burchard,
2002). Further detail on the particular turbulence schemes available in GOTM
can be found in (Burchard, 2002).

1.2.6.6 Modelling vertical temperature profile

Following the work of Simpson and Hunter (1974) (Simpson and Hunter, 1974),
water currents and bathymetric data may be used to provide the parameterization
that was used to determine the vertical temperature profile of spatial distribution
from SST to the local depth of water (Bird, 2005; Heron and Skirving, 2004).
Processes that contribute to vertical mixing are wind stress, tidal currents/bottom
friction, and internal mixing. These processes form a pattern of SST for each time
step in the model. Temperature changes due to advection were then added (Bird,
2005). At each time step, water from each grid point was advected according to
the prescribed direction and current speed at that point. If the source water was
warmer than the destination water then the destination must have been well-
mixed. As such, any advected hot water to this region would then also be mixed
(Bird, 2005; Heron and Skirving, 2004).

1.2.6.7 Modelling growth form

The coral growth process generates a wide range of colony morphologies, such
as spherical, plate-like and branching forms. These morphologies are species
specific, but also show high intraspecific variability. This intraspecific variability
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is probably caused by environmental parameters, such as light availability and the
amount of water flow (Kaandorp, 1999; Kaandorp and Kübler, 2001; Kaandorp
and Sloot, 2001; Merks et al., 2003a). The effect of light availability was studied
in two pioneering coral modelling studies (Graus and MacIntyre, 1976; Graus
and Macintyre, 1982), and the effect of fluid flow on coral growth was studied
in previous works (Kaandorp, 1999; Kaandorp et al., 1996; Kaandorp and Sloot,
2001). Using lattice Boltzmann methods to solve the complicated interior flow
problem, and assuming that local growth is limited by diffusion to the structure
(diffusion limited accretion) (Monismith, 2007), they produce structures that are
quite similar in appearance to branching corals (Kaandorp et al., 2003, 2005).
Applying a similar technique may also lead to branch orientation that optimises
nutrient uptake or pray capture (Helmuth and Sebens, 1993; Monismith, 2007).

1.2.7 Limitations to existing prediction approaches

Studies associated to coral bleaching has been dominated by small-scale labo-
ratory, continuous field and in-situ observations, and predictive modelling stud-
ies based on remotely sensed sea conditions, particularly SST. The Hotspot and
DHW predictive modelling have proved quite successful in predicting past bleach-
ing events (Baker et al., 2008; Moore et al., 2012; Spillman et al., 2011). There
is also a general appreciation of the importance of statistical methods such as
meta-analysis and BBN in predicting trends of reefs worldwide. Nevertheless,
limitations exist which should be addressed for each of the techniques.

The most challenging limitations in using satellite or aircraft-based imaging
sensors to obtain SST data is the lack of both spectral and spatial resolutions and
the difficulties of ground calibration to achieve measures of absolute accuracy. In
addition, predictive modelling, in turn, is limited by the assumption that SST,
or other such parameters, adequately represents key physiological features of the
ecology that are related to bleaching. The hot spot information is limited to
just identifying the possible location and degree of thermal stress rather than
the corals reaction to the stress. Meanwhile, DHW is an oversimplification which
calculates the accumulated heat stress based on the product of the degree heating
and exposure time. The hot spots and DHW prediction techniques do not give
indication of the thermal stress and coral response at varying depths.

The meta-analysis prediction method has been repeatedly criticised in favour
of expert consensus views which seem to be less contentious and quantitative
(Aronson et al., 2003; Aronson and Precht, 2006; Hoegh-Guldberg et al., 2007;
Hughes et al., 2003). Furthermore, for complex and heterogeneous coral ecosys-
tems, setting up a BBN requires a large amount of input data. So far (to the
knowledge of the author), no models have appropriately include the presence of
irradiance or water flow in their networks.
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Current hydrodynamic models are used to specifically quantify the role of
momentum forcing on reef systems without any assessment on the effects and in-
teractions with the heat budget in controlling the thermal stress in coral microen-
vironment. Moreover, the growth modelling technique using lattice Boltzmann
methods, which predicts a specific preferential growth orientation based on the
mass transfer uptake of nutrients, excludes the effect of flow variations and heat
budgets within the interior and exterior of coral morphology. These parameters
(i.e., flow, pressure, temperature, etc), related to coral morphology, are likely to
be important determinants of mass and heat transfer in corals, and ultimately
may be important determinants of their sensitivity to bleaching.

Despite significant advances in climate modelling and given the potentially
critical importance in predicting reef futures, surprisingly few models have up-
dated the simplistic early predictions of bleaching frequency or intensity, or at-
tempted to explore spatial trends that might predict the potential response of reef
globally (Baker et al., 2008). In addition, these models provide little quantitative
data on which a model of heat and momentum budgets could be computationally
established, and, in particular, between different coral morphologies.

As a result, current bleaching predictions have highlighted the need for a
comprehensive update on bleaching mechanisms, which encompasses the fields
of biology (cellular physiology, organismal biology), ecology (ecology and ecosys-
tem biology), and physics (environmental conditions within specified regions).
However, to find the common link between these interdisciplinary fields is a com-
plex task and may only be achieved by better integrating experimental data and
computational analysis.

1.3 Numerical modelling of the coral thermal

microenvironment

In most existing literature, the temperature of the ambient water represented by
SST is always assumed to be the same as the coral temperature. However, it is
the temperature of the colony surface and of the boundary layer directly above
it that determines physiological processes and this can deviate substantially from
the temperature of the larger body of surrounding seawater. This is termed the
coral thermal microenvironment. This temperature deviation is a function of
several factors, though it is predominantly due to radiative heat flux and water
flow on the coral surface. A heat balance is maintained between losses from
convection into the surrounding water (dependent on water flow and other surface
characteristics involved in the boundary layer formation), heat conduction into
deeper layers of the coral, and emission of short and long-wave radiation incident
on the coral surface (Fabricius, 2006). Therefore, it is imperative to distinguish
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between the temperature of (1) the thin layer of living tissue embedded in the
surface of a coral that is exposed to direct solar radiation, (2) the ambient water,
and (3) the coral skeleton.

Few experimental studies have considered the temperature of corals and the
heat fluxes at their surface. Brown et al. (2002) investigated the temperature of
different surfaces of corals but found no differences. Fabricius (2006) measured
the surface temperature of a number of shallow-water corals and showed that more
densely pigmented corals were heated more than less densely pigmented corals,
an effect that was enhanced under low water flow (Fabricius, 2006). Jimenez et
al. (2008) also detailed the heat budget of a coral exposed to solar radiation and
water flow in controlled laboratory experiments and on the reef flat under natu-
rally fluctuating conditions of flow and irradiance (Jimenez et al., 2008). These
studies provide qualitative evidence that the thermal microenvironment can play
an important role in the microscale processes involved in coral bleaching. Fur-
thermore, while useful, these experiments are inevitably restricted to few species
and locations due to the relatively high cost and difficulty in obtaining accu-
rate measurements. In contrast to experimental techniques, numerical modelling
methods allow for detailed interrogation of these parameters without difficulty.

This thesis presents a new prediction technique which aims to assess the effects
and interactions of the key stressors – namely the coral morphological features
(shape, size, tissue thickness, skeletal matrix and tissue permeability values), and
the meteorological and atmospherical attributes – in driving the variability of
the coral thermal microenvironment. This is achieved through the development
of Computational Fluid Dynamics (CFD) models, which can be readily coupled
with other hydrodynamic and ray-tracing techniques in order to explore the full
range of temporal and spatial environmental stressors that could ultimately be
used to predict the frequency and intensity of coral bleaching scenarios – even for
individual species, colonies or parts of colonies. Although full scale modelling of
coral reef systems is unlikely to be able to replicate the full complexity observed
in nature, it is often possible to construct progressively more complex models
(termed multiscale models) of physical systems which closely reproduce reality.

1.4 Research objectives

Three primary objectives of this thesis are:

1. To develop a CFD modelling framework to predict heat transfer and thermal
microenvironment of corals at laboratory- and meso-scale conditions.

2. To model the effect of metocean raw data on the overall prediction of ther-
mal microenvironment of corals in a shallow reef-flats (<5 m depth).
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3. To determine the effect of morphological features (size, shape, tissue thick-
ness, and regulation of the permeability in tissular and skeletal layers) on
the thermal behaviour of its microenvironment.

1.5 Thesis outline

The outline of the thesis is as follows: Chapter 2 discusses the importance of heat
and momentum budgets on the coral thermal microenvironments and discusses
the integration of a coupled-ocean-atmosphere system complemented with CFD
analysis at a controlled laboratory-scale and a shallow-reef flat environment.

The following chapters investigate the degree of robustness of the numerical
model using representative cases of heat budgets and thermal stress in the coral
microenvironments under controlled laboratory and shallow-reef scale conditions.
Simulations have been conducted against various experimental studies, available
from literature as reference cases. Chapter 3 presents validation of the effects
of laminar and turbulent flow with fixed irradiance and various coral pigmenta-
tions at a laboratory-scale environment. It also explores the effect of smooth and
polyped surfaces in coral architectures on the overall surface warming. Chapter
4 validates results of the daylight illuminance under multiple sky conditions and
the underwater attenuation coeficients due to turbidity, tide, and cloud cover. It
also validates irradiance levels at the microscale of branching and massive coral
surfaces. Chapter 5 presents a coupled CFD and hydrodynamic model (coupled
ROMS-SWAN) as well as a ray-tracing model (Radiance) to study the differential
bleaching pattern case study observed in a shallow-reef flat environment. Chap-
ter 6 addresses objective 3 presenting parametric studies on a range of species,
with varying sizes and shapes. Finally, Chapter 7 provides discussion on how the
coral thermal microenvironment is a key factor in observing and predicting coral
bleaching as well as highlighting the investigations arising from this research and
future recommended studies. Some further materials and backgrounds of CFD
and Radiance are available on the Appendix 1 and Appendix 2, respectively.
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Chapter 2

Hydro and thermal physics in
coral microenvironments

In this chapter I establish the framework for examining the hydrodynamic and
thermal processes of corals at the individual-, colony-, and reef-scales. This chap-
ter analyses the importance of computational fluid dynamics and heat transfer
theory for predicting temperature rises at the coral surfaces under a broad suite
of environmental conditions in order to better understanding the role of the range
of physical environment in influencing the physiology and community dynamics
of reef-building corals.

The hydrodynamics of coral reefs, coral colonies, and even individual coral
reefs entails a wide range of scales of fluid motions, starting with the largest scales
that characterise eddies produced by island wakes, smaller depth-scale turbulent
features determined by reef topography, and to the smallest scales of flow in a
single individual coral colony. In this chapter, I only investigate relatively small
spatial scales and the smaller turbulent feature scales. It is hoped that this chap-
ter will serve as a prerequisite before embarking on a quest to model a large-scale
whereby the hydrodynamic modelling combined with an improved knowledge of
coral physiology or morphology, can go a long way to understanding the nature
of coral bleaching and allowing for improved monitoring and predictions.

Although the mass transfer theory is not specifically discussed in this chap-
ter, the analogy – based on the notion that just as temperature gradients drive
potential for heat transfer in a water flow provides the driving potential for mass
transfer – may principally be applied in a similar manner.

Readers are encouraged to refer to Appendix 1 and Appendix 2 for a more
detailed analysis of CFD equations and the concept of ray-tracing mechanisms
(Radiance) used in this chapter.
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2. HYDRO AND THERMAL PHYSICS IN CORAL
MICROENVIRONMENTS

2.1 Flow at the scale of an individual coral colony

Temporal and spatial variation in water-flow across the topography of coral reefs
are major determinants of bleaching severity, however have often been overlooked.
Water motion, both from colony-scale to reef-scale, is important for the well-
being and functioning of coral reefs (Hearn, 2011; Monismith, 2007). The mass
of the ocean moves constantly at various scales from large-scale ocean currents
to small-scale circulation pattern i.e. tidal and wave currents. The movements
and patterns of flow in ocean currents are influenced mainly by wind direction
and strength as well as density differences in water masses due to temperature
and salinity variations. At the reef-scale, water circulation can affect larval re-
tention, export and connectivity between reefs (Cowen and Sponaugle, 2009). At
the colony scale, flow affects the transport, dispersal, and retention of fluxes of
nutrients and carbon uptakes (Falter et al., 2004; Thomas and Atkinson, 1997),
gas exchange (Mass et al., 2010; Patterson et al., 1991; Sebens et al., 2003), the
ability of polyps to capture particles (Sebens et al., 1998), coral growth morphol-
ogy (Kaandorp et al., 2003), and reef metabolism and calcification rates (Baird
and Atkinson, 1997; Wyatt et al., 2010).

Water flow at the reef-scale is highly variable due to local topographical vari-
ation, hence, flow may differ substantially from one colony to an other. Although
such colony scale effects on flow can be important, most previous field studies of
water circulation over reefs have focused on regional and lagoon-scale processes
(Gourlay and Colleter, 2005; Hench et al., 2008; Lowe et al., 2009a,b). Previ-
ous laboratory and computational studies suggest that flow patterns around iso-
lated coral colonies are qualitatively similar to wakes behind idealised geometries
like cylinders and hemispheres. In branching corals, some water passes between
branches; however, most water deviates around and even finely branching colonies
generate significant wakes (Chang et al., 2009; Kaandorp et al., 2003). If corals
are sparsely spaced, each colony interacts individually with the free stream flow,
but if colonies are more densely spaced, their wakes interact and flow speeds are
reduced in a canopy layer that contains solid obstacles. In unsteady flows gener-
ated by waves, time-varying pressure gradients force fluid between branches and
colonies (Lowe et al., 2007, 2005).

Thermal stress at the scale of the coral microenvironment water flow has
not been investigated in details. However, such dynamics may be of importance
for understanding and monitoring heat-induced stress at reef-scale and colony-
scale. To date, most studies of flow at the colony-scale have used laboratory
and computational approaches with idealised geometries and/or flow conditions
(Chang et al., 2009; Fabricius, 2006; Jimenez et al., 2008, 2011; Kaandorp et al.,
2003; Lowe et al., 2007, 2005).
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Figure 2.1. The distribution of living tissue and skeletal matrix in branching
and massive corals (two dimensional cross section).

2.2 Flow and thermal regions in corals

The living tissue of corals that connect adjacent polyps forms a thin layer over
the outermost few millimeters of its calcareous skeleton (Anthony et al., 2002;
Barnes and Lough, 1992) (Figure 2.1). The flow of water through the coral tissue
and skeleton (if it occurs), should significantly influence the thermal microenvi-
ronment of the coral. To my knowledge, there are no published reports of flow
through living coral tissue or their skeleton. Therefore, in constructing these
models, I have developed models that allowed us to evaluate a diverse range of
scenarios. To do so, however, necessitated assumptions that will need to be tested
in future work. In particular, I assumed that there is unlikely to be any significant
permeability through intact living tissue, however, in many cases, the activity of
borers and coral grazers will result in openings allowing percolation and increased
skeletal porosity. Coral species with denser skeletons experience less percolation
type flow.

Assuming a starting condition whereby the temperature of the coral and the
surrounding water are the same, heat transfer within and around corals will be
affected by three main mechanisms: (1) the rate of incident radiation absorbed
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by the exposed tissue surface, (2) the rate of heat loss due to convection from the
tissue and skeleton into the surrounding water, and (3) the rate of heat conduction
from the tissue into the skeleton. The models I present here consider all of these
mechanisms. It is, therefore, necessary to specify two thermal and porous regions,
the tissue and skeleton, in the models. This models also assume thermal effects of
mass and nutrient transfer during photosynthesis to be negligible (Cooper, 2008).

2.2.1 Thermal physics in hemispherical and branching corals

To aid understanding of heat transfer processes in corals, a simple heat balance
between heating and cooling in a coral can be written as

Qeff. heating = Qabsorb −Qcool (2.1)

where Qabsorb is the heat absorbed by a coral due to solar irradiance and Qcool

is the energy that is transferred from the coral surface to the surrounding envi-
ronment. Applying Newton’s law of cooling and rearranging the above equation,
Qcool and Qabsorb can be expressed as

Qcool = hA(Ttissue − Twater) (2.2)

Qabsorb = αIA (2.3)

where h is the heat transfer coefficient between the coral surface and the sur-
rounding environment, I is the total irradiation, α is the tissue absorptivity, and
A is the surface area of the coral. Heat transfer is directly proportional to sur-
face area, whereas heat capacity is proportional to volume. Hence the A/V ratio
influences heat accumulation and dissipation. Branching corals have larger sur-
face area to volume ratio, S = A/V , than massive corals and therefore can be
expected to acquire and dissipate more heat.

The rate of temperature rise in the coral can be written as

Qeff. heating = ρV Cp
dT

dt
= αIA− hA(Tcoral − Tfluid) (2.4)

where ρ is the coral density, Cp is the coral specific heat capacity, and dT/dt is
the rate of temperature rise in the coral. Thus, from equations 2.2, 2.3, and 2.4
the temperature rise in a coral should be highly dependent on its ratio of A and
V . Defining a surface area to volume ratio, S = A/V , the above equations can
be solved and a time constant, τ , can be identified for the coral, such that

τ =
ρCp
hS

(2.5)
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This equation illustrates the strong dependence of the time constant (or heating
rate) on S (as S varies considerably between hemispherical and branching corals).
The time constant, τ , therefore increases with increasing volume and decreases
with increasing surface area, and the A/V ratio will be an important determinant
of the speed with which an equilibrium temperature is reached, as well as the
final temperature achieved. This expression also includes a dependence on the
boundary layer thickness due to the convective heat transfer coefficient ’h’.

While coral shapes are not always characterised by ideal geometrical shapes,
here I define the shapes of massive and branching corals to be either hemispherical
and cylindrical, respectively. While, a caricature of nature, this conceptualisa-
tion represents the ends of the shape spectrum of corals. The surface areas of
hemispherical and branching corals are given by 3πr2 and 2πr2 + 4πrz, respec-
tively, where r is the radius and z is height of a cylindrical (or branch) section.
The corresponding volumes for the hemispherical and branching corals are 2

3
πr3

and πr2z, respectively. Under the steady-state lighting conditions, Qcool must
be equal to Qabsorb and the A/V ratio will affect the final temperature of the
coral. Under transient lighting conditions, the A/V ratio will be important in
determining the speed, with which an equilibrium temperature is reached, as
well as the final temperature. Recent experimental work (Jimenez et al., 2011)
has measured thermal heterogeneity on a micro-scale in individual polyps. Here,
the current geometry assumes homogeneity, however, a more spatially resolved
geometry could readily be substituted.

2.2.1.1 Conduction

Conduction from the tissue to the skeleton: The heat conduction is proportional
to the temperature difference between the tissue Ttissue and the skeleton Tskeleton,
the coral surface area A and the thermal conductivity of aragonite k:

Qcond = kAtissue
(Ttissue − Tskeleton)

χtissue
(2.6)

where χtissue is the tissue thickness. Contrary to this equation, the conduction
heat budget in Jimenez et al. (2008) neglected the tissue thickness.

2.2.1.2 Convection

Convection flux from the sun-exposed tissue to ambient water : The convective
heat transport can be assumed to obey Newton’s law of cooling and is proportional
to the difference in temperature between the water Twater and the coral Ttissue
temperatures, the coral surface area A, and the heat transfer coefficient of water
h:

Qconv = hA(Ttissue − Twater) (2.7)
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The heat transfer coefficient for convection depends on the nature of the motion
of the fluid, velocity, and temperature differences. Theoretically, convective heat
transfer is modelled using the Nusselt number, the Prandtl number, the Grashof
number and the Rayleigh number. These depend on the Reynolds number which
defines the flow regime and the effects of coral morphology on shear stress (Pat-
terson, 1992a,b).

2.2.1.3 Radiation

Absorbed radiative heat flux : For single radiation wavelength and homogeneous
water the amount of radiant energy absorbed, ∆I, in an interval of depth, ∆z, is
dependent on the amount of irradiance on that interval, which can be written as

∆I = −αI∆z (2.8)

where α is coral tissue absorptivity coeffiecient equal to the inverse of the optical
depth, I is the incident of solar irradiance, and z is the water depth.

The equation. 2.8 leads directly to the expression of the radiant energy, I(z),
at depth z in the water column in terms of the energy I0 incident at the surface.

I(z) = I0exp(−αz) (2.9)

The heat flux due to absorption of radiation, ∆Q, is proportional to ∆I, α, and
the coral surface area (A). Defined as the fraction of incident radiation absorbed
by the surface, α, accounts for a range of factors affecting the amount of absorbed
light, such as the optical properties of both the host tissue (host pigments, tissue
thickness) and the zooxanthellae (symbiont density, photosynthetic pigments).

∆Q = α∆IA (2.10)

Equations 2.8 and 2.9 work for a single absorbing constituent in the water,
and for absorption coefficients which have no variation in depth. However, often
the optical depth (1/α) varies with wavelength for different types of Jerlov water
(see below). The incident radiation varies with wavelength as

I0 =
∑
λ

E(λ)∆λ (2.11)

where E(λ) is the energy density at the sea surface. Because each wavelength has
its own value of optical depth (1/α), the attenuation through the water column
to depth for each wavelength must be added to find the total remaining energy
at that depth

I(z) =
∑
z

∑
λ

E(λ)exp(−αz)∆λ∆z (2.12)
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Figure 2.2. The representative elementary volume (R.E.V.) of porous coral.
Adapted from Nield and Bejan (2006) (Nield and Bejan, 2006).

A more detailed analysis of temporal variation in irradiance due to water
clarity, cloud cover, and tides is presented below. Note that due to the low
temperature difference between the water and the coral, radiative heat transfer
from the coral were neglected.

2.2.2 Fluid flow and heat transfer through a porous coral

The porosity ϕ of a coral is defined as the fraction of the total volume of the
coral that is occupied by void space. Thus 1-ϕ is the fraction that is occupied by
aragonitic skeleton.

2.2.2.1 Fluid flow through a porous coral

In deriving the laws governing the macroscopic variables is to begin averaging
over volumes containing pores. A macroscopic variable is defined as an appropri-
ate mean over a sufficiently large representative elementary volume (R.E.V.), as
shown in Figure 2.2:

Applying Darcy’s equation over a r.e.v.:

vf = −K
µ
∇p (2.13)
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where vf is the Darcy velocity vector, ∂P/∂x is the pressure gradient in the flow
direction and µ is the dynamic viscosity of the fluid. The coefficient K is the
intrinsic permeability and is dependent on the geometry of the medium. Using
Carman-Kozeny, K can be written as

K =
D2ϕ3

180(1− ϕ)2
(2.14)

where Dp is the diameter of the medium (coral).
Since Darcy’s empirical flow neglects inertial or time dependent effects, the

law is only valid for creeping flows (Re << 1). To account for an increased
pressure drop at higher flow rate, the Forchheimer empirical model flow is used:

∇p = − µ
K

vf + βρvf
2 (2.15)

where β is the Forchheimer coefficient which is given by:

β =
CE√
K

(2.16)

where CE is the Ergun constant which is strongly dependent on the flow regime.

2.2.2.2 Heat transfer through a porous coral

Assuming that there is local thermal equilibrium so that Ts = Tf = T , where Ts
and Tf are the temperatures of the solid and fluid phases, respectively. Taking
averages over r.e.v, for the solid and fluid phases yield:

(1− ϕ)(ρc)s
∂Ts
∂t

= (1− ϕ)∇ · (ks∇Ts) + (1− ϕ)qs (2.17)

ϕ(ρcp)f
∂Tf
∂t

+ (ρcp)fU · ∇Tf = ϕ∇ · (kf∇Tf ) + ϕqf (2.18)

where the subscripts s and f refer to the solid and fluid phases, respectively, U
is the velocity vector, c is the specific heat of the solid, cp is the specific heat at
constant pressure of the fluid, k is the thermal conductivity, and q̇ is the heat
production per unit of volume [W/m3].

2.3 CFD governing equations

The physical laws governing porous media, fluid flow, and heat transfer processes
must firstly be defined as differential equations. The mass continuity governing
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equation was developed from the mass balance over a control volume (cell), fixed
in space, through which the fluid flows and can be written as

∂ρ

∂t
+∇ · (ρU) = 0 (2.19)

where U is the superficial velocity vector. Because the present model is at the
laboratory scale, any differences in seawater density will be very small, and are
therefore ignored, and fluid flow is treated as being incompressible. However,
the application of this modelling framework at larger scales, will require these
assumptions to be re-visited because changes in density are likely with changes
in salinity and temperature.

The momentum governing equation for laminar, viscous, incompressible, single-
phase water flow through a porous medium is given by

∂

∂t
(ϕU) +∇ · (U ·U) = ν∇2U− ∇p

ρ
+ Si (2.20)

where ϕ is porosity, ν is kinematic viscosity, p is pressure, and k is thermal
conductivity. The flow sink term, Si is composed of two parts, a viscous loss
term and inertial loss term, creating a pressure drop that is proportional to the
velocity and square of the velocity, respectively.

Si = −(νDij +
1

2
|U|Fij)U (2.21)

where Dij and Fij are represented as the scalars D and F. This is the classical
Darcy-Forchheimer equation. In this study, corals were assumed to possess ho-
mogeneous permeability and were treated as having isotropic permeability. The
Blake-Kozeny equation specifies viscous energy loss primarily in laminar flow as,

D =
150(1− ϕ)2

d2ϕ3
(2.22)

where, d is the diameter of the coral sample under investigation. The Burke-
Plummer equation denotes the kinetic energy loss primarily in turbulent flow as,

F =
1.75(1− ϕ)

dϕ3
(2.23)

Because the pressure drop for low velocity flow, as modelled here, is predomi-
nantly determined by viscous forces, the inertial or kinetic energy term can be
omitted. However, for high velocity flow, kinetic forces dominate the pressure
drop and must be retained.

41



2. HYDRO AND THERMAL PHYSICS IN CORAL
MICROENVIRONMENTS

The averaged momentum equation for steady, turbulent incompressible flow
can be written as:

∂

∂xj

(
ujui

)
= − ∂

∂xi

(
p̄

ρ

)
+

1

ρ

∂

∂xj

(
τij + τtij

)
− Si (2.24)

The above equation is known as the Reynolds-Average Navier Stokes equations
(RANS), where τtij is the Reynolds-stress tensor and τij is the mean laminar
viscous stress and is given by (see Appendix 1):

τij = µ

[(
∂ui
∂xj

+
∂uj
∂xi

)
− 2

3

(
∂uk
∂xk

)
δij

]
(2.25)

The Reynolds-stress tensor represents the transfer of momentum due to turbulent
fluctuations which is given by

τtij = 2µTSij −
2

3
ρkδij (2.26)

where Sij is the mean strain-rate tensor and k is turbulent kinetic energy which
is given as

k =
1

2
ui
′u′i =

1

2

(
u′2 + v′2 + w′2

)
(2.27)

The degree of turbulence can be adequately described using the intensity of tur-
bulence, I, and the scale of turbulence, l.

The final transport equation is the energy governing equation, which accounts
for heat flow within the models, including the effects of incident solar radiation.
In the porous zone models, I have treated all the corals as isotropic media with
uniform porosity and permeability. Although this may not be realistic in some
cases, I consider this to be a reasonable starting approximation. To describe the
temperature distribution in the porous coral tissue and skeleton, I assumed an
instantaneous local thermal equilibrium whereby Tc = Tf = T (where Tc and Tf
are the temperatures of the coral and the fluid, respectively). It can be expressed
as

(ρCp)m
∂

∂t
T + (ρCp)m∇ ·UT = ∇ · (km∇T ) + Sh (2.28)

where Sh accounts for heat source (such as the incident radiation on the tissue,
Qrad). Averaged material properties for the porous media were calculated using

ρeff = (1− ϕ)ρc + ϕρf (2.29)

Cpeff = (1− ϕ)Cpc + ϕCpf (2.30)

keff = (1− ϕ)kc + ϕkf (2.31)
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where Equations 2.29, 2.30, and 2.31 represent effective density, effective heat
capacity, and effective thermal conductivity of the medium, respectively. These
values were then used to calculate the thermal diffusivity of the medium, ΓTm ,
which is given by

ΓTm =
km

(ρCp)m
(2.32)

The source term added to the energy equation needs to be modified to have
the same dimensions as the other terms. The absorbed heat irradiance to each
cell in coral tissue in contact is q̇ · A [J s−1]. The other terms in the energy
equation has the dimensions of [J s−1 m−3] before dividing by (Cp · ρ). Therefore
the source term needs to be divided with the cell volume of the corresponding
cell in order to obtain the correct dimension (see Appendix 1).

The overall heat transfer parameters are highly dependent on the geometry
and density of the corals. Dividing equation 2.28 by the (ρCp)m term yields a
more standardised transport energy equation for porous media given as

∂

∂t
T +∇ ·UT = ΓT∇2T +

ΓT
k
Sh (2.33)

The angle of incidence (θ) and intensity (Qrad) of solar radiation that strikes
the coral’s surface (tissue) is also accounted for in the model. However, for the
purpose of validating the models against experimental measurements, the Qrad

term was calculated using an overhead (90◦) incident angle for solar radiation
delivered to the tissue surface. Hence, Equation 2.33 can be written as:

∂

∂t
T +∇ ·UT = ΓT∇2T +

αQrad

ρCp
(2.34)

The heat transfer energy equation in the incompressible turbulent flow remains
unchanged as the above with the additional viscous dissipation term added on
the right hand side of the equation. This term is important only in flows with
big velocity gradients, which is not the case here and thus, it is expected to be
negligible when determining the temperature. The turbulent heat dissipation can
be written as (

U · ∇T
)

=
k∇2T

ρCp
+
(
τ : ∇U

)
(2.35)

When a fluid flows over a surface, its first layer normally sticks to the boundary
(no slip boundary condition). This phenomenon causes the flow to decrease, in
this case, in the vicinity of the bounding coral surface, creating the hydrodynamic
boundary layer. A similar principle applies when the temperature between the
fluid and surface differ. The first layer of the fluid obtains its heat from the coral
surface through pure conduction. It then gives its newly acquired energy to all
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of the other fluid molecules through convection with which it comes in contact.
This layer between the fluid and the bounding coral surface is called the thermal
boundary layer. In this work, Equations 2.20 and 2.34 directly account for these
boundary layers based on the ascribed boundary conditions. The ratio of the
thermal vs hydrodynamic thicknesses is given by the Prandtl number

Pr =
Viscous Diffusion Rate

Thermal Diffusivity
=

ν

ΓT
(2.36)

Hence, a Prandtl number greater than 1 indicates that momentum diffusion is
the more dominant process resulting in a slightly thinner thermal boundary layer
(TBL) compared to the momentum boundary layer (MBL).

The mass, momentum, and energy conservation equations are solved over all
the fluid control volumes in the computational domain using the Finite Volume
Method (FVM). This solution provides results at each finite volume “cell” in the
model, at discrete time intervals (refer to Appendix 1 for further detail).

2.3.1 Numerical simulations and schemes

The SIMPLE (semi implicit method for pressure-linked equations) and PIMPLE
(merged PISO-SIMPLE) algorithms were used for both the steady-state and tran-
sient simulations, respectively (OpenCFD Ltd., 2010). The SIMPLE algorithm
determines pressure on a staggered grid from velocity components by applying an
iterative procedure coupled with the Navier-Stokes equations, whereas the PIM-
PLE combines SIMPLE which solves the pressure-velocity coupling implicitly
while the PISO (pressure implicit with splitting of operators) algorithm rectifies
the second pressure correction and corrects both velocities and pressures explic-
itly (Ferziger and Perić, 1999; OpenCFD Ltd., 2010; Versteeg and Malalasekera,
1995).

The schemes implemented for both convection divergence and Laplacian terms
were the Gauss linear upwind cell limited least squares and the Gauss linear lim-
ited 0.5, respectively. The generalised geometric-algebraic multi-grid (GAMG),
smoother Gauss-Seidel, and preconditioned bi-conjugate gradient (PBiCG) were
used to discretised pressure, velocity, and temperature governing equations, re-
spectively. The time discretisation schemes for laminar and turbulent simulations
were set to be steady-state and Euler, respectively.

This thesis mainly used two types of grids, predefined block structured hexa-
hedral and polyhedral, to represent both computational and coral domains with
approximately 900,000 cells for laminar flow simulations. In turbulent simula-
tions, it was necessary to place the grid line closest to the wall at an appropriate
distance in order to resolve the boundary layers within the first layer of cells
and the second layer consists only of flow with turbulent characteristics. For
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most low-Reynolds turbulence cases, the y+ was set approximately less than 1.0
ranging from 1 to 2.5 million computational cells.

Overall, the simulation in this thesis required ∼170 simulation runs on a
12-cores workstation, ∼1000 CPU hours, and ∼200 hours of both pre- and post-
processing data to obtain the model results.

2.4 Flow at the scale of fringing reef

Water circulation is a major factor in controlling a variety of key processes in
coral reef systems, including community structure, the exchange or dispersal of
nutrients and sediment transport within reef organisms (Hearn, 2011; Monismith,
2007). Circulation on reefs is predominantly driven by tide, wind, and wave over-
topping on the reef crest (Andrews and Pickard, 1990). The relative importance of
each mechanism varies between reefs and is a function of both a reef’s morphology
and the meteorological and oceanic forcing conditions at the site (Lowe et al.,
2009a). For fringing reefs, wave-over topping on the reef crest and the induced
inflow is considered to be the main driving force of circulation in Caribbean reefs
(Roberts et al., 1975, 1992), while tide is thought to be the main driving force
in fringing reefs at the GBR (Parnell, 1988). However, there has been little
consideration of the effect of wind direction on circulation. The reason is perhaps
that most of the studies of water circulation on coral reefs have been in trade wind
areas where wind conditions and induced swells are generally constant. However,
the effect of wind is crucial for coral reefs that are located in the monsoon areas to
determine the circulation pattern. Furthermore, the effect of wind on circulation
on fringing reefs on Davies Reef was found to significant and contributed 60% of
the total driving force (Pickard, 1986).

A typical fringing reef morphological system is often defined as having the
following distinctive features (Figure 2.3): an intertidal zone, a shallow reef flat,
a sloping forereef, and a back reef. Biological and morphological zonation of
corals on fringing reefs is often weakly developed due to their generally shallow
foundations (Hopley and Barnes, 1985).

The interaction between ocean and atmosphere has received increasing atten-
tion because it plays an important role in maintaining the existing climate and in
causing the long-range evolution of weather and climate. However, because of the
complexity of the phenomenon, it is very difficult to determine by simple physical
reasoning, or by simple analytic solution, how the atmospheric circulation affects
the ocean.

45



2. HYDRO AND THERMAL PHYSICS IN CORAL
MICROENVIRONMENTS

Figure 2.3. Fringing reef cross-section. Adapted from the Center for Coastal
Monitoring and Assessment, http://ccma.nos.noaa.gov

2.5 Heat transfer process on a shallow reef flat

The previous section examined heat transfer processes at laboratory-scale condi-
tions. This section briefly investigates the impact of atmospheric conditions on
the amount of heat transferred through the air-sea interface. Heat passes through
the air-sea interface through radiation, conduction, convection, and water-phase
transformation. In oceanography, conduction and convection are grouped to-
gether to form a sensible heat flux. A latent heat flux is used to denote the
heat transfer from a water-phase transformation, such as evaporation. Finally,
radiation is separated into short-wave and long-wave components. Thus, some of
the major solar heat flux determinants include short-wave radiation, long-wave
radiation, latent heat flux, and sensible heat flux.

Net heat flux Qa (Figure 2.4) is typically approximated as a residual of the
measurable components of the surface heat budget (Weller and Anderson, 1996)

Qn = Ql + Qs + QLW ↑ +QLW ↓ + (1− αs)QSW (2.37)

where Ql and Qs are latent and sensible heat fluxes that depend on wind speed,
air temperature, atmospheric pressure, humidity, and sea surface temperature.
QLW ↑ is emission of infrared (long-wave) radiation from the ocean surface, QLW ↓
is downward emission of infrared radiation from the atmosphere, and QSW is the
incoming solar (short-wave) radiation, and αs is the surface albedo.

The heat flux acts to change near surface buoyancy, whereby the net input of
heat increases the stratification by warming the upper ocean, while heat loss gen-
erates convection by cooling the surface and increasing density. The convection
driven by the latent heat loss of the ocean is further enhanced by the increased
salinity due to evaporation (Edson et al., 1999).

46

http://ccma.nos.noaa.gov


2. HYDRO AND THERMAL PHYSICS IN CORAL
MICROENVIRONMENTS

Figure 2.4. The heat balance of the system is maintained primarily by 4
fluxes: the sensible heat flux, the short-wave radiation flux, the long-wave
radiation flux, and the latent heat flux.

Steady-state heat balance model - Under natural field conditions each of the
above environmental parameters can fluctuate over relatively short time scales.
However, a simpler but more tractable version of the unsteady model is useful for
examining the steady-state (equilibrium) coral surface temperature exposed over
long periods of time to constant environmental conditions. Model predictions
are generated using ray-tracing models and environmental heat flux parameters
collected using satellite-altimetry data.

2.6 A coupled CFD-ocean-atmosphere system

Few computational works have quantified water circulation in fringing reefs lo-
cated in a monsoon area with a horizontal spatial resolution less than 200 m.
Therefore, there exists a gap between physical oceanographic and atmospheric
studies which typically focus on flow at the reef scale, and biological questions
that often require knowledge of flow conditions at particular points on the reef
or the spatial distribution of these smaller-scale flow fields (Hench and Rosman,
2013).

The framework of the models developed in this work aim to quantity the radia-
tive transfer of natural daylight conjointly incorporating the dynamical processes
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of spatial flow in coral microenvironment. The roughness conditions of the ocean
surface can affect the elevation angle of the Sun that subsequently alter both
the quality and quantity of light that enters the ocean. Hence, the models also
considered the sea-state conditions such as calm to lightly rippled ocean surfaces.
In my model of the physical system, the data values representing a single phys-
ical parameter - i.e. cloud cover, atmospheric pressure, sea turbidity, SST, tidal
elevation, or wind velocity or stress direction - are grouped together to form a
qualitative field that determines the mean variation of the downwelling irradiance
and the vertical attenuation coefficients. Using simulation of a variety of cases
with different flow velocities, downwelling irradiance, and salinity conditions, the
thermal stress in corals can be quantified and analysed (Figure 2.5).

Cloud
Cover

IRRADIANCE

Convection
Precipitation

Runoff

SEDIMENTATION
SALINITY
NUTRIENTS

Mesoscale currents

Zooxanthellae

CaCO3 saturation

Wind Stress

Wave amplitudeDepth
Surface
currents

Photosynthesis

Calcification/growth

Temperature

Turbidity

Figure 2.5. Schematic diagram summarising key meteorological and
atmospherical processes of the system.

2.6.1 Nearshore ocean models

Here, I implemented a coupled model consists of Regional Ocean Modelling Sys-
tem (ROMS) for a hydrodynamic model and Simulated Waves Nearshore (AN)
for a wave model. ROMS used for the study is a version with model coupling
and nesting. The model is coupled with a tool called Model Coupling Toolkit

48



2. HYDRO AND THERMAL PHYSICS IN CORAL
MICROENVIRONMENTS

(MCT), which allows two-way coupling among multiple sub-models. With its
two-way coupling, ROMS, in turn, provides SWAN with water elevations and
current fields (Warner et al., 2008). The model implemented for this study is
a 3-D barotropic model, which means that temperature and salinity values are
constant and do not vary with time and depth.

Regional ocean modelling systems (ROMS): ROMS is a member of a
general class of three-dimensional, free surface, terrain following numerical models
that solve three dimensional Reynolds-averaged NavierStokes equations (RANS)
using the hydrostatic and Boussinesq assumptions (Haidvogel et al., 2008; Shchep-
etkin and McWilliams, 2005).

Simulating waves nearshore (SWAN): The model SWAN is is a phase-
averaged wave model that solves transport equations for wave action density
N (energy density divided by relative frequency) in either stationary or non-
stationary mode (Booij et al., 1999). SWAN can be run separately and the output
used to force the hydrodynamic routines (one-way coupling) or, alternatively,
SWAN can be run concurrently with the circulation model with two-way coupling
whereby currents influence the wave field and waves affect the circulation (Booij
et al., 2004).

Model Coupling Toolkit (MCT): The MCT allows the transmission and
transformation of various distributed data between component models that con-
stitute a parallel coupled system (Larson et al., 2005). The modules are used
during the compilation and the libraries are linked to build the executable files.
Each model calls the MCT during execution to send and receive data.

Surface to subsurface velocity projection: The approximation of the
velocity variation with depth is consequently derivable in terms of orthogonal
basis functions from the sea surface kinematic and dynamic boundary conditions;
specifically, the viscous momentum and shear equations evaluated at the sea
surface. For detailed model description, constraint, and governing equations,
refer to (Shen and Evans, 2001).

2.6.2 Ray-tracing methods

The previous section described the overall treatment of the problem, without
detailed discussion of the calculation of the solar irradiance source term Sh. While
it is possible to calculate the radiative heat gain using one of many complete
radiation models, these approaches are typically computationally expensive and
give little benefit for the investigation of coral bleaching. The radiative transport
process was implemented using a hybrid approach of Monte Carlo ray tracing
suite of codes based on known light behaviour, Radiance (Ward, 1994c), with
spatially spectral dependent absorption and scattering coefficients of seawater
and coral colonies which in turn computes radiant energy falling on a coral surface
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according to the Sun’s location and atmospheric condition by interpolating the
RGBE component values. RGBE is an image format that stores pixels as one
byte each for RGB (red, green, and blue) values with a one byte shared exponent,
thus it stores four bytes per pixel. For more on the use of Monte Carlo techniques,
see Tregenze (1983) (Tregenza, 1983).

The rate at which solar energy falls on a unit horizontal surface per second
are characterised into two basic components: direct normal and diffuse horizontal
irradiances. Direct normal irradiance is the flux of beam radiation through a
plane perpendicular to the direction of the sun at its current position in the sky,
while diffuse horizontal irradiance is a solar radiation that has been scattered
by molecules and aerosols in the atmosphere. The total solar radiation on a
horizontal surface which is the sum of the diffuse radiation incident on a horizontal
surface and the direct normal irradiance projected onto the horizontal surface is
called global horizontal irradiance (Equation 2.38 and Figure 2.6).

Igh = Idh + Idn sin θ (2.38)

where Igh is the global horizontal irradiance, Idh is the diffuse horizontal irradi-
ance, Idn is the direct normal irradiance, and θ is the sun altitude.

a)

b) c)

Figure 2.6. Irradiance on a flat-plate collector: (a) global horizontal (sky and
sun), (b) diffuse horizontal (sky only), and (c) direct normal (sun only).

2.6.2.1 Radiance

The algorithm of Radiance is based on a backward ray-tracing program from
Lawrence Berkeley Laboratory (Ward, 1990, 1992, 1994a,b,c; Ward and Heck-
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bert, 1992; Ward and Rubinstein, 1988; Ward et al., 1988; Ward and Shakespeare,
1998). Radiance was used here to account for the contribution from unobstructed
and interreflected solar radiation on the solar heat gain through coral surfaces.
The algorithm employs recursive techniques in a lighting simulation program for
daylighting and artificial lighting calculations and graphical rendering of a space.
The program accounts for all surroundings, regardless of geometry, and calculates
the luminance at positions throughout the scene. It can accommodate surfaces
with arbitrary bi-directional reflectance and transmittance distribution functions
(BRTDF), meaning surfaces with non-ideal specular or diffuse properties; sur-
face roughness (texture); planar and non-planar surfaces; surfaces with varying
geometries; and tilted surfaces.

The light behaviour of Radiance utilises the Monte Carlo technique to compute
radiant energy falling on a point or surface by interpolating the three component
values RGBE which follow the standard XYZ tristimulus colour space (Interna-
tional Commission on Illumination, CIE) (Ward, 1994c). These RGB channels
are wavelength independent and can be used to produce a complete solar ra-
diation spectrum, namely infrared, visible (photosynthetically active radiation,
PAR), and ultraviolet radiation. I focus here mainly on the latter two spectrum.
Radiance can also generate an accurate description of the distribution of cloud
cover across the sky, which can be varied between sunny, cloudy, and overcast
conditions. I denoted the state of the sky by using the fraction of the sky obscured
by clouds, for example cloudy sky has more than 70% cloud cover. Secondary
atmospheric variables such as sky turbidity, water vapour content, and cloud type
can be readily implemented in the model.

2.6.2.2 Solar irradiance load model

My solar irradiance load model was used to calculate the heat source due to
the radiation effects from the sun’s rays that enter a computational domain by
implementing the Radiance ray-tracing approach. The solar model is a highly
efficient and practical means of applying solar loads as heat sources in the CFD
energy equations. The solar model includes a solar calculator utility that can be
used to construct the sun’s location in the sky for a given time-of-day, date, and
position.

The algorithm for determining the heat loads in the solarCalc was as follows:

1. Convert coral geometry information into the radiance scene description for-
mat

2. Provide solar position information as azimuth and elevation; or as latitude,
longitude and time
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3. Add additional objects to radiance scene description as required

4. For each triangular facet of the original geometry:

Determine its centre and normal direction

Execute Radiance to determine the facet irradiance

Store the values for later search

5. For each computational cell on the coral surface:

Determine the nearest intersecting facet

Calculate the area of the facet intersecting the cell

Search the computed irradiance on the facet

Convert to volumetric heat source term for the cell

6. Store the resulting volumetric heat-source for use in the CFD simulation.

In step 1 the coral geometry is typically available as a stereo-lithography
surface (STL) file, which is also used as the basis of the computational mesh.
Additional objects that may be included in the scene are items such as a reflective
ground, light scattering due to the ocean surface or other reef structures that may
be present.

The resulting heat flux that is computed by the solar ray-tracing algorithm
is coupled to the CFD calculation via a heat source term in the energy equation.
The heat sources are added directly to computational cells bordering each face and
are assigned to adjacent cells. Other inputs that affect the spectral models, such
as material properties, absorptivity and transmissivity, angle of solar incidence
can be readily included in the solar load model.

2.6.3 Variation of attenuation coefficients (Kd)

Solar radiation received at the ocean surface is constantly changing both tempo-
rally and spatially. Variations in the irradiance field above and below the water
surface have implications for the energy balance of coral habitats in aquatic envi-
ronments. Cloud cover, water clarity, sea-state, and tides combine to reduce the
intensity of both the quality and quantity of light that enters the ocean.

There are many ways of measuring light attenuation in the oceans. A common
method involves the use of a Secchi disk which measures the reflectance values
of the intensity of light backscattered per meter of water depths (Preisendorfer,
1986). The light extinction coefficient, Kd, can be estimated using Beer-Lambert’s
law:

Ī(k̄d, z̄) = Ī0exp(−k̄dz̄) (2.39)
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Figure 2.7. Left: Attenuation of daylight in the ocean in % per meter as a
function of wavelength. Right: Percentage of 465 nm light reaching indicated
depths for the same types of water. Adapted from Jerlov (1976) (Jerlov, 1976).

where, Iz is the intensity of light at depth z from I0, the intensity of light at the
ocean surface. However, this technique provides no insight to the attenuation of
specific wavelengths within light spectrum.

2.6.3.1 Effects of water turbidity

Turbidity refers to the amount of light that is scattered or absorbed by a fluid.
Some studies have associated the importance of turbidity with bleaching mitiga-
tion (Bayraktarov et al., 2013; Fabricius, 2005).

The water clarity can have a profound effect on the radiant heat entering the
water column. Ocean water turbidity (inverse of clarity) has been classified into
fourteen categories often referred to as Jerlov Water Types (Figure 2.7) (Jerlov,
1976). Five of these categories model deep ocean turbidity while the other nine
model coastal turbidity. The study originally classified deep ocean water into
three categories, I: extremely pure ocean water; II: turbid tropical-subtropical
water; III: mid-latitude water; 1-9: coastal waters of increasing turbidity. Inci-
dence angle is 90◦ for the first three cases, 45◦ for the other cases.

The waters with different optical properties can be characterised biologically
as oligotrophic, mesotrophic, and eutrophic, ranging from the least to the most
absorbent. Oligotrophic water has low biological production low nutrients. Eu-
trophic water has high biological production and high nutrients and mesotrophic
water is moderate in both respects. The amount of irradiance varied and atten-
uated due to turbidity is shown in Figure 2.8 (Jerlov, 1976); the tabulations of
vertical attenuation coefficients at any sea surface height can be readily estimated
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Figure 2.8. The amount of irradiance varied and attenuated due to turbidity.
Adapted from Jerlov 1976 (Jerlov, 1976).

using Table 2.1.

Table 2.1. Loss of light in one metre of seawater (%). From Jerlov 1976
(Jerlov, 1976).

violet blue-green yellow orange red

Wavelength (nm) 300 400 460 500 540 580 640 700
Oceanic, most clear 16% 4% 2% 3% 5% 9% 29% 42%

Oceanic, least clear 57% 16% 11% 10% 13% 19% 36% 55%

Coastal, average - 63% 37% 29% 28% 30% 45% 74%

2.6.3.2 Effects of clouds

Local patterns of cloud cover may influence the susceptibility of reefs to mass
bleaching and subsequent coral mortality during periods of anomalously high
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SST (Mumby et al., 2001). Their findings explained that patterns of cloud cover
may partly account for spatial patchiness in bleaching intensity and/or bleaching-
induced mortality in other areas. They suggested that coral reef monitoring
programmes consider the incorporation of cloud cover so that the synergies of
SST and irradiance in determining mass coral bleaching might become clearer.

Sky models in Radiance may be useful in this context and can be divided into:

� the uniform luminance model

� the CIE overcast sky model

� the CIE clear sky model

� the Matsuura intermediate sky model

For details of each these sky models, refer to Appendix 2. In this thesis, I denote
the state of the sky by using the fraction of the sky obscured by clouds, for
example cloudy sky has more than 70% cloud cover.

2.6.3.3 Effects of tides

Spring low tides coinciding with high noon irradiance have the potential to cause
widespread bleaching or mortality. However, tides can vary in range up to several
meters and reduce the amount of irradiance on reef corals.

The model for the downward flux of solar radiation due to water depth is
given by:

Iz
I0

= R(z/ζ1) (2.40)

where I is the irradiance at depth, z is the vertical coordinate positive upward
with origin at mean sea level, I0 is the incident less reflected and emergent irradi-
ance at the surface, and ζ1 is the attenuation length. The parameter values for R
and ζ1 are given in Table 2.2 (Paulson and Simpson, 1977), the values were then
fitted to the data of Jerlov’s (1976) (Jerlov, 1976, 1968) classification of water
types of I, IA, IB, II, and III.

Table 2.2. Values of parameters based on Equation 2.40

Parameters I IA IB II III

ζ1 (m) 0.35 0.60 1.00 1.50 1.40

R (m) 0.58 0.62 0.67 0.77 0.78
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2.6.3.4 Effects of sea-state

When light hits the water surface, some light penetrates and the rest is reflected.
The amount of light that is reflected is determined by the angle between the light
rays and the water surface. When the Sun’s rays are perpendicular to a smooth
ocean surface, reflectance is low. When the solar rays are oblique to the ocean
surface, reflectance is increased. If the ocean is rough with waves, reflectance
is increased when the Sun is at high elevation and decreased when it is at low
elevation. Values associated with the change in sunlight reflectance with the Sun’s
elevation angle are listed in Table 2.3.

Table 2.3. Sunlight reflectance

Sun’s elevation angle (◦) 90 50 40 30 20 10 5

Reflectance (%) 3 3 4 6 12 27 42

The calculated values of percentage of reflectance from water surfaces based
on Fresnel’s law (Weinberg, 1976) is shown in Figure 2.9.

Since latitude is related to the elevation of the Sun above the horizon, light
penetration is always less at the higher latitudes all else being equal. When
the atmospheric effects (i.e. cloud cover, density layering, fog, and dust) are
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considered with reflectance, solar elevation has a significant effect on the amount
of light penetrating the ocean surface.

2.7 Summary

Corals and coral reefs are shaped by hydrodynamic and thermodynamic processes.
This chapter detailed the development of a novel, open source, coupled CFD
with ray-tracing and hydrodynamics models to explore the physiological and and
environmental stressors – irradiance, water flow, and coral morphological features
(colony shape, size, tissue thickness, and pigmentation) – that could ultimately
be used to assess the variability of thermal stress in the coral microenvironments.
These techniques will be validated and further developed in the following chapters.
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Chapter 3

Flow and heat budgets at a
controlled lab-scale environment

In this chapter, validation simulations against case studies of thermal stress in
coral microenvironments under various scenarios at a laboratory scale condition
are presented. Simulations have been validated against various experimental stud-
ies, available from the peer-reviewed literature as reference cases.

The works presented in this chapter are published as follows:

� Ong, R., A. King, B. Mullins, T. Cooper, and M. J. Caley (2012). Develop-
ment and validation of computational fluid dynamics models for prediction
of heat transfer and thermal microenvironments of corals. PLoS ONE 7(6),
e37842.

� Ong, R., A. King, B. Mullins, T. Cooper, and M. J. Caley (2011). Com-
putational fluid dynamics model of thermal microenvironments of corals.
Modelling and Simulation (MODSIM).

� Ong, R., A. King, B. Mullins, M. J. Caley, and T. Cooper (2012). CFD
simulation of low-Reynolds number turbulence models in coral thermal mi-
croenvironment. Australian Fluid Mechanics Society.
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3.1 Validation case of laminar flow

The experimental study of Jimenez et al. (2008) (Jimenez et al., 2008) was used
to validate the CFD modelling approach developed in this work. Jimenez et al.
(2008) conducted their experiments in a flow chamber (10 cm height × 5 cm width
× 25 cm length) with a sand covered floor. A steady inlet flow was maintained
in the horizontal (length) direction. Measurements of coral surface temperatures
of cylindrical branches cut from corals were made in their flow chamber (Jimenez
et al., 2008). They explored coral surface temperatures under two environmental
temperature scenarios: steady-state and transient.

In their steady-state experiment, flow was maintained at 0.002 m s−1, and
temperature at 26◦C. Heat was provided by a fiber-optic light source with a col-
limating lens to focus light on the coral surface. The same experimental setup
was also used outdoors, where corals (Porites lobata and Stylophora pistillata)
were exposed to direct sunlight ranging from approximately 500 to 950 W m−2.
Coral surface warming was estimated as the difference between coral surface tem-
perature and ambient water temperature after 30 min of exposure to direct solar
irradiance. Downwelling irradiance was measured with a submersible light log-
ger, while temperature measurements of both water and coral surface were made
using thermocouples connected to a data logger.

The transient experiments, in contrast, were done to monitor the effects of
temperature changes at the surface of corals under changing light regimes. The
corals (Cyphastrea serailia and Seriatopora hystrix ) were heated by direct illu-
mination using a fiber optic light source (spectral range from 400-730 nm) fitted
with an adjustable lens. Corals were held in darkness for approximately 5 min
before a dark-light shift was imposed, employing an irradiance of 600 W m−2.
Temperatures were estimated by inserting microsensors into the coral tissue or
into the mouth of a polyp. The point source temperatures were then averaged
for each coral, in order to obtain an average tissue (surface) temperature.

Another set of steady-state experiments were carried out using two hemispher-
ical colonies (P. lobata and Favia sp.) and one branch of S. pistillata to investigate
thermal boundary layer properties. Here temperature profiles were measured at
two irradiances (1,080 and 2,080 µmol photons m−2 s−1; approximately 310 and
600 W m−2) using two flow rates (0.002 m s−1 and 0.013 m s−1). The thermal
conductivity of tissue (silicone) is approximately set to 0.22 Wm−1K−1, and the
skeleton (aragonite) is set to 2.1 Wm−1K−1 (Joshi, 2013). Based on their empir-
ical models, Jimenez et al. (2008) suggested the light absorptivity of the tissue
of the three coral species used in their steady-state experiment ranged from 0.13
to 0.28, depending upon species and pigmentation levels of individual colonies.
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3.1.1 Grid independence analysis

Grid convergence was investigated to test whether the modelled solutions were
independent of grid resolution. The purpose here was to reduce truncation error
and establish the minimum degree of grid resolution required. Simulations were
initially performed on coarse grids then followed by successively finer grids to
observe the effects of grid resolutions on coral surface temperatures. I varied the
number of grid cells from 150,000 to 1,000,000 cells with a constant time step of
1.0 s. As the grid becomes finer, the solution should become less sensitive to grid
spacing and approach an asymptotic convergence value. I tested a range of coral
species with massive and branching growth morphologies for grid convergence.

3.1.2 Model configurations

To simulate the conditions used by Jimenez et al. (2008), three-dimensional
geometries for massive and branching corals were generated (Figure 3.1). The
low Reynolds numbers estimated for their experimental setup indicated laminar
flow conditions (Table 3.1). The characteristic length scale was defined as coral
diameter. Coral geometries were modelled for both thermal regions, tissue and
skeleton, each with its own thermal performance functions. The diameters and
lengths of branching corals modelled here are the same as those used by Jimenez
et al. (2008) (Jimenez et al., 2008).

Figure 3.1. Conceptual representation for both models and the experiment
apparatus used by Jimenez et al. (2008) Left: massive/hemispherical coral.
Right: branching coral

The mesh near the coral was finer than anywhere else in the domain in order
to adequately capture the momentum and thermal boundary layers. I used two
types of grids, predefined block structured hexahedral and polyhedral, to rep-
resent both computational and coral domains with approximately 900,000 cells
each depending on the shapes and sizes of the corals being considered. To de-
crease simulation time, computations were run in parallel using 4 CPU’s using
decomposition methods in OpenFOAM.
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Table 3.1. Dimensions of corals used by Jimenez et al. (2008)

Species Name Experiment Diameter (mm) Re

Porites lobata Steady 35 (hemisphere) 72a & 468b

Stylophora pistillata Steady 6 (cylindrical, 6 mm long) 12a & 80b

Favia sp. Steady 35 (hemisphere) 72a & 468b

Cyphastrea serailia Transient 50 (hemisphere) 100a

Seriatopora hystrix Transient 3 (cylindrical, 6 mm long) 6a

a indicates flow of 0.002 m s−1, b indicates flow of 0.013 m s−1

3.1.3 Skeletal density and permeability measurements

The mean bulk and true densities and porosities were estimated for cores of
coral skeletons to provide data for modelling flow permeability through them.
Here, I assessed the flow permeability and porosity of representative samples
for each species used by Jimenez et al. (2008) (except for the hemispherical
coral C. serailia, which was unavailable). Skeletal samples were sectioned into
defined volumes, dried in an oven at 105◦ C, then weighed to estimate the skeletal
bulk density (ρb = m

V
). Porosity values were then calculated using equation 3.1.

Porosity φ is defined as the fraction of the total volume of a medium, which
is occupied by void space. Thus 1 - φ is the fraction that is occupied by solid
material.

φ = 1− ρb
ρt

(3.1)

where ρb is the bulk density, and ρt is the true density.
To investigate the permeability of a coral to transmit fluids, samples of random

coral specimens were placed in a test chamber half filled with water and then
subjected to a given flow rate of air. The pressure gradient is determined by
measuring the pressure differential across the upstream and downstream from
the specimens, from which the coefficient permeability of each specimens was
determined.

3.1.4 Sensitivity analysis

My estimates of skeletal bulk density of each coral species may have been prone
to experimental error. If so, such error could have implications for predicting
coral skeleton temperatures. To examine the potential accuracy of our skeletal
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bulk-density predictions to the rate of temperature rise for hemispherical and
branching coral skeletons, the volumes of each coral sample were varied ± 10%
at a constant heat flux of 750 W/m2 and steady inlet flow of 0.002 m s−1. Table
4 summarises the parameters used for sensitivity analysis on hemispherical and
branching coral skeletons.

Table 3.2. Parameters used in the sensitivity analysis

Inlet reference pressure 0 Pa

Inlet temperature 26 ◦C

Inlet velocity 0.002 m/s

Skeletal bulk volume ± 10%

Heat flux 750 W/m2

3.1.5 Model boundary conditions

In order to adequately simulate the flow conditions corresponding to the exper-
imental work of Jimenez et al. (2008), it was necessary to assign initial and
boundary conditions to the flow domain. Fixed-value boundary conditions for
superficial velocities of 0.002 m s−1 and 0.001 m s−1 were applied at the inlet and
bottom domains, respectively. A zero-gradient boundary condition constrains the
normal gradient of the boundary patch to zero, while the slip boundary condition
sets the normal velocity component to zero. The pressure at the inlet was fixed at
the zero gradient condition. The pressure at the outlet were fixed at the reference
pressure, while the outlet velocity was fixed at the zero gradient. The velocity
and pressure at the domain sides was fixed at the slip boundary condition. The
initial and boundary conditions for velocity, pressure, and temperature are shown
in Table 3.3.
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Table 3.3. Initial and boundary conditions of Jimenez et al. (2008)

Variables Initial Value Walls Top Bottom Inlet Outlet

pref 0 Pa S S ZG ZG FV

u 0.002 m s−1 S S FV 0.001 m s−1 FV ZNG

T 26◦C S S FV FV ZG

S: Slip, ZG: Zero Gradient, ZNG: Zero Normal Gradient, FV: Fixed Value

3.1.6 Results

3.1.6.1 Skeletal density and coral permeability

The estimated (and assumed) porosity values for each of the species examined by
Jimenez et al. (2008) are presented in Table 3.4.

Table 3.4. Estimated skeletal porosities

Species Name Skeletal Porosity

Porites lobata 0.475± 0.003

Stylophora pistillata 0.431± 0.003

Cyphastrea serailia 0.500∗

Seriatopora hystrix 0.405± 0.003

∗ Species not available. Realistic value for massive coral assumed

The experiment indicates that there was no significant permeability through
intact living tissue, however, in many cases, the activity of borers and coral graz-
ers will result in openings allowing percolation and increased skeletal porosity.
The slight variations in both total porosity and porosity-permeability trend (Fig-
ure 3.2) can be explained to a large degree by the various range of coral sizes and
depositional fabrics of calcite grainstones.
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3.1.6.2 Grid independence analysis

Except for P. lobata, the number of cells needed to reach steady-state coral tissue
warming was approximately 600,000. For P. lobata, the surface warming oscil-
lated strongly and only converged on a solution at approximately 800,000 cells
(Figure 3.3). These results suggest that the grids used in the models (900,000
cells) were sufficiently fine to capture these heating dynamics, and therefore, the
solutions were derived within this asymptotic range. Further refinement of the
grid would be unlikely to yield significant variations to the results.

Figure 3.3. Grid independence analysis based on varying the number of grid
cells at constant flow (0.002 m s−1) and two irradiances (600 W m−2 for C.
serailia and S. hystrix and 750 W m−2 for P. lobata and S. pistillata)

3.1.6.3 Steady-state simulation

Coral surface warming is given as a deviation from the ambient water temper-
ature (26◦ C) under a constant inflow condition (0.002 m s−1) and direct solar
irradiances. For the hemispherical coral, P. lobata, the temperature differential
increased with increasing irradiance at a flow rate of 0.002 m s−1 (Figure 3.4).
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However, for the branching coral, S. pistillata, the surface warming showed no
significant increase with increased irradiance at the same flow rate (Figure 3.5).
For S. pistillata, the branching coral, the A/V ratio was 1,666, and for P. lobata,
the hemispherical coral, the A/V ratio was 257.

Figure 3.4. Comparisons of simulated and experimental surface warming of
hemispherical coral P. lobata

Both the experimental data of Jimenez et al. (2008) and the CFD models
agreed well with a linear relationship between coral surface warming and irradi-
ance; consistent with heat transfer theory. The greatest temperature difference
between the experimental and simulated data was 0.15◦C (22%) for the hemi-
spherical coral at 825 W m−2. The average temperature difference between the
models and experimental results for branching coral and hemispherical coral were
0.03◦C and 0.13◦C, respectively. An increase in flow velocity from 0.002 m s−1 to
0.013 m s−1 under constant irradiance of 600 W m−2 resulted in a slight decrease
of surface warming for all coral species (Table 3.5).
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Figure 3.5. Comparisons of simulated and experimental surface warming of a
branch of S. pistillata

Table 3.5. Effect of low flow (U=0.002 m s−1) and high flow (U=0.013 m s−1)
on coral surface warming under constant irradiance of 600 W m−2

Favia sp. S. pistillata P. lobata

Parameters Low U High U Low U High U Low U High U

4T (exp.) 0.56 0.35 0.38 0.16 0.60 0.57

4T (model) 0.50 0.35 0.35 0.21 0.58 0.52

3.1.6.4 Transient-state simulation

Dark-light shift simulations (described in the model validation section) were per-
formed for the massive coral C. serailia and the branching coral S. hystrix. Il-
lumination in the experimental data commenced at 143 s and 235 s for hemi-
spherical and branching corals, respectively (Figure 3.6 and Figure 3.7). The
time constants from both the modelled and experimental data after the onset
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of illumination were nearly twice as long for the hemispherical coral (340±10s
and 310±10s, respectively) than for the branching coral (180±10s and 220±10s,
respectively). The calculated A/V ratios of the hemispherical coral (C. serailia)
and the branching coral (S. hystrix ) were 180 and 3,000, respectively. These
differences in A/V ratios were consistent with the differences in time constants.

Figure 3.6. Surface warming of corals in response to a dark-light shift of
hemispherical C. serailia

The results of the transient-state simulations agreed well with the experimen-
tal results of Jimenez et al. (2008), as well. The smaller temperature increase
experienced by the branching coral compared to the hemispherical coral was also
consistent with theoretical expectations and their experimental results. Mean
temperature differences between their experiments and the simulations in hemi-
spherical and branching corals were 0.08◦C and 0.03◦C, respectively.
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Figure 3.7. Surface warming of corals in response to a dark-light shift of
branch of S. hystrix

3.1.6.5 Flow patterns inside corals

The two-dimensional velocity magnitude and coral surface warming at different
cross-sectional planes are shown in Figure 3.8 and Figure 3.9 for both hemispher-
ical and branching corals. Note that only one slice has coral within its bounds,
the coral cross section is shown as a thick black line in the Z4 = [0]m plane.
Due to the absence of turbulence, the flow fields show homogenous distributions
throughout the domain and isotropic behaviour of coral tissue and skeleton.
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Figure 3.8. Slices of axial velocity, temperature magnitude, and contour for
six different cross sectional planes of hemispherical P. lobata
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Figure 3.9. Slices of axial velocity, temperature magnitude, and contour for
six different cross sectional planes of a branch of S. pistillata

72



3. FLOW AND HEAT BUDGETS AT A CONTROLLED LAB-SCALE
ENVIRONMENT

3.1.6.6 Sensitivity analysis

An increase in bulk density at a constant heat flux decreased the overall surface
temperature for hemispherical coral in a similar but inverse manner to porosity
changes (Figure 3.10). However, the bulk density variation for branching coral
had little or no effect on overall temperature rise.

Figure 3.10. Sensitivity analysis of skeletal temperature rise to variations in
bulk density under constant irradiance of 750 W m−2

3.1.7 Discussion

The simulation results were broadly consistent with the experimental results of
Jimenez et al. (2008) with respect to thermal and temporal responses of corals
under irradiation, and the effects of coral shape and size. In steady-state light
conditions, the effects of A/V ratios was as expected given heat loss should in-
crease with increasing surface area and decrease with decreasing volume. The
higher A/V ratio of the branching coral S. pistillata compared to the hemispher-
ical coral P. lobata was consistent with the expectation from theory that heat
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loss should be greater with a branching morphology. Under transient light con-
ditions, the higher A/V ratio of the branching coral S. hystrix means that heat
would be dissipated to the environment faster than it would be from the hemi-
spherical/massive coral, C. serailia. Therefore, under equivalent illumination a
longer time would be required for branching corals of an equivalent volume/-
mass to reach equilibrium with their immediate thermal environment. Typically,
however, massive corals have a considerably greater volume/mass ratio, and as I
observed here, hemispherical corals heated at a slower rate, taking nearly twice
as long to equilibrate. In this case, the effect of faster cooling resulting from
different A/V ratios was over taken by thermal mass effects. Temperature values
were obtained for each finite volume over the entire coral surface area in the CFD
simulations, which contrasted with the microsensor approach of the experimental
study (Jimenez et al., 2008). In this way, the highest temperature reached on a
coral’s surface (for the idealised geometry) was easily obtained.

An increase in skeletal bulk density (inversely proportional to porosity) may
result in an increase in the viscous and inertial resistance where forced convec-
tion becomes ineffective. The penetration of flow through the coral skeleton will
reduce the heat transfer coefficient and lead to decreased fluid residence time and
contact surface area between coral skeleton and fluid. As a result, the intensity
of energy transfer between phases will reduce the temperature gradient of the
coral skeleton. Given substantial inter-colony variation in skeletal bulk density
and porosity (Roche et al., 2010), such physical features of coral may be useful
for predicting coral bleaching responses. It should, however, be noted that flow
through corals would normally only be expected in injured (damaged/predated)
corals, which would therefore already be stressed.
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3.2 Validation case of turbulent flow

In the previous section, I established the potential of CFD in predicting the ther-
mal stress imposed on corals by their thermal microenvironments under laminar
flow conditions. However, in the overwhelming majority of cases, the external
flow stream carries with it a certain degree of turbulence.

Here, the experimental study of Fabricius (2006) (Fabricius, 2006) was used
to validate the low-Re turbulent CFD model. She conducted an experiment
which exposed a range of different coral species and pigmentations (hemispherical
coral (Favia matthaii), '90 mm) to direct sunlight ranging from high irradiance
(1,500-1,600 µmol m−2 s−1 or ∼800 W m−2) to low irradiance (120-350 µmol m−2

s−1 or ∼150 W m−2) (Figure 3.11). Pigmentation was measured as background
fluorescence, F0, which here is defined as a proxy of a light-absorptivity coefficient
where F0=100 as near white and F0=600 as dark brown. Measurements were
taken outdoors in flow chambers with a steady inlet flow maintained at 0.01,
0.02, and 0.05 m s−1 (only the latter flow speed was investigated since I am
interested in validating the turbulence models, Re ' 4600), and a temperature of
29.3◦C. Coral surface warming was given as the difference between coral surface
temperature and ambient water temperature after a period of exposure to solar
irradiance.

Figure 3.11. Model set-up and boundary conditions for the simulation

Although, the large eddy simulation (LES) and direct numerical simulation
(DNS) may yield exact turbulence structure solved on the grid given the exact
initial and boundary conditions. However, for the majority of experimental cases,
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the turbulence structures are a mean representative of space and time scales of
the ones occurring from the corresponding set of experiments. Furthermore, the
focus of this work will shift from a smaller to larger scale, hence, RANS was
selected because in practice LES and DNS are not effective choice of turbulent
models. Moreover, the RANS was selected due to the widely used and trusted
models for handling the low Reynolds number such as the Spalart-Allmaras (SA)
and the Menter k − ω shear stress transport (SST) turbulence models.

3.2.1 Setting grid

The low Re turbulence model was employed in the region of the viscous sublayer,
which lies approximately in y+ ≤1. The dimensionless quantity of normalised
distance from the wall, y+, is defined as

y+ =
y · u∗
ν

(3.2)

u∗ =

√
τw
ρ

(3.3)

τw =
Cf ρU0

2

2
(3.4)

Cf =
0.0791

Re−0.3
(3.5)

where y is the actual distance from the wall, u∗ is the friction velocity, and τw is
the wall shear stress (WSS).

In this particular case study, the y+ '0.5 with '1,500,000 cells.

3.2.2 Boundary conditions

To adequately accommodate the flow conditions corresponding to the experiment,
it was necessary to specify free stream boundary conditions. I estimated the
turbulence intensity, I, and length scale, l to be ∼0.05-0.1% and ∼30% of the
coral diameter, respectively. The primitive turbulence model variables can then
be computed from the following Table 3.6 and 3.7.

where Cµ represents a constant of 0.09. For a Cartesian coordinate system, k
is given by:

k =
1

2

(
U ′2x + U ′2y + U ′2z

)
(3.6)

where U ′2x , U ′2y , and U ′2z are the fluctuating components of the velocity in the
three dimensional directions.
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Table 3.6. Free-stream model variables

Parameter formula

k 3
2

(
IŪ
)

ε Cµ0.75k1.5

l

ω Cµ
−0.25

√
k
l

To impose boundary layers in the viscous sublayer region and to accommodate
convergence, the initial conditions of k and ω at the wall are specified differently
from the free-stream conditions. The rest of the bounding boundaries were set
as a symmetry plane which applies zero gradient condition for scalars and vector
fields.

Table 3.7. Initial and boundary conditions of Fabricius (2006) validation study

Parameter floor inlet outlet

k (m2s−2) 10−10 TIKEI IO

ε (m2s−3) FV TMLDRI IO

ω (s−1) 60 ν
β1 y2 TMLFI IO

νt (m2s−1) C C C

u (m s−1) (0 0 0) FV IO

T (K) FV FV ZG

*SP: symmetry plane, ZG: zero gradient, ZNG: zero normal gradient, FV: fixed value, C:
calculated, TIKEI: turbulent intensity kinetic energy inlet, TMLDRI: turbulent mixing length
dissipation rate inlet, TMLFI: turbulent mixing length frequency inlet

3.2.3 Results and discussion

Due to the absence of empirical measurements of axial velocity and wall shear
stress at the upstream of the outlet, here I only validate the turbulence models
based on the heat transfer performance of measured coral surface warmings. In
this study, four of the most popular Low-Reynolds-number models were selected
in the benchmark comparisons - the two equations k − ω SST, the two equation
k−ε model Launder-Sharma, the two equations k−ω, and the one-equation model
Spalart-Allmaras (Figure 3.12, 3.13, and 3.14). The k−ω SST and k−ε Launder-
Sharma models both agree well with the experimental data and are much less
dissipative which results in higher values of calculated velocity. These two models
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tended to establish downstream laminar flow when the free-stream turbulence
level was low

(
µt
µ
≤ 0.1

)
(Roy and Blottner, 2001). I also compared the sensitivity

of the four models to free stream turbulent parameters and wall spacings. The
results of the Spalart-Allmaras model show a reasonable agreement with the
experimental data and insensitive to the free stream intensity values ranging
from 1-15%. The two-equation models showed stronger sensitivity towards the
turbulence levels in that the solutions tended to be laminar when the free stream
levels were low, and vice versa (Roy and Blottner, 2001).
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The results demonstrated that the magnitude of the temperature rise in coral
tended to increase linearly with increasing pigmentation/absorptivity (Figure 3.12
and 3.13). The mean and standard deviation of the low irradiance and high irra-
diance experimental results were 0.267±0.094 (99.7% confidence intervals: -0.015
to 0.549) 0.457±0.232 (99.7% confidence intervals: -0.239 to 1.153), respectively.
The root mean squared error (RMSE) for each of the models associated with the
experimental results is reported in Table 3.8.

Table 3.8. RMSE among the turbulence models and experimental results

RMSE (◦C) k − ω SST k − ω k − ε L-S S-A

Low irradiance 0.433 0.823 0.152 0.561

High irradiance 0.273 1.033 0.154 0.361
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3.3 The effects of polyp-scale morphology in ther-

mal microenvironments

Coral morphology, i.e. size, shape, and composition (e.g. tissue thickness and
permeability) of coral colonies explains best observed variation in bleaching sus-
ceptibility (Guest et al., 2012; Ong et al., 2012; Shenkar et al., 2005). Variation
in coral morphology, however, is confounded by coral systematics as morphol-
ogy is strongly conserved among large groups of coral species and ranges from
highly complex branching structures to simple hemispherical and encrusting forms
(Veron, 1995, 2000). In coral species where colony architecture is influenced by
light, differences in colony form may directly result in variation of thermal stress
and subsequently alter the host’s photoautotrophic activity (Hoogenboom et al.,
2006; Porter, 1976).

Despite the potential importance of temperature of coral microenvironment
into the regulation of coral energy budget and physiological processes, only a few
of experimental studies have considered the temperature of corals and the heat
fluxes at their surface. Fabricius (2006) measured the surface temperature of a
number of shallow-water corals and showed that more densely pigmented corals
heated more than less densely pigmented ones, an effect that was enhanced under
low water flow conditions (Fabricius, 2006). Jimenez et al. (2008) also detailed
the heat budget of a coral exposed to solar radiation and water flow under con-
trolled experimental conditions and on a reef flat under naturally fluctuating con-
ditions of flow and irradiance (Jimenez et al., 2008). These experimental studies
provided the first evidence that the thermal microenvironment can play an im-
portant role in the microscale processes involved in coral bleaching. In order to
better understand such relationships between water temperature and coral mor-
phology, I previously developed a heat transfer model that was coupled with fluid
dynamics to study coral thermal microenvironments under controlled laboratory
conditions. Our approach using computational fluid dynamics (CFD) models al-
lowed us to study different coral species, morphologies and pigmentations and
model the response of these corals to various conditions of thermal consistency
and flux and different flow conditions.

Corals are modular organisms in which each coral colony consists of numerous,
interconnected, genetically identical modules, the polyps. Given the intricacy of
modelling this micro-polyp scale architecture, it is impractical to achieve the level
of texture detail using computer-aided-design (CAD) software. Previously, I in-
vestigated coral surface warming for smooth surface topographies with a uniform
tissue layer covering the skeleton, thereby viewing colonial organisms as inte-
grated wholes rather than structured collections of small polyps. Here I extend
the work of the previous section 3.1 by analysing the effects of coral surface topog-

83



3. FLOW AND HEAT BUDGETS AT A CONTROLLED LAB-SCALE
ENVIRONMENT

raphy and outlining the potential contributions of surface area-to-volume (A/V)
ratios at different polyp depths (PD) to micro-polyp scale processes in influencing
the thermal dynamics of coral microenvironments. A previously published study
that explored the effects of convection and boundary layer thickness on colony
morphology (Jimenez et al., 2011) was used for validation.

I used experimental boundary layer measurements collected in a flow chamber
by Jimenez et al. (2011) (Jimenez et al., 2011) for coral colonies of two species
to validate our CFD models. The two coral species used in their experiment,
both with massive morphologies, were Leptastrea purpurea, (colony dimensions:
diameter ∼35 mm, depth: ∼1 mm, and ∼1.3 mm spacing) and Platygyra sinensis,
(colony dimensions: diameter ∼45 mm, depth: ∼2 mm). As discussed above,
corals consist of two distinctive regions: an almost impermeable layer of tissue
covering the surface of the colony and a highly porous calcareous skeleton and
each region possesses slightly different thermal properties. Because the validation
case study (i.e. Jimenez et al. (2011)) used corals that would likely have had
significant permeability on their cut faces (see above), I structured our models to
account for this combination of porous and non-porous surfaces. Furthermore, our
model assumed the effect of metabolic mass transfer, the heat generated due to
photochemical conversions, on the overall coral surface warming to be negligible
(Cooper, 2008).

3.3.1 Model validation

Jimenez et al. (2011) used a flow chamber, 10 cm high, 5 cm wide, and 25 cm
long with a sand covered floor maintained at a steady flow of 0.01 m s−1 at
25◦C ambient temperature. Irradiance was provided by a fixed heat source set
to 1500 µmol photons m−2s−1 (∼430 W m−2). They constructed temperature
contour maps using microsensors from multiple temperature micro-profiles mea-
sured along a transect across a single polyp and perpendicular to the direction
of water flow (Jimenez et al., 2011). To simulate the conditions used by Jimenez
et al. (2011), 3-D geometries for massive corals were modelled using computer-
aided design open-source software, Blender, to resemble as closely as possible
the shapes and dimensions of the coral colonies they used (Fig. 3.15). The low
Reynolds numbers estimated for their experimental setup indicated laminar flow
conditions (∼350-450).

I configured the polyped architecture as hemispherical dimples employed in
each of the streamwise and spanwise directions with dimple spacing of approxi-
mately 1.2 mm. While I primarily consider effect of dimple depth by changing
depth dimple spacing also changes. This is an unavoidable physical constraint,
but it is also physiologically realistic. The aspect ratios of dimple depth to dimple
diameter implemented here for L. purpurea and P. sinensis are approximately
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Figure 3.15. Conceptual representations of geometrical characteristics for both
model species, (i) P. sinensis and (ii) L. purpurea, and (iii) the experimental
setup used by Jimenez et al.(2011). Each corals consisted of hemispherical
dimples with approximately 400,000 polyhedral computational cells.

0.44 and 0.27, respectively. These morphological attributes of polyps will di-
rectly impact a coral’s A/V ratio. Despite obvious allometric changes in form
during growth (Porter, 1976), the A/V ratio for a smooth coral surface assumes
a minimum dependent on the magnitude of the critical dimension. This is the
dimension that remains after the surface area is divided by the volume. For in-
stance, a disk-shaped coral with living tissue, A/V = πr2/πr2h = 1/h, and the
height of the disk, h, is the critical dimension.
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3.3.2 Surface area and volume estimations

The A/V ratio is an essential parameter in determining the thermal and me-
chanical properties of differently shaped and sized morphologies and has many
other important implications in biology (e.g. metabolisc scaling with body size).
Indeed, the relationship between coral body size and metabolic rate has been of
particular interest to ecologists and marine scientists (Gould, 1966; Loya et al.,
2001; Patterson, 1992a). Monitoring of the surface area and volume of corals is
also useful for assessing growth, and can thereby provide insight into the health
of coral reef ecosystems (Vago et al., 1994).

The suite of image analytical techniques used to estimate the physiological
parameters of corals (mainly surface area) by coral biologists has advanced sig-
nificantly in the last decades (Edmunds and Gates, 2002; Holmes, 2008; Jones
et al., 2008). This suite of techniques includes wax dipping which provides very
good estimation of the surface area of coral skeletons along with external coral-
lites, regardless of the morphological complexity of the coral colony being studied;
whereas X-ray computed tomography (CT) scanning provides the highest resolu-
tion surface area estimates by detecting surface features smaller than 1000 µm2

(Veal et al., 2010). In contrast to these previously developed methods, here I
estimate both the surface area and volume of coral models simultaneously using
a cell looping technique that calculates and increments cell area and volume using
a mesh-based implementation. This method has low error rates associated with
complex morphologies. The theoretical calculations of surface area and volume
of a simple hemispherical and cylindrical shape coral were validated against our
numerical estimation.

3.3.3 Numerical simulations

The magnitude of net irradiance absorbed by an area of coral surface is a function
of the coral’s spectral properties such as reflectivity and transmissivity which, in
turn, is determined predominantly by its darkness and orientation to the heat
source’s position. The absorptivity value for both coral species studied here were
set at 0.5 following the experimental results of Jimenez et al. (2011). The thermal
conductivity of seawater was 0.62 W m−1 K−1, the tissue (mesoglea) was set to
approximately 0.22 W m−1 K−1 (Joshi, 2013), and the skeleton (aragonite) was
set to 2.1 W m−1 K−1 (Ong et al., 2012). The heat balance of the coral then
modelled as a function of the losses from convection into the surrounding water,
conduction from the tissue into skeletal layers, and the emission of heat radiation.
These computed values of absorbed net irradiance were subsequently converted
into volumetric heat flux values via the energy term (Equation 2.33), thereby
taking into account both the gains as losses of heat at the coral’s surface.
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Boundary and initial conditions were also set to closely resemble the experi-
mental conditions set by Jimenez et al. (2011). Consequently, fixed-value bound-
ary conditions for superficial velocity of 0.01 m s−1 was applied at the inlet. A
zero-gradient boundary condition constrains the normal gradient of the bound-
ary patch to zero, while the slip boundary condition sets the normal velocity
component to zero. The pressure at the inlet of the apparatus was fixed at the
zero gradient condition. The pressure at the outlet was fixed at the reference
pressure, while the outlet velocity was fixed at the zero gradient. The velocity
and pressure at the domain sides was fixed at the slip boundary condition. The
initial and boundary conditions for velocity, pressure, and temperature are shown
in Table 3.9.

Table 3.9. Initial and boundary conditions used to model conditions of the
apparatus used by Jimenez et al. (2011).

Parameter (units) Initial value Surrounds Floor Inlet Outlet

p (kg m−1 s−2) 0 S ZG ZG FV

u (m s−1) 0.01 S ZG FV 0.01 ZNG

T (K) 298 S FV FV ZG

*S: slip, ZG: zero gradient, ZNG: zero normal gradient, FV: fixed value

The governing equations of fluid flow and heat transfer along with the afore-
mentioned boundary conditions were solved numerically using the control volume
in the computational domain using the Finite Volume Method (FVM) (Ferziger
and Perić, 1999). The pressure-velocity coupling were resolved using the SIMPLE
(semi implicit method for pressure-linked equations) algorithm which calculates
pressure based on the velocity components by applying an iterative procedure
coupled with the Navier-Stokes equations. The resulting system of algebraic
equations is solved using the Gauss-Seidel iterative technique, with successive
over-relation to improve the convergence time. A grid sensitivity analysis based
on Richardson Extrapolation which aims to reduce truncation error and deter-
mine grid independent solutions were performed previously (Ong et al., 2012).
The mesh near the coral was finer than anywhere else in the domain in order
to adequately capture the momentum and thermal boundary layers. I used two
types of grids, predefined block structured hexahedral and polyhedral, to rep-
resent both computational and coral domains with approximately 900,000 cells
each with a constant time step. Further refinement of number of cells would likely
have had little impact on the overall results. To simulate the effects of irradiance
across the integrated colony due to polyp depth, I implemented the ray-tracing
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technique where the intersecting facet of each polyhedral cell on the coral surface
was determined using Radiance (Ward, 1994c).

3.3.4 Results

3.3.4.1 Analysis of polyp depths (PD) and surface area to volume
(A/V) ratios

The predicted surface areas and volumes from the proposed model agreed reason-
ably well with the theoretical results (Table 6.4) exhibiting low root-mean-square
errors (RMSE) between the two measurements.

Table 3.10. Comparison of the actual and estimated surface area and volume

Shape Size (m) Actual Model RMSE

A (m2) V (m3) A (m2) V (m3) A (m2) V (m3)

Hemisphere 0.5 φ 0.39 0.0327 0.41 0.0331 0.020 4×10−4

Cylinder 0.3 φ & 0.3 h 0.283 0.0106 0.262 0.0123 0.021 0.002

The surface area was defined as the entire area of living coral tissue; the volume
was the volume of the entire skeleton plus tissue. Small polyps break up the
smooth surface, thereby increasing the coral surface area. For massive or rounded
coral species whose bases contact the reef substrate, only the upper living surface
was used in the calculation of their A/V ratios. The A/V ratio of each of the coral
species is plotted here against their polyp depths (Fig. 3.16). These points yield
curves that are best represented by exponential functions, where L. purpurea:
A/V = 0.33·exp(0.13×PD) and P. sinensis : A/V = 0.25·exp(0.21×PD). Note
that in general, high A/V ratios tend to have deep polyps, and vice versa.
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Figure 3.16. The surface area to volume (A/V) ratio against polyp depth
(PD) of: (a) P. sinensis and (b) L. purpurea. These points are most closely
described by exponential curves.
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3.3.4.2 Coral thermal dynamics and their relationship to PD and A/V
ratios

The effects of maximum irradiance or light capture across the colony due to PDs
showed that smaller PD colonies were more suited for light interception (Fig 3.17).
The difference in irradiance levels between 1 mm and 5 mm PD for L. purpurea
and P. sinensis were 1.2 and 1.4 W m−2, respectively, which is unlikely to cause
any significant contributions to the overall surface warming of the colonies.
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Figure 3.17. Irradiance levels at the microscale polyps due to polyp depth
(PD) for P. sinensis and L. purpurea.

The experimental results of Jimenez et al. (2011) and the results of our models
were broadly consistent (Fig. 3.18). The greatest differences in temperature rise
between 5 mm PD and a smooth surface (0 mm PD) for L. purpurea and P.
sinensis were 0.18◦C and 0.19◦C, respectively. Similarly, species having large PD
and a high A/V ratio were associated with higher surface warming (Fig. 3.19).
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Figure 3.18. Comparisons of observed and modelled warming of polyp
surfaces over: (a) P. sinensis and (b) L. purpurea under a fixed inlet flow of
0.01 m s−1 heated to 430 W m−2.
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Figure 3.19. The A/V ratio of P. sinensis and L. purpurea plotted against
surface warming under a fixed inlet flow of 0.01 m s−1 heated to 430 W m−2.

3.3.4.3 Boundary layer thicknesses

The equilibrium surface warming in L. purpurea(∼2 mm PD) and P. sinensis(∼1
mm PD) at a flow rate of 0.01 m s−1 and ∼430 W m−2 were 0.39◦C and 0.34◦C,
respectively (Fig. 3.20). The effective TBL thickness (δT ) and MBL thickness (δ)
of both species increased almost linearly with increasing PD (Fig. 3.20). Tem-
perature differences at the surfaces of these two corals resulted from variations
in the thickness of the TBL. In this study, however, the TBL thickness of these
two species did not differ substantially. It appears, therefore, that these corals
had similar efficiencies regarding convective heat transfer despite their differences
in morphology (Fig. 3.21). TBL thickness ranged from 1.0 to 2.5 mm, whereas
MBL thickness was approximately 1.5 and 1.8 times thicker in L. purpurea and
P. sinensis, respectively, which indicates viscous diffusion is a more dominant
process in this case than thermal diffusion (Fig. 3.22).
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Figure 3.20. Comparisons of observed and modelled contour maps of surface
warming over two neighbouring polyps for (a) P. sinensis and (b) L. purpurea,
under flow of 0.01 m s−1 heated to 430 W m−2. Observed values obtained from
Jimenez et al. (2011).
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Figure 3.21. Coral surface warming plotted against the thermal boundary
layer thickness (µm) under a water flow of 0.01 m s−1 heated to 430 W m−2.
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3.3.5 Discussion

The interspecies differences in coral surface warming modelled here can be at-
tributed to variation in the polyp depth (PD), regularity and/or uniformity, and
area-to-volume (A/V) ratio. Polyp depth and polyp spacing had a direct relation
to the heat transfer enhancement. Decreasing the polyp depth yields less varia-
tion in the heat transfer coefficients across the depth and diameter of the polyp,
which in turn, may alter the flow characteristics and increase the heat transfer
coefficients. A small increase in polyp diameter and depth can cause an increase
in surface area on a micro-topological scale that can be functionally related to
the overall A/V ratio. In our model increasing PD was associated with an expo-
nential increase in the A/V ratio which in turn led to a higher surface warming.
This result is consistent with a similar report by Ong et al. (2012), where the
surface warming of a branching coral with a higher A/V ratio was greater than
that of a hemispherical coral with a lower A/V ratio. These observations are also
consistent with the notion that heat transfer is directly proportional to surface
area, whereas heat capacity is proportional to volume. Hence, the A/V ratio
would be expected to influence heat accumulation and dissipation. Moreover,
our simulation results suggest that while differences exist in surface warming be-
tween smooth and dimpled surfaces with varying PD (up to 5 mm), they are not
substantially different (∼0.18-0.19◦C) and that these differences can be largely
attributed to increasing A/V ratios. Therefore, with respect to heat transfer and
assuming that heat generated due to physico-chemical conversions is trivial, phys-
iologically integrated massive colonies with smooth-surfaced are likely to replicate
similar thermal profiles compared to colonies with polyp-surfaced.

Similarly, species with smaller PDs are likely to better at light interception
and capture because of the increase in surface area. This finding also agrees
well with theories and field observations that colonies with high A/V ratios typi-
cally occur in deep water or other low-light environments and often display more
“open” geometries that should also increase the efficiency of light capture, the
irradiance intercepted per unit volume. Furthermore, many small polyps should
also increase the photosynthetic surface area more than a few large ones, and
are therefore favoured the branching morphology with a greater A/V ratio. For
massive or flat plate-like species whose bases contact the reef or seafloor, only
the upper living surface tissue is used in the calculation of their A/V ratio, hence
is less effective in light interception and capture. However, from a biological
standpoint, larger-polyped species that have smaller A/V ratios should maximise
the efficiency at capturing prey items due to the bigger projected surface area,
hence may procure nutrients and energy through symbiosis. The mass diffusive
transport in production of energy is affected by flow regime and colony shape and
size (A/V ratio) which can be determined from the Sherwood-Reynolds (Sh-Re)

95



3. FLOW AND HEAT BUDGETS AT A CONTROLLED LAB-SCALE
ENVIRONMENT

plots; likewise, an analogous principle can be applied to examine heat transfer
performance using the empirically derived relationship of the Nusselt-Reynolds
(Nu-Re) plots.

Temperature differences may also be attributed to variations in the thickness
of the TBL. However, in this study, various TBL thicknesses were associated with
similar efficiencies of convective heat transfer. The convection coefficient can be
expressed as an inverse relationship of the thickness of the TBL (h = k/δT ),
rearranging Equations 2.3 and 2.2, the warming can be written as:

∆T =
δT I α

k
(3.7)

Therefore, for a given irradiance (I), the slope of the relationship between warm-
ing (∆T ) and TBL thickness (δT ) (Fig. 3.21) should be proportional to the coral’s
absorptivity (α), and inversely proportional to the thermal conductivity of the
medium (km = (1− φ)kc + kf ). Thus, thermal properties (conductivity and heat
capacity) of both tissue and skeleton as well as the morphological traits (size and
shape of the colony) may affect the thermal dynamics in coral microenvironments.

Furthermore, because morphological variation in coral aggregations can be
strongly influenced by light/irradiance and water flow rates (Anthony et al., 2004;
Berkelmans et al., 2004; Helmuth et al., 1997), the concept of coral thermal mi-
croenvironments has profound implications not only in the context of thermal
stress but also in relation to many temperature-controlled processes, such as
rates of metabolism and growth. For example, skeletons of massive Porites sp.
are widely used as proxies of past and present SST (Barnes and Lough, 1993,
1999; Barnes et al., 1989). Their rates of linear extension increase by 27% of the
mean with each 1◦C warming (Lough and Barnes, 2000). However, this relation-
ship between SST and coral growth along spatial and temporal gradients may
over-estimate the effects of temperature in coral skeletons where microenviron-
mental temperatures systematically deviate from SST values. This relationship is
expected to become more complex given the expected dependence of coral surface
temperatures and pigmentation and area of percolation through openings and in-
creased porosity due to grazers or predators (Ong et al., 2012). By understanding
better these relationships between metabolic or growth rates with colony surface
warming, the thermal microenvironment of corals may help refine predictions of
the effects of climate change on corals.

In the past, gradients of boundary layer conditions for corals have been mea-
sured using micro-sensors under laboratory conditions. In contrast, the CFD
methods presented here have allowed to generate a more complete representa-
tion of boundary layers that could affect the surface temperatures of these corals.
Although, laminar boundary layers can readily be measured experimentally, in
the presence of turbulence, predicting turbulent boundary layer thicknesses is
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more difficult due to the time-dependent variation of the flow properties and
smaller thickness and are thus harder to observe experimentally. In addition,
the heat transfer-based CFD techniques used here are analogous to mass trans-
fer approaches. As a result, these methods could also be used to estimate the
concentration boundary layer for evaluating the diffusion flux of dissolved nu-
trient uptake by a coral. These CFD type models, therefore, may have much
broader application to many different problems related to coral morphology and
physiology under a wide range of environmental conditions.

In conclusion, I have shown that numerical results from CFD can help resolve
energy transport and TBL conditions. These methods compare well with the
experimental study of Jimenez et al. (2011). From a heat transfer perspective,
physiologically integrated smooth-surfaced massive colonies can be appropriate
for modelling the thermal profiles of colonies consisting of modular polyps. Fur-
thermore, the differences in morphological traits between the two species consid-
ered here appear equally effective in terms of light modulation at the colony with
polyps achieving similar irradiance levels.

3.4 Summary

In this chapter I developed and presented a comprehensive set of CFD valida-
tion simulations against the existing experimental data from the literature. The
initial simulation predicted the coral surface warming in the steady state and
transient irradiance scenarios under a steady laminar and turbulent flow under
a controlled laboratory experiments. It also explored the effects of coral surface
architectures between smooth and polyped on the overall thermal dynamics in
the coral microenvironments.

The results from this chapter showed that coral bleaching predictions should
not rely simply upon satellite imagery of SST. Instead, there is much to learn by
modelling flow dynamics and heat transfer even within single coral colonies to
improve bleaching predictions.
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Chapter 4

Solar load model for
measurement of spectral
irradiance

A subset of the work presented in this chapter is published as follows:

� King, A., B. Mullins, and R. Ong (2011). Prediction of surface warming
in corals using coupled irradiance and computational fluid dynamics mod-
elling. 9th Australian Heat and Mass Transfer Conference - 9AHMTC.

This chapter implements a ray tracing method to quantify the global horizon-
tal irradiance (Igh) due to the direct normal irradiance (Idn) and diffuse horizontal
irradiance (Idh). It then uses the resulting data to determine the volumetric heat
flux on coral surface to calculate the surface warming due to solar radiation and
percolation flow through a porous coral using our previously established compu-
tational fluid dynamics (CFD) model.

Analysis of the semi-diurnal sun elevation angles and solar irradiance of the
ray-tracing model was conducted against the sky-scanner data for calm or lightly
rippled sea-states. The contributions of specific wavelengths including the ultra-
violet radiation (UVR, 280 to 400 nm) and photosynthetically active radiation
(PAR, 400 to 700 nm) is also included. Furthermore, the variation in down-
welling irradiance levels due to water clarity or turbidity, tide, and clouds are
investigated.

The technique presented in this chapter considers the basic concept of direct
sunlight and diffuse skylight passing through the ocean surface and underwater
environment. The analysis of light transmissions due to breaking waves, wakes
around corals, splashes from bodies that impact the coral surface are all assumed
to be trivial with respect to the overall volumetric heat flux in the CFD energy
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equation, and hence are not considered further here. Moreover, to test the so-
lar load model’s capabilities of handling diffuse and specular inter-reflection of
the light and the material properties, the light distribution of the branching and
massive coral surfaces were measured and compared against experimental obser-
vations. In addition, the effect of exteriors properties such as coral pigmentation
and tissue thickness in modulating the light field within the coral tissues is also
investigated.

4.1 A Brief description of the solar load model

The model implementations and mathematical governing equations and further
details about the model are given in the Chapter 2 and Appendix 2.

The model was implemented using the backward ray-tracing suite of Radi-
ance codes. Firstly, the scene description for the CIE standard sky distribution
depending upon the position of the sun at the given month, day, and time on
a 24-hour clock was generated using the gensky command. The sky radiance
distribution model has the capacity to produce an accurate sky description which
can vary from clear to overcast. Here, the state of the sky is denoted by the
fraction of the sky obscured by clouds, for instance, cloudy sky had more than
70% cloud cover.

The spectrum from visible to ultraviolet light correspond to the wavelength
range of 280-700 nm and a colour range of violet to red. The photometric equiv-
alent of irradiance is illuminance, measured in lumen/m2 (lux). To calculate the
irradiance based on the given coordinate of a point and a vector direction of points
and directions, rtrace traces illuminance from the standard input through the
generated scene based on the wavelength traced. The spectral RGB irradiance
can be computed as follows:

irradiance = 0.265×R + 0.67×G + 0.065×B (4.1)

The attenuation effects of solar irradiance in the underwater environment
suggest that not only the intensity of downward irradiance decreases with depth
but also the spectral quality. Here I implemented the standard of loss of visible
light wavelength in coastal turbid water (Jerlov, 1976) as previously shown in
Table 2.1. The local fractions of red green blue (RGB) values of light at each
visible spectrum were calculated, then multiplied by the proportion of the ito
obtain the remaining luminous absorbed by the colony surface. The calculated
RGB values of light was then converted to the total irradiance per meter of water
depths.
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4.2 Converting photon irradiance to energy ir-

radiance

Light has a wavelength and a frequency that can be considered as a stream of
particles, photons, or quanta. The photometric units of light is in moles per
square meter per second (mol m−2 s−1), where moles refers to the number of
photons (1 mol of light = 6.02×1023 photons, Avogadro’s number). This light
measurement term is known as photon irradiance.

Quanta and energy units can readily be interconverted, provided that the
wavelength of the light is known. The energy of a photon is related to its wave-
length as follows:

E =
hc

λ
(4.2)

where c is the speed of light (3×108m s−1), h is Planck’s constant (6.63×10−34J
s), and λ is the wavelength of light, usually in nm (1 nm = 10−9m). To solve for
the hλ, the energy of a photon can be written as:

E =
1, 988× 10−16J

λ
(4.3)

A photon of 400 nm light contains 4.97×10−19 J and a 700 nm photon contains
2.84×10−19 J.

For example, 5 µmol of 400 nm light falling on 1 m2 s−1 every second, or
a photon irradiance of 5 µmol m2 s−1. To convert photon irradiance to energy
irradiance, firstly, µmoles is converted to moles (1 µmol = 10−6mol): 5 µmol
m2 s−1 × 10−6mol µmol−1 results in 5×10−6mol m2 s−1 of photons, or quanta.
Calculating the number of quanta from Avogadro’s number gives: 5×10−6 mol
quanta m2 s−1 × 6.02×1023 quanta mol−1 = 3×1018 quanta m2 s−1. Each pho-
ton or quantum of 400 nm light contains 4.97×10−19 J . Thus, 4.97×10−19 J
quantum−1)×3×1018 quanta m2 s−1 yields 1.5 J s−1 m−2. Since 1 J s−1 = 1 W;
thus, the energy irradiance of 5 µmol of 400 nm is 1.5 W m−2, and, 5 µmol of
700 nm is 0.8 W m−2.

4.3 Solar heat gains and underwater attenua-

tion coefficients

An understanding of the role of solar radiation in coral bleaching is often hin-
dered by the lack of measurements of the contribution of spectral broadband
wavelengths in solar radiation, namely ultraviolet radiation (UVA, 315 to 400
nm; and UVB, 280 to 315 nm) and photosynthetically active radiation (PAR,
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400 to 700 nm). Unlike, sea surface temperature (SST), which can be monitored
remotely using satelites and continuously recorded using in-situ sensors, solar
radiation measurements above and below water demand expensive instrumenta-
tion, regular calibration, and intensive mainentance (Dunne and Brown, 2001).
The interpretation of solar radiation data is also a great deal more complex be-
cause it is much more variable than SST in time and space. Temporally, whilst
SST changes relatively slowly, underwater solar radiation may vary rapidly due
to wave focusing effects and changes in cloud cover. Spatially, SST is uniformly
experienced by the coral colony, whilst solar radiation is very different depending
on the vertical angle and compass direction of the coral surface, and the under-
water light field. The light field (intensity and wavelength) is modified by factors
such as the water depth, water quality (suspended and dissolved matter), above-
surface weather, and orientation of the direct solar radiation. In shallow water
the tidal regime and sea level anomalies play a major role in controlling the water
depth and the angle of sunlight reflectance (Alados-Arboledas et al., 2000; Dunne
and Brown, 1996, 2001).

The solar load model was implemented based on the backward ray-tracing
algorithm in Radiance (Ward, 1990, 1992, 1994a,b,c; Ward and Heckbert, 1992;
Ward and Rubinstein, 1988; Ward et al., 1988; Ward and Shakespeare, 1998), that
was used as a practical means of quantifying daylight irradiance and applying it
in the solar load model as a heat source in the CFD energy equations. Radi-
ance is based on physically realistic and true behaviours of light and is capable
of simulating the specular daylighting luminance of the sky by using irradiance
caching to efficiently account for the flexible diffuse interreflection and transmit-
tance between surfaces of complex geometries (Mardaljevic, 1995, 2000; Reinhart
and Walkenhorst, 2001). The model implemented a solar calculator utility that
was used to construct the sun’s location in the sky for a given time of day, date,
and position. Here, we perform a number of validation studies largely based on
the direct and diffuse illuminances under multiple sky conditions simulated with
Radiance against the values of sky-scanner data.

4.3.1 Validation of surface solar irradiance

The experimental study of Brown et al. (1994) (Brown et al., 1994) took place on
intertidal reef flats along the southeast coast of Phuket, Thailand (Figure 4.1).
Brown et al. (1994) measured the solar irradiance for typical clear sky conditions
at Phuket Marine Biological Centre (PMBC) on 4 March 1993 using a Macam
Photometric SR 9910 double-grating spectroradiometer fitted with a teflon cosine-
corrected 2π collector (Brown et al., 1994). The spectroradiometer was calibrated
before use at the ambient temperature (29◦C), and the scans ranged from 280 to
700 nm (Brown et al., 1994).
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Measurements of solar irradiance were conducted for three variously oriented
surfaces (Brown et al., 1994):

� ’horizontal surface’ the plane of the cosine collector was oriented parallel to
the earth’s surface

� ’inclined irradiated surface’, at 50◦ elevation to the horizontal (zenith angle
40◦) and 254◦ compass bearing (west facing)

� ’inclined shaded surface’, at 50◦ elevation to the horizontal and 74◦ compass
bearing (east facing)

Furthermore, the solar load model was compared against the hourly solar
elevation data at three different times of the year in order to quantify the effects
of seasons, latitude, and time of day on the solar elevation angles and irradiance
levels. The measurements of solar elevation angles used here took place at Heron
Island (23◦26′S) during 21 June, 21 September, and 21 December. The data
were provided by the Geoscience Australia: National Mapping Division (http:
//ga.gov.au/).
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Figure 4.1. Location of southeast coast of Ko Phuket, Thailand, showing the
surrounding intertidal reef flats and the location of the Phuket Marine
Biological Centre (PMBC)

4.3.1.1 Results and discussions

The semi-diurnal measurements of the global horizontal irradiance levels and
solar elevation or altitude angles for PAR, UVA and UVB between the model
and the spectroradiometer scans are shown in Figures 4.2 and 4.3. The inclined
irradiated and shaded surface irradiance measurements for UVA and PAR are
shown in Figures 4.4 and 4.5. There were no available spectroradiometer scans
of inclined irradiated and shaded surface irradiance levels for UVB. However,
differences in irradiance on differently oriented surfaces were likely to have been
trivial and are ignored here.
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Figure 4.2. Global horizontal irradiance of PAR and sun altitude for typical
clear sky conditions at PMBC (4 March 1993)
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Figure 4.3. Global horizontal irradiance and sun altitude for a clear sky
condition on 4 March 1993 at PMBC for short-wave UVB (280 to 315 nm) and
long-wave UVA (315 to 400 nm)
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Figure 4.4. Inclined irradiated and shaded irradiances and sun altitude for
typical clear sky conditions on 4 March 1993 at PMBC for long-wave UVA (315
to 400 nm)
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Figure 4.5. Inclined irradiated and inclined shaded irradiances and sun
altitude for typical clear sky conditions on 4 March 1993 at PMBC for PAR
(400 to 700 nm)
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Validations against measurement data showed that the solar load model re-
sults agreed very well with experiments, especially for the global horizontal ir-
radiance. The horizontal surface received almost identical levels of UVR in the
afternoon as the inclined irradiated surface for solar elevation angles of 65◦ or
less. The measurements also showed stronger irradiation on the inclined irradi-
ated surface than on the horizontal surface for PAR with a maximum difference
of ∼20-25% (Brown et al., 1994).

Solar irradiance has many potential targets and mechanisms, for examples,
providing radiative heat, desiccating, benefiting or damaging wavelength-related
photosystems or cells. The measurements of irradiance on differently oriented
surfaces were almost identical with respect to UVR between the horizontal and
inclined irradiated surfaces. These empirical results concur with Schauberger
(1990) whose work included comprehensive short wavelength UVR irradiance
profiles for a single sun altitude angles of 66◦ (Brown et al., 1994).

Our findings are also consistent with the theoretical physical effects of the
differently angled surfaces with respect to an energy beam (Lambert’s cosine
law), the orientation of the plane of the surface to the natural horizon, and the
wavelength-dependent atmospheric scattering of solar radiation. These all deter-
mine that an inclined irradiated surface will receive increased direct irradiance
but reduced diffuse irradiance compared with a horizontal surface during the
afternoon (Brown et al., 1994).

Figures 4.6 and 4.7 show the effect of seasons, latitude, and time of day on
the elevation solar angles and irradiance levels, respectively. Between sunrise and
sunset, the elevation angle of the sun increases from an angle of zero degrees at
sunrise to its highest point at around noon, and then decreases to zero degrees
at sunset.
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Figure 4.6. Validation of ray-tracing simulation and experimental diurnal
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4.3.2 Variation of attenuation coefficients

The attenuation of downward solar irradiance in a shallow water suggests that
not only the intensity of downward irradiance decreases with increasing depth
but also the distribution of spectral RGB quality. The attenuation of light in
different ocean regions with variations in their properties governing scattering and
absorption was previously shown in Table 2.1. The absorbance and reflectance
of direct sunlight varies greatly with the elevation angle of the sun, cloudiness
and sea-state. The amount of reflectance of direct sunlight related to the suns
elevation angle for a smooth ocean surface was previously shown in Table 2.3. The
local fractions of red green blue (RGB) values of light at each visible spectrum
were calculated, then multiplied by the proportion of the loss of light to obtain
the remaining luminous absorbed by the colony surface. The calculated spectral
RGB fractions due to loss of lights per meter were then converted to attenuated
irradiance.

Here we analysed the surface solar irradiance data obtained previously in order
to determine the contributions of turbidity and tides to variation in downwelling
global spectral irradiance at each of 5 m depths.

4.3.2.1 Cloud cover

Cloud cover affects both the quantity and quality of light reaching the ocean
surface by reflecting, absorbing, and transmitting the incoming solar radiation.
The study of A. Salih (unpublished) was used to validate the model in accounting
for the effect of cloud cover on the irradiance curves. The study was conducted on
2 September 1998 at One Tree Island, Great Barrier Reef (23◦30’S, 152◦06’E). The
metadata of cloud cover for an average semi-diurnal hours was obtained from the
Bureau of Meteorology of Australia (http://bom.gov.au/climate/averages/
climatology/gridded-data-info/metadata/md_ave_cloud.shtml)

The model results were in reasonable agreement with the measured irradiance
and the sun’s altitude angle measurements due to the presence of clouds at One
Tree Island, Great Barrier Reef (Figure 4.8).
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Figure 4.8. Global horizontal irradiance of PAR and sun altitude at One Tree
Island (2 September 1998) with the presence of cloud cover

4.3.2.2 Turbidity or water clarity

The work of Dunne&Brown (1996) (Dunne and Brown, 1996) was used to validate
the model in terms of the effects of water clarity or turbidity on irradiance per
meter depth. Their experiments measured the downwelling global spectral irra-
diance of solar radiation underwater using scanning spectroradiometry in shallow
tropical waters at three locations, including PMBC (Dunne and Brown, 1996).
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The ocean water turbidity (inverse of clarity) has been classified into fourteen
categories often referred to as Jerlov Water Types (Jerlov, 1976). Previous ex-
periments have identified that the seawater at Ko Phuket was turbid and highly
coloured (Brown et al., 1994; Dunne and Brown, 1996, 2001), hence, the water in
this study was denoted as Oceanic II Jerlov type (refer to Chapter 2 Section 6).

Vertical attenuation coefficients at any sea surface height can be readily esti-
mated using Table 2.1. To characterise the attenuation coefficients due to turbid-
ity for UVR and PAR (280-700 nm), and Kd(z, λ), Table 4.1 reports the fractions
of spectral irradiance associated in red, green, and blue portions of the wavelength
spectrum per meter of water depth.
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Table 4.1. Fraction of spectral RGB due to turbidity in one meter of the least clear Oceanic Jerlov water

λ (nm) violet (300-400) blue-green (460-540) yellow (570-590) orange (590-620) red (700)

R G B R G B R G B R G B R G B

sRGB 127 0 255 127 0 255 127 0 255 127 0 255 127 0 255

Frac. (%) 0.142 0 0.5 0 0.4 0.5 0.286 0.4 0 0.286 0.2 0 0.286 0 0

Spectral light remaining in one meter of the least clear oceanic Jerlov type water

% 0.053 0 0.185 0 0.024 0.03 0.200 0.280 0 0.157 0.110 0 0.074 0 0
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Based on the above table, the total fraction of the red, green, and blue spec-
trum in one meter of the least clear oceanic Jerlov type water were 0.484, 0.304,
and 0.215, respectively. These spectral values were then applied in the previous
Equation 4.1:

irradiance = 0.484×R + 0.304×G + 0.215×B (4.4)

The pattern of observed irradiance attenuation at PMBC between the Jerlov
theoretical calculation, experimental data, and the solar load model results is
shown in Figure 4.9.
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Figure 4.9. Percentage of below water PAR at depths of 1, 2, 3, 4, and 5 m
due to turbidity.

4.3.2.3 Tides

The downward flux of solar radiation due to water depth previously was given in
Equation 2.40 and Table 2.2 (Paulson and Simpson, 1977):

Iz
I0

= R(z/ζ1) (4.5)

115



4. SOLAR LOAD MODEL FOR MEASUREMENT OF SPECTRAL
IRRADIANCE

 65

 70

 75

 80

 85

 90

 95

 100

 0  1  2  3  4  5

%
 d

o
w

n
w

e
lli

n
g

 i
rr

a
d

ia
n

c
e

 r
e

m
a

in
in

g

Depth (m)

Paulson & Simpson, 1977

Solar load model

Figure 4.10. Percentage of below water PAR at depths of 1, 2, 3, 4, and 5 m
due to tides

The observed irradiance attenuation between the theoretical model of Paul-
son & Simpson (1977) (Paulson and Simpson, 1977) and the model is shown in
Figure 4.10.

4.3.2.4 Sea-state

The directional orientation of sunlight penetrating the water surface varies ac-
cording to the angles of surface water movements such as smooth or choppy.
Values associated with the change in sunlight reflectance with the Sun’s elevation
angle are listed in Table 2.3.

The measured values of reflectance for both smooth and rough water surfaces
based on Fresnel’s law (Weinberg, 1976) is shown in Figure 4.11.
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4.3.2.5 Summary

The amount of attenuated irradiance at 1 m below water surface due to water
turbidity, cloud cover, tides, and sea-state (calm or choppy) were approximately
75%, 15%, 7%, and 3%, respectively. This findings conformed to a similar ex-
perimental study conducted by Anthony et al. (2004), where they analysed the
contributions of turbidity, clouds, and tides at 1.5 m below water surface were
74-79%, 14-17%, and 7-10%, respectively (Anthony et al., 2004).

It would be possible to devise a more complex model by adding more realis-
tic spatial secondary gradients (such as, cloud thickness, cloud turbidity, inter-
reflection of the light between coral branches in branching corals, etc) into the
ray-tracing algorithm for quantifying the irradiance as a function of water depth
and solar refractions. Although crude, this model has approximated satisfactorily
variations in irradiance levels.

Furthermore, the results shown here supports the hypothesis that areas with
high turbidity (Goreau et al., 2000; Meesters et al., 2002) and large amounts of
cloud cover (Mumby et al., 2001) at the water current-exposed site tend to exhibit
less bleaching as compared to the sheltered site (Bayraktarov et al., 2013).

117



4. SOLAR LOAD MODEL FOR MEASUREMENT OF SPECTRAL
IRRADIANCE

4.4 Validation of micro-scale irradiance

Previously, I demonstrated the potential of the solar load model’s ray-tracing
algorithm for predicting illumination energy that results from incident solar ra-
diation. Here, the net irradiance received at the water surface was then absorbed
by the coral surface area depending on the host’s pigmentation (absorptivity and
emissivity values). The sun position vector and other illumination parrameters
may be applied to the coral surfaces to compute the absorbed net irradiance and
subsequent heat flux via a source term in the energy equation. In this study, the
absorptivity and emissivity values under visible light (PAR, 400-700 nm) were
set to be 0.3 and 0.8, respectively; and 0.01 under UVR (280-400 nm).

In coral species where colony architecture is influenced by light, changes in
colony morphology may directly result in variation of absorption and scattering
of irradiance levels at the colony level and at the subtissue level through changes
in pigmentation (Anthony et al., 2005; Kaniewska et al., 2008, 2011; Muko et al.,
2000). To investigate the relative contributions of morphology (at colony and
tissue scales) in modulating light levels, the experimental study of Kaniewska
et al. (2011) (Kaniewska et al., 2011) was used. In this study, the effects of
microscale properties of tissues (pigmentation and tissue thickness) on the reg-
ulation of irradiance levels within the massive and branching morphologies were
also investigated.

Irradiance distribution experimental measurements were conducted in-situ for
two coral species with contrasting colony morphologies: Stylophora pistillata
(branching, ∼30 cm diameter, ∼80 mm height, ∼1 mm polyp size) and Lobo-
phyllia corymbosa (massive, ∼30-40 cm diameter), at Heron Island (23◦27.625’S,
151◦55.759’ E), southern GBR, Australia. The experiments used six irradiance
points on each colony in order to account for irradiance variation across colony
surfaces: three irradiance points on the top of the colony and another three
points on the side of the colony (0, 1, and 2 cm) (Kaniewska et al., 2011). To
provide a reasonable validations for the experiments, the field data of 3D isosur-
face irradiance were sampled according to the specified experimental points and
exported to graphing packages. The downwelling irradiance was measured with
light loggers and spectrometers as photosynthetically active radiation (PAR; 400-
700 nm, µmol photons m−2 s−1). This was then converted to irradiance (W m−2)
using a conversion factor of 4.44 W s µmol photons−1 derived from theoretical
calculations between 400-700 nm.

4.4.1 Results and discussions

Simulated light distributions across two coral species underscored the differences
in colony surface irradiances, showing a slight increase at the amount of PAR
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at the surface of branching S. pistillata as compared to massive L. corymbosa.
For S. pistilata, the frequency distribution of 14 irradiance ranges (25-800 µmol
photons·m−2·s−1) at the coral surface exhibited a shift toward lower irradiance,
where the modal range was 50-150 µmol photons·m−2·s−1. On the other hand, L.
corymbosa, tend to shift toward higher irradiance, where the modal range was 400-
600 µmol photons·m−2·s−1. The light distributions are presented as percentages
across irradiance categories of the total whole colony PAR level (Figure 4.12).
The illustrations depict a distribution map of irradiance levels at top and side
views in the colony for each species shown in Figure 4.13.
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Lobophyllia corymbosa

Stylophora pistillata

Figure 4.13. Model representations and illustrations of a distribution map of
irradiance categories for Lobophyllia corymbosa and Stylophora pistillata.

Although, there is a difference of the amount of irradiance received between
branching and massive colony architectures, however, the thermal effects on the
overall coral surface warming is trivial compared to other morphological proper-
ties, such as permeability of the tissue layer and skeletal matrix. Furthermore, our
results demonstrated that changes to microscale tissue properties (tissue thick-
ness and pigmentation) can modulate the external light environment. The dose
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of modal irradiance received on the coral surface due to tissue darkness or pig-
mentation was more pronounced than for tissue thickness. The results show that
corals with thicker tissue received slightly lower irradiance. While these modelled
results are consistent with the hypothesis that reduced thickness of the tissue
might provide greater photoprotection when corals are exposed to heat (Dimond
et al., 2012; Hoegh-Guldberg, 1999b; Kaniewska et al., 2011; Loya et al., 2001),
however, these small increases in photo-protection are unlikely to be biologically
meaningful. The magnitude of irradiance received in both coral species increased
linearly with increasing pigmentations. The irradiance levels in massive coral (L.
corymbosa) was notably greater compared to the branching coral (S. pistillata),
which is partly due to the branching morphology versus self-shading due to tissue
thickness and tissue properties (Figure 4.14) (Kaniewska et al., 2011).
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Figure 4.14. The effects of pigmentation and tissue thickness on irradiance
distribution for the branching coral Stylophora pistillata and the massive coral
Lobophyllia corymbosa.
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4.5 Summary

This chapter utilised the ray-tracing technique to estimate the quantity (irradi-
ance intensity) and quality (wavelength spectrum) of variation in the light field
above and below the water surface before subsequently reaching the coral surface.
It also analysed the contributions of water turbidity or clarity, cloud cover, tides,
and sea-state to variations in irradiance. Furthermore, this thesis analysed the
frequency distribution of microscale irradiance across the massive and branching
coral species.
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Chapter 5

Physical processes on a reef flat

5.1 Introduction

During January-March 1995 on a near-shore shallow reef flat in the Andaman Sea
(7◦48’N, 98◦25’E) colonies of massive coral, Goniastrea aspera, bleached on their
western sides. During mid May of the same year bleaching began to appear on
the eastern faces of the same coral colonies (Brown et al., 2002, 2000). The study
indicated that the east surface were not exposed to more solar radiation than the
west at the time of differential bleaching was first observed (14 May). This phe-
nomenon also could not be accounted for by genetic differences in zooxanthellae
genotypes from the east and west faces of the same colonies leaving the authors
to speculate that the west side of G. aspera colonies were more thermotolerant
because previously they had been exposed to more solar radiation. Arguably,
however, since their genotypes did not vary significantly, thus it is most likely
that there was no shift genetically although the impact of plasticity could not
be ruled out at this stage. Therefore, the “experience-mediated tolerance” hy-
pothesis, suggested by Brown et al. (2000), cannot be used solely as the main
cause for the differential bleaching pattern. However, the task of identifying the
precise causes of the propagation of directional bleaching observed in the vali-
dation case study is likely to be complex, especially because the data coverage
for the region in which this differential bleaching was observed is sparse and are
predominantly for large spatial and temporal scales. Despite the challenges of
understanding this differential bleaching empirically, this thesis may provide an
indication of the cause of this bleaching pattern by modelling the thermal stress
in coral microenvironment.

Firstly I examine the driving mechanism of reef flat currents in the Andaman
Sea and establish the influence of the Indian monsoon on reef flat circulation
patterns. The modelling approach used aims to employ the ray tracing scheme
developed in previous chapters to solve the radiative transfer process of natural
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daylight illumination conjointly incorporating the dynamical processes of ther-
mal microenvironment in G. aspera colonies with calm to lightly rippled ocean
surfaces. The radiative transport process was implemented using a hybrid ap-
proach of Monte Carlo ray tracing suite of codes based on known light behaviour,
Radiance (Ward, 1994c), with spatially spectral dependent absorption and scat-
tering coefficients of seawater and coral colonies which in turn computes radiant
energy falling on coral surfaces according to the Sun’s location and atmospheric
conditions by interpolating the three component values RGB. In the model of
the physical system, the data values representing a single physical parameter -
i.e. cloud cover, atmospheric pressure, sea turbidity, SST, sea surface current
and alignment, and wind velocity and stress direction - are grouped together to
make up a qualitative field that determines the mean variation of the vertical
attenuation coefficient of light and a single scattering albedo.

The modelling tools developed in this work can be used to explore the full
range of parameters that could trigger asymmetric bleaching scenarios. The case
study of Brown et al. 2000 was used as a conceptual study, however, the vali-
dated results can be widely applied to understand other reef system and other
conditions.

5.2 Study site

The validation study was conducted in intertidal reef flats along the southeast
coast of Ko Phuket, Thailand, 8◦N; 98◦20’E, on the border between the Andaman
Sea and the Strait of Malacca (Figure 5.1). The reef flats are approximately 200
m wide with a shallow gradient from shore seawards and are characterised by
moderate cover (40 to 70 %) of live corals, dominated by massive species of the
general Porites and Goniastrea (Brown et al., 1994). Corals occurring in shallow
reef flat areas are often simultaneously exposed to maxima seawater temperatures
and supra-optimal irradiances, especially during mid-day spring low tides (Coles,
1997). Constant water flow benefits coral survival (Jokiel, 1978), calcification
(Dennison and Barnes, 1988), and photosynthesis (Lesser et al., 1994), while
reducing photoinhibition and bleaching (Nakamura et al., 2005).

Ideally, the oceanographic and meteorological data would be obtained from
a nearby station. However, the data coverage in this region is very sparse, with
the only permanent available station is a tidal station (Ko Taphao Noi, 7◦50’
N, 98◦25.5’ E). Although some data do exist, they are predominantly available
on large spatial and temporal scales (i.e. intermittent in-situ data provided by
Brown et al. (1994) (Brown et al., 2002, 1994, 2000; Dunne and Brown, 1996,
2001) and satellite altimetry data). Therefore, it is necessary to extrapolate data
as a proxy for single values representing conditions on the reef flat.
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Figure 5.1. Map of the study site where intracolony variation in bleaching
patterns were observed. a) Southern part of Ko Phuket. b) Locations of coral
reef development around reefs
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5.2.1 Description of the reef flat

The distribution of emergent reef flats around Ko Phuket is shown in Figure 5.1.
On the exposed west coast of Ko Phuket, intertidal reef flats are sparse and
occur only in the most protected corners of deep bays; meanwhile, on the east
coast, intertidal reef flats are common in sheltered bays where saltation is not too
excessive (Ditlev, 1978). The climate is humid monsoonal, with mean monthly
temperature ranges from 29◦C in April to 27◦C in September (Brown et al., 2002;
Dunne and Brown, 1996).

Water flow in many reef flat systems is tidally influenced, resulting in a strong
semi-diurnal or diurnal flow pattern (Kraines et al., 1998; Storlazzi et al., 2004).
Mesotidal areas - such as in the Andaman and Nicobar Islands and along the
north/northwest coast of Sumatra - feature a spring tide range of 1-2 m, while
macrotidal ranges are found along the coast of Thailand (∼3 m) and the Mergui
Archipelago (>5 m) of Myanmar (Gibson et al., 2007). The monthly sea level
fluctuations during 1940-2010 is given in Figure 5.2. The lowest low tides always
occur around 06.00 and 18.00 h when insolation is comparatively low. A period of
negative sea-level anomalies in 1994-1995 extended over 9 months from May 1994
to January 1995 whereas the more pronounced negative anomalies of 1997-1998
persisted over 11 months from July 1997 to May 1998 (Dunne and Brown, 2001;
Gibson et al., 2007). Such negative sea-level anomalies are a regular feature in
the Andaman Sea and Indian Ocean (Webster et al., 1999).

Figure 5.2. Monthly mean sea level of the Ko Taphao Noi tide station during
1940-2010. The data was obtained from Tides and Currents NOAA
(http://tidesandcurrents.noaa.gov/sltrends/sltrends_global_station.
htm?stnid=545-001).
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Circulation of the Indian Ocean is strongly influenced by the seasonal re-
versal of the monsoon winds and their effect on ocean currents (Gibson et al.,
2007; Tomczak and Godfrey, 2003). The current in the Straits of Malacca flows
northward during the southwest monsoon. Water is pressed into the east of Ko
Phuket, and escapes as a strong coastal current along the east side of Ko Phuket
and around its southernmost point (Ditlev, 1978). During the northeast mon-
soon the current is much weaker and flows southward (Ditlev, 1978). This general
trend is complicated by strong tidal currents. The water around the site is typi-
cally turbid based on (Brown et al., 1994) and are predominantly type II waters
(Jerlov, 1976). Figure 5.4 shows a geomorphological map of typical fringing reef
with a distinct topographical zonation: moat, reef flat, reef crest, reef edge and
reef slope. The reef flat is usually wide, ranging from 20-300 m.
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Figure 5.3. A low-resolution bathymetry map of the location. The bathymetric
data was obtained from the ETOPO1, which is a 1 arc-minute global relief
model of ocean bathymetry. It was provided from the National Geophysical
Data Centre (NGDC), http://www.ngdc.noaa.gov/mgg/global/global.html.
The bathymetric data was extracted from ETOPO and plotted using the
Generic Mapping Tools (GMT, http://gmt.soest.hawaii.edu/).
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a)

b)

Figure 5.4. a) Geomorphological map of typical fringing reef. b) reef flat
anatomy. Adapted from the Center for Coastal Monitoring and Assessment
(CCMA, http://ccma.nos.noaa.gov/default.aspx).

5.2.2 Coral cover

Fringing reefs are the dominant reef form at all sites within the Andaman Sea
and the coral reefs are not only extensive and largely undisturbed but also boast
a relatively high diversity of corals (Gibson et al., 2007). In the Andaman and
Nicobar Islands the width of reef flat is considerable, ranging from 200 to 500
m (Gibson et al., 2007). Common coral species found in this zone are Acropora
aspera, Porites lutea, Goniastrea pectinata, Goniastrea retiformis, Goniastrea as-
pera, Coeloseris mayeri, Favites spp., Platygyra sinensis, Platygyra pini, Favia
speciosa, Montipora digitata, and Pocillopora damicornis (Phongsuwan, 2002).
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5.3 Metocean data during differential bleaching

conditions

Fringing reef circulation and current patterns are controlled by the interactions of
wind, tide, and wave processes with the reef structure. A comprehensive review
of the oceanogaraphy of the Andaman Sea is provided by Varkey et al. (1996)
(Varkey et al., 1996) and Potemra et al. (1991) (Potemra et al., 1991), which
described surface circulation in the Andaman Sea as a double gyre with anti-
clockwise flow during the northeast monsoon and clockwise flow in the southwest
monsoon.

The climate and circulation of the equatorial Indian Ocean is strongly influ-
enced by two monsoonal seasons associated with the dynamics of wind-forced
intraseasonal zonal current variability, this phenomenon is known as the Indian
Ocean Dipole (IOD) (Rao et al., 2002; Saji et al., 1999; Vinayachandran et al.,
1999). The IOD is represented by a simple index consists of time series that de-
scribes the difference in SST anomaly between the tropical western Indian Ocean
and the tropical south-eastern Indian Ocean, this index is referred to as the dipole
mode index (DMI) (Saji et al., 1999). The dipole mode is strongly affected by the
monsoonal circulation. The relationship of the DMI to the Indian monsoon vari-
ability remains unclear, however, it is clear that the dipole mode has important
implications for climate variability in the Indian Ocean (Saji et al., 1999).

The sea surface height (SSH) in the region exhibits high annual variability
with considerable anomalies in some years. These anomalies are primarily a
result of ocean-atmosphere-land interactions in the Indian Ocean which occur
primarily as a result of a reversal in the temperature gradient between east and
west basins of the Indian Ocean. During this process, there is substantial warming
in the western basin of the Indian Ocean with higher SSH, deeper thermocline
and reduced upwelling. In contrast, SSH is depressed in the eastern Indian Ocean
and the position of the thermocline is raised with resultant enhanced upwelling
(Gibson et al., 2007; Webster et al., 1999).

Estimations for individual variables - heat fluxes, cloud cover, atmospheric
pressure, sea turbidity, SST, Dipole Mode Index (DMI), sea surface current and
alignment, and wind velocity and stress - were grouped together (Figures 5.5,
5.6, and 5.7). These data sets were obtained from various remote sensing in-
struments, NCEP-NCAR Daily Reanalysis (http://www.esrl.noaa.gov/psd/
data/gridded/data.ncep.reanalysis.html), NOAA Reynolds OI SST (http:
//www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.html), NOAA
OSCAR (http://www.oscar.noaa.gov/), and NOAA NCDC (http://www.ncdc.
noaa.gov/).
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Figure 5.5. a: Daily time series of observed SST and daily time series of sea
level. b: Daily time series of observed cloud cover and humidity. c: Time series
of 5-day mean zonal surface current (U) within domain 6.5◦-8.5◦N,
94.5◦-100.5◦E. Data was obtained from NOAA Reynolds OI SST
(http://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.html)
and NOAA OSCAR (http://www.oscar.noaa.gov/).
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Figure 5.6. a: Wind stress distributions during the monsoon onset on 13, 14,
15, and 16 May 1994. b and c: Daily time series of blended mean zonal wind
speed and wind stress, respectively. Data was obtained from NOAA/NCDC
(http://www.ncdc.noaa.gov/).
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Figure 5.7. Daily time series of observed daily heat fluxes during January-May
1995. Data was obtained from NCEP-NCAR Daily Reanalysis (http:
//www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html).

5.4 Model description

I used a combination of numerical models to investigate the momentum and
heat balances established on the nearshore shallow reef flat in the vicinity of Ko
Racha Noi, Thailand. The model is divided into three stages: firstly, a coupled
model of ROMS-SWAN is used to investigate the 2-D hydrodynamic nearshore
currents based on the available oceanographic data; secondly, the solar irradiance
load model is used to quantify the amount of semi-diurnal surface irradiance
and the variation of irradiance levels due to turbidity, cloud cover, water depth
(tides), and sea-state; finally, CFD simulation is implemented to solve for the coral
tissue/surface warming based on coupled dynamics of water flow, heat transfer
and irradiance levels in and around corals. Coral surface warming is defined as
a deviation from the ambient water temperature under a constant seawater flow
and solar irradiance.
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5.4.1 ROMS-SWAN coupled model

A coupled model of ROMS (Regional Ocean Modelling System, (Shchepetkin
and McWilliams, 2005)) - hydrodynamic model and SWAN (Simulated Waves
Nearshore, (Booij et al., 1999)) - wave model, was implemented to study the
circulation throughout these fringing reef flats. ROMS used for this study was a
version with model coupling and nesting (Warner et al., 2010). The model was
coupled with MCT (Model Coupling Toolkit), which allowed two-way coupling
among multiple sub-models (Warner et al., 2008). The model implemented for
this study was a 3-D barotropic model, thus, the temperature and salinity values
were constant and invariable with respect to time and depth.

The model required a horizontal spatial resolution of 100-200 m in order
to simulate wave-current interactions in shallow waters. Yet, the model domain
needed to be sufficiently large enough to account for monsoon winds. In order
to meet these requirements, the model consisted of three domains with different
spatial resolutions. The largest domain (Parent domain) had a spatial resolution
of approximately 5 km, smaller regional domain (child domain 1) had a spatial
resolution of 1 km, and the smallest domain (child domain 2) had a spatial res-
olution of approximately 200 m (Figure 5.8). The child domains 1 and 2 were
nested into the parent domain and allowed two-way nesting (Figure 5.8). The
child domain 2 included an island called Ko Racha Noi or Ko Racha Yai and its
fringing reefs, the region of my interest located on the west of the island (98◦

14’60” E, 7◦ 28’48” N). ROMS and SWAN were specified for the same grid size
and spacing.

The model was run for 31 simulation-days starting at 00:00 GMT, April 20,
1995. The first 2 days of model outputs were used as spin-up and were discarded;
the rest was used for data analysis. The model used time splitting between slow-
moving baroclinic mode and fast-moving barotropic mode. The baroclinic time
step for parent grids and child grids was 60, 30 and 10 s, respectively. Whereas,
the baroclinic time step was 30 times smaller than each baroclinic time step.
Time step for SWAN was 10 minutes for all domains. Both models were coupled
every 1800 seconds (i.e. 30 minutes). The number of vertical layer distribution
was selected as a standard 20.

The input parameters that are required to implement the models were: (1)
bathymetry variables, (2) forcing data, and (3) open boundary data. Bathymetry
data were obtained from the General Bathymetric Chart of the Ocean (GEBCO),
which provides bathymetry with a spatial resolution of 30 arc seconds (IOC, 2003)
(Figure 5.9). Unfortunately, there was no other readily available finer-resolution
bathymetry data at this stage. As a result, the model results were compromised
in particular for shallow waters. Bathymetry was smoothed to avoid pressure
gradient force (PGF) error. Forcing data were obtained from NOAA Climate
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Figure 5.8. Model domains. The black line represents the parent domain. The
red line a child domain and the blue line another child domain.

Forecast System Reanalysis (CFSR) outputs which provide forcing data with 0.5
degree spatial resolution (Saha et al., 2010). Wind stress and mean sea level
pressure were included in the model (Figure 5.6). Open boundary data included
wave parameters (height, period, direction and directional spreading) along the
open boundaries (North, West and South) and also tidal constituents along the
boundaries to impose tides and waves. Wave data were obtained from NOAA
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Wave Watch III (Tolman, 2002) reanalysis and tidal constituents were obtained
from outputs of an inverse tidal model developed by a group at Oregon State
University (Egbert and Erofeeva, 2002).

m

Figure 5.9. A global 30 arc-second grid of bathymetry. Data obtained from
GEBCO, http://gebco.net/data.
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5.4.2 Solar irradiance load model

The amount of irradiance and spectral quality entering the ocean surface is closely
related to the azimuth and elevation angles of the sun. Previously, I have dis-
cussed the solar ray-tracing mechanisms in predicting surface irradiance and vari-
ation of irradiance due to turbidity, cloud cover, water depth (tides), and sea-
state (Chapter 4). Here, I focus mainly on PAR because various field experiments
(Brown et al., 1994; Fitt and Warner, 1995; Hoegh-Guldberg, 1999b), indicate
that it has a much greater influence on bleaching compared to the shorter wave-
lengths of UVR (Dunne and Brown, 2001). Additionally, at the observed study
site at Ko Phuket the seawater is turbid and highly coloured so the shorter wave-
lengths of UVR are strongly attenuated close to the water surface (Dunne and
Brown, 2001). We denote the state of the sky by using the fraction of the sky
obscured by clouds. The contribution of secondary atmospheric variables such
as sky turbidity, water vapour content, and cloud type to the overall amount of
irradiance is likely to be negligible.

Coral optical properties: The light absorbing and emissivity capacity of G.
aspera was defined as the thermal absorptance and emittance values in the spec-
tral range 280-700 nm (UVR and PAR). The values were obtained from previous
laboratory experiment conducted by Jimenez et al. (2008) (Jimenez et al., 2008),
wherein the absorptivity and emissivity values of coral tissue were set as 0.3 (light
grey) and 0.8 (grey body), respectively; whereas for UVR, I set both the absorp-
tivity and emissivity values as 0.01 (Veal et al., 2010). The irradiance results of
each cell of the coral surface were then converted to a volumetric heat flux term
(ϕqv), then imported for CFD simulation.

5.4.3 CFD model

Here I am only concerned with the along-shore (U ′x) and across-shore (U ′y) small-
scale spatial flow scales of approximately 50 m, hence the effects of vertical
flow (U ′z), i.e., thermal stratification and tidal mixing, are not covered here. The
simulations were run for 12 afternoon time for each day starting from 01 May
to 20 May 1995, based on the model output currents and tides from the coupled
ROMS-SWAN model and the irradiance data from the ray-tracing model, as the
input basis for the CFD model.

This study was conducted using the open-source suite of software applications,
libraries and utilities for continuum mechanics problems, known as OpenFOAM
(OpenCFD Ltd., 2010). The description of the model is given in Appendix 1.
This study mainly used two types of grids, predefined block structured hexahe-
dral and polyhedral, to represent both computational and coral domains with
approximately ∼2,500,000 cells for the low-Re turbulence model with y+ was set
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∼1.0 (viscous sublayer region).

Figure 5.10. Geometric representation of simulated conditions for G. aspera.
(i) various perspective views of the coral model, (ii) mesh model for low-Re
turbulence simulation (y+ ∼ 1), (iii) conceptual representation of the model

All the simulations were conducted in steady-state conditions using the SIM-
PLE (semi implicit method for pressure-linked equations) algorithm. This method
determined pressure on a staggered grid from velocity components by applying an
iterative procedure coupled with the Navier-Stokes equations Ferziger and Perić
(1999); OpenCFD Ltd. (2010); Versteeg and Malalasekera (1995). The schemes
implemented for both convection divergence and Laplacian terms were the Gauss
linear upwind cell limited least squares and the Gauss linear limited 0.5, re-
spectively. The generalised geometric-algebraic multi-grid (GAMG), smoother
Gauss-Seidel, and preconditioned bi-conjugate gradient (PBiCG) were used to
discretised pressure, velocity, and temperature governing equations, respectively.
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5.4.4 Turbulence generalities

The turbulent generalities, boundary conditions, and numerical schemes were
similar to those found in the previous chapters. Analysis of the turbulence mod-
elling previously shown in the Chapter 3 and the Appendix 1. Here, I selected
the k − ω Shear Stress Transport (SST) model (Menter et al., 2003; Menter,
1994; Wilcox, 1998). The free-stream specification values were calculated using
the formula found in Table 3.6.

5.4.5 Surface-to-subsurface velocity projection

Using the shallow water model projection (Shen and Evans, 2001), the obtained
surface currents were then inferred to approximate the sub-surface currents at
depth of 5 m. The accuracy limit of this projection has been validated against
observations, and performed seemingly robust (Shen and Evans, 2001).

5.5 Results

The irradiance load and CFD models agreed well with the satellite and in-situ
observations. Although, a better understanding of the spatial and temporal vari-
ability in bleaching patterns may be achieved by a more detailed description of
the surrounding environmental parameters.

Overall, the coupled ROMS-SWAN model reproduced features of tidal cur-
rents, low-frequency currents and wave sheltering effects. However, it was difficult
to resolve wave-current interactions due to coarse-resolution bathymetry and lack
of in-situ data to validate the model. Thus, the following results are still prelim-
inary. The model data were extracted for the eastern and western side of the Ko
Racha Noi island to investigate differences between two sites.

5.5.1 Tidal elevation and currents

The time series of adjusted wave levels is shown in Figure 5.11. Tides in Phuket
are dominated by semi-diurnal tides (M2). The highest tidal amplitude occur-
ring during spring tides was little less than 3 m. The model quickly captured
tidal elevations following its initiation. Consecutive spring tides were asymmet-
ric. Although there were no tide records available during the simulation period,
predicted tides at the Phuket Harbour were obtained and compared to simulated
water levels. The predicted tides are in good agreement with the simulated tides
(Figure 5.11).
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Figure 5.11. The predicted vs simulated results of tidal elevation near the
Phuket Harbour.

Tidal currents were estimated based on tidal harmonic analysis based on
Pawlowics et al. (2002) (Pawlowicz et al., 2002). The tidal ellipses of M2 con-
stituent is shown in Figure 5.12. Tidal currents are strong over narrow straight,
between islands, over the continental shelf and over/between reefs. Near the
Phuket, tidal currents were amplified and the east-west component was domi-
nated.
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Figure 5.12. Simulated results of tidal ellipses (M2 constituent). Isobaths of
50 m, 100 m, and 200 m are shown in red.

5.5.2 Low-frequency current

Low-frequency currents are shown as progressive vector diagrams (PVC). Cur-
rents were estimated by filtering out currents shorter than 40 hours. The PVD of
wind stress (Figure 5.13) shows eastward component of wind stress since the mon-
soon onset. Variability of the low-frequency current is consistent with the wind
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stress (Figure 5.14). The currents on the western and eastern side of the island
different slightly. Both currents showed an eastward component after around
10 May 1995 following the monsoon onset. The distance the current travelled
reached 10 - 15 km, which suggests that the current with aid from tidal cur-
rents could have brought colder, offshore water to the reef, which might have
contributed to reduced temperatures over the fringing reefs. It should be noted
that although the eastward (onshore) current was captured, the onshore current
appears to be location-dependent latitudinally (Figure 5.15).

The reconstructed current for 24-hour mean zonal current from 01-20 May
1995 on the reef flat was given in Figure 5.16. The results from ROMS-SWAN
current compared reasonably well against the OSCAR current data (Figure 5.17).
Negative U indicated that the zonal temperature gradient close to the equator
generated easterly winds, which in turn drive the westward current. Similarly,
during the positive DMI and U (negative IOD event), the zonal temperature
gradient near the equation generates westerly winds, which lead to eastward cur-
rent. An averaged zonal current over the semi-diurnal (daylight hours) period
was given in Figure 5.18.

Previously, I have shown that there are three main attenuation factors that
may reduce the intensity of both the quality and quantity of light received by
the coral surface, one of which is tidal height. Due to the lack of available data
for diurnal tidal heights at the site location, I conducted two distinct sensitivity
analyses based on the sea level data and computed the most likely best (high
tide: '85% zonal current) and worst (low tide: '15% zonal current) scenarios
(Figure 5.19). The surface-to-subsurface velocity projection was estimated using
Shen et al. (2001) analysis which was shown in Figure 5.20.
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Figure 5.13. Simulated results of progressive vector diagram of wind stress.
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Figure 5.14. Simulated results of progressive vector diagram of depth
averaged currents.
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Figure 5.15. Simulated results of latitudinal difference in depth-averaged
residual currents on the western and eastern sides of Ko Racha Noi island.
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Figure 5.16. Simulated results of time series of 24-hour mean zonal current (U).
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Figure 5.18. Simulated results of the semi-diurnal mean zonal current (U).
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Figure 5.20. Estimated decrease in subsurface velocity with water depth using
(Shen and Evans, 2001) approximation model.

5.5.3 Wave sheltering and wave-current interactions

At two locations, the eastern and western sides of the island were similar in terms
of current speed/direction and wave height/direction (Figure 5.21). High wave
height in late April was associated with the passage of a tropical cyclone, which
induced strong currents (Figure 5.15 and 5.21). One of the noticeable differences
between the western and eastern sides was wave height. Following the onset of the
monsoon, wave heights on the western side became significantly higher than those
of the eastern side. The dominant wave direction was from the west; therefore,
the difference in wave height would have been associated with wave sheltering by
the island. As a result, the wave heights on the eastern side were significantly
lower. This indicates that the western side should be more prone to wave-induced
mixing than the eastern side when waves propagate from the west (offshore) and
that might have contributed to a reduction in thermal stress of the corals.
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Wind stress vector

Significant wave height

Wave direction

Low-frequency E-W current velocity (40 hour RM)

Low-frequency N-S current velocity (40 hour RM)

Figure 5.21. Simulated results of time series of wind, wave, and currents
outputs

The model was tested with and without the wave-current interactions. Wave-
current interactions were included in the model (Uchiyama et al., 2010), the lack
of in-situ data and high-resolution bathymetry, it is difficult to understand wave-
current and wave-wave interactions over fringing reefs. The bathymetry data from
GEBCO fail to represent detailed reef topography due to a lack of resolution. As
a result, validity of the discussion on wave-current interactions was therefore not
included.
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5.5.4 Irradiance estimation

Quantitative findings of solar irradiance were in excellent agreement with field
observations (Figure 5.22 and 5.24).
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Figure 5.22. Simulated results of daily hours of direct sunlight from 12-15
May 1995 at the observed site.

The maximum daily irradiance observed by satellite (NCEP-NCAR, http:
//www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html) and
the solar load model is given in Figure 5.23, and they reasonably agree well.
The downwelling solar radiation (PAR) dose received approximately 10% greater
than the eastern face of coral surface in January-March 1995. The difference in
downwelling PAR received by the west and east faces declined with advancing
season (Figure 5.24). By late April-May 1995, the data set shows the west faces
received irradiance around 10% higher than the east faces during the time when
differential bleaching was first observed (14 May 1995). The periods of high irra-
diances were concentrated into a short (1-4 h) timescale, often during low tides
(Brown et al., 2002).
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Figure 5.23. Comparison of the maximum daily irradiance data at the island
(Ko Racha Noi) from the satellite (NCEP-NCAR) and the solar load model.
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Figure 5.24. Maximum daily dose of PAR during January-May 1995 received
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5.5.5 Flow patterns behind a single coral colony

Velocities behind the single isolated coral were significantly reduced relative to
distance upstream, indicating a turbulent wake. With increasing distance down-
stream from the coral, the wake attenuates.

U (m s-1)

(s-1)

R

z1 = [-0.18] m z2 = [0] m z3 = [0.18] m
a)

b)

c)

Figure 5.25. Spatial structure of a single coral colony for (a) velocity (U), (b)
specific turbulent dissipation rate (ω), and (c) Reynolds stress (R) at three
distances downstream (z: -0.18 m, 0 m, and 0.18 m) at 14 May 1995. The solid
black line indicated the outline of coral cross-section

5.5.6 Surface warming on both sides of G. aspera

The variation of tidal heights on shallow reefs not only influences KD, but also
greatly alters the flow characteristics within the coral and consequently the coral
surface warming, especially when the impermeable tissue layer is breached by
borers and coral grazers which create pathways for percolation fluxes through a
highly porous and therefore permeable coral skeleton (Figure 5.26).
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Figure 5.26. Surface warming of the west and east surfaces of G. aspera in
response to irradiance and semi-diurnal mean zonal currents for a) high-tide
and b) low-tide scenarios.
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The flow penetration in coral from one face to another is significantly reduced
as it passed through almost impermeable coral tissue which induces convective
cooling at the downstream face of G. aspera colony (Figure 5.27).

high tide high tide

Figure 5.27. Effects of flow and irradiance for a high-tide scenario showing the
differential patterns of thermal stress on the west and east sides of G. aspera.
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5.6 Discussion

This chapter presents a coupled wave-hydrodynamic and ray-tracing and CFD
model to investigate variability of waves and low-frequency currents and wave-
current interactions and subsequent coral surface warming. The CFD model has
been validated previously against laboratory observations to predict variation of
thermal stress in coral microenvironments (Chapter 3 and 4).

The hydrodynamic model of a coupled ROMS-SWAN reproduced tides, wind-
induced currents and waves reasonably well. The low-frequency currents de-
termined eastward component following the onset of the monsoon and a wave
sheltering effect showed that the western side was prone more to wave-induced
mixing than that on the eastern side, thus, it may have contributed to a decrease
in thermal stress of the corals on the western side. Given that the resolution of
bathymetry (1 km), the wave-current interactions and the wave-wave interactions
could not be examined in a great detail. Furthermore, although the simulated
tides were in good agreement with predicted tides, the model results are deemed
preliminary given lack of in-situ data to validate the model and requires further
validation by collecting in-situ data or satellite-based data. Adding the baro-
clinic component (temperature and salinity) may give insight into the variability
of residual currents and waves influence temperature and mixing and consequently
thermal stress of coral reefs if high-resolution bathymetry and in-situ data become
available. Because the hydrodynamic system was driven by the tidal constituents
and wave boundary conditions at the open boundaries of the model and wind at
the entire domain of the model, hence some numerical uncertainties may result
due to solver schemes and the missing forcing during the tidal constituents set-up
and waves. Despite uncertainties in the model set-up and low data resolution,
qualitative agreements were observed between the predicted ROMS-SWAN and
the OSCAR current data (Figure 5.17) with a total root-mean square error of
0.064 m/s, as well as for the estimated and satellite-based observation of the sea
level. A validation study between OSCAR current and in situ data measured
from moored current meters was conducted by Johnson et al. (2007), the results
found reasonably accurate time means of zonal and meridional currents in the
near-equatorial regions. Moreover, the sensitivity of surface-to-subsurface veloc-
ity inference to the measurement uncertainties was previously performed in Shen
et al. (2001), the inferred result was found to be generally robust.

The differential bleaching pattern could not be attributed for by genetic dif-
ferences in zooxanthellae genotypes from the east and west faces because at the
time it was first noticed, the east surface was not exposed to a higher irradi-
ance. Thus, since their genotypes did not vary significantly, it is most likely that
there was no shift genetically although the impact of plasticity could not be ruled
out. Therefore, the “experience-mediated tolerance” hypothesis, suggested by
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the authors, cannot be used solely as the main cause for the differential bleaching
pattern. Also, it appears that during this event, other species were bleaching and
so the conditions were likely to be right on the edge of favourable for corals, thus
it might not take much additional incremental stress to induce bleaching.

The characteristics of currents moving across a coral reef are governed by the
dynamic balance among tide, waves, and wind effects. My preliminary analysis
suggest that the low-frequency currents showed eastward component following
the double monsoon onset on 14 May 1995. This finding is further supported
by the works of Flatau et al. (2001) and Nair et al. (2010), which observed
early onset over Andaman Sea on 14 and 15 May 1995. They indicated that
the initial “bogus onset” was followed by the flow weakening and reversal and
clear-sky and dry conditions over the monsoon region that appeared in mid-May
and disappeared by the end of the month in the Indian Ocean and Andaman Sea.
Therefore, the associated changes in water circulation during a period of calm
conditions at a low wind speed and low wave height is a plausible explanation for
the differential patterns of thermal stress on the eastern and western sides of G.
aspera. Furthermore, a wave sheltering effect was quantified and the western face
was more prone to wave-induced mixing than the eastern face, which may have
contributed to a reduction in thermal stress of the corals on the western face.

A number of studies have established that water flow may perform a number
of roles during and following episodes of coral reef bleaching (Carpenter and Pat-
terson, 2007; Smith and Birkeland, 2007). This finding suggests that intermittent
flows associated with semi-diurnal tides, and low irradiances caused by turbidity
or shading, may reduce photoinhibition and bleaching during warming events.
Figure 5.25 shows that the flow penetration in coral from one face to another is
reasonably reduced by the almost impermeable coral tissue which restricts heat
transfer to convective cooling at the downstream face of G. aspera colony. This
pattern of differential coral surface warming on the western and eastern surfaces
indicate that the higher water flow across the eastern face of the colony led to
a reduction in photoinhibition which in turn enhanced the efficiency of xantho-
phyll cycling in the excess-energy-dissipation process (Nakamura et al., 2005) and
therefore can cause the bleaching pattern. Water motion can also affect nutrient
availability during photosynthesis, with some experimental and empirical stud-
ies indicating that the flux of oxygen is higher under no-flow conditions (Mass
et al., 2010). Oxygen radicals produced by zooxanthella, at high irradiance cou-
pled with no-flow conditions could damage pigments and proteins and therefore
induce coral bleaching. Some findings suggested that growth rates and conse-
quent porosity and permeability of coral skeletons in massive corals may prove to
be crucial in determining their bleaching susceptibility and severity of bleaching
when it occurs (Cooper et al., 2012).
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5.7 Summary

The development of “ecosystem models” was divided into three stages: firstly, a
coupled model of ROMS-SWAN was used to investigate the 2-D hydrodynamic
nearshore currents based on the available oceanographic data; secondly, the solar
irradiance load model was used to quantify the amount of semi-diurnal surface
irradiance and the variation of irradiance levels due to turbidity, cloud cover,
water depth (tides), and sea-state; finally, CFD simulation was implemented to
solve for the coral tissue/surface warming based on coupled dynamics of water
flow, heat transfer and irradiance levels in and around corals.

The field observational study of Brown et al. (2000) was used as an initial
motivation or conceptual study to explore the full range of parameters that could
trigger asymmetric bleaching scenarios. The result of this study could potentially
valuable as it could be readily applied to understand other reef system and other
conditions. Although there exist other potential stressors – such as a reduction
in the flux of particulate matter or suspended sediment in a flow – the thermal
stress variability due to flow reversal during the double monsoon onset as well as
the difference of wave sheltering and wave-induced mixing effects on western and
eastern coral surfaces, were most likely to invoke a differential bleaching event.
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Chapter 6

The effect of allometry on
thermal scaling

6.1 Introduction

Despite the significant threat of coral bleaching, bleaching variability and suscep-
tibility within and between colonies are still not well understood. For example,
colonies of the same species often exhibit very different bleaching responses at
similar temporal and spatial scales. Overall, the role of the diversity and compo-
sition of symbiont populations (Symbiodinium) associated with thermal bleaching
have received comparatively more attention than that of the role of the coral host
yet it is the bleaching of the host that is of primary concern. One approach to
better understanding the relationship between bleaching susceptibility and coral
morphology is through the observations of the thermal exposure in coral microen-
vironment. While thermally induced bleaching events have been strongly corre-
lated with seawater surface temperature (SST), few emerging studies have shown
a clear difference between coral surface (tissue) temperature and SST (Fabricius,
2006; Jimenez et al., 2008; Ong et al., 2012). It is this thermal stress, induced
by a combination of multiple environmental factors (i.e. irradiance, cloud cover,
water quality, sediment and water flow rate) (Anthony et al., 2004; Berkelmans
et al., 2004; Glynn, 1993; Hoegh-Guldberg and Salvat, 1995; Mumby et al., 2001),
as well as differences in growth form and the colony biomass and tissue pigmen-
tations (Cooper et al., 2012; Jimenez et al., 2008; Ong et al., 2012; Thornhill
et al., 2011), and differences in symbiont types and the species composition of
coral assemblages (Loya et al., 2001; Marshall and Baird, 2000; Rowan et al.,
1997) that are most likely to trigger and determine the severity of bleaching.

Morphological variations in bleaching susceptibility are often attributed to in-
herent differences in growth rate (Baird and Marshall, 2002; Marshall and Baird,
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2000), thermal tolerances of photoendosymbionts (Berkelmans and Van Oppen,
2006), tissue thickness, and/or marked differences in colony size and age (Loya
et al., 2001). However, one of the most predominant drivers and the likely best
explanation of consistent variation in bleaching susceptibility is the level of phys-
iological integration (Baird and Marshall, 2002; Brandt, 2009; Loya et al., 2001;
Marshall and Baird, 2000; Shenkar et al., 2005), which is highly linked with
coral morphology that includes, but is not limited to, size, shape, and compo-
sition (i.e. taxonomy, tissue thickness, permeability, and aragonite density) of
the colony. The phylogeny of the Scleractinian coral confounds morphological
variations; highly complex branching, simple hemispherical, encrusting forms are
non-randomly distributed among coral clades (Veron, 1995, 2000).

In general, fast growing and finely branched species, such as Acropora and
Pocillopora, are highly susceptible to thermal stress and experience high rates of
whole colony mortality (Baird and Marshall, 2002; Guest et al., 2012; Loya et al.,
2001; Marshall and Baird, 2000). In contrast, massive corals such as Porites
and Faviid are more resistant to thermal stress and more frequently experience
partial, rather than whole colony mortality associated with bleaching (Baird and
Marshall, 2002; Guest et al., 2012; Loya et al., 2001; Marshall and Baird, 2000;
Woesik et al., 2001). Therefore, the accumulating evidence that some types of
corals tend to bleach more readily than others may be defined by a possible
relationship between colony morphology and bleaching.

Increasing body size exposes the structural, functional, and geometric con-
straints of phenotype which result in scaling effects and that in turn can have
have profound influence on an organisms physiology (Edmunds and Gates, 2002;
Gould, 1966; Schmidt-Nielsen, 1984). Size normalisation assumes a proportional
relationship (i.e. isometry), however, the assumption of isometry is rarely demon-
strated and most traits scale disproportionately with size (i.e. allometry) (Ed-
munds and Gates, 2002; Packard and Boardman, 1988). Therefore, the rela-
tionship between surface area and volume is fundamentally important relation-
ship that affects an organism’s metabolism and thermal regulation (Gould, 1966;
Schmidt-Nielsen, 1984; Vollmer and Edmunds, 2000). Colony size also plays a
role in determining patterns of mortality of bleached corals. For instance, small
juvenile colonies of some species can survive better than large, mature colonies
(Loya et al., 2001; Mumby, 1999; Riegl, 2002; Van Woesik et al., 2004). Con-
sequently, repeat bleaching events might shift age distributions toward smaller
colonies with lower fecundities (Done, 1999), in turn hindering the recovery of
these reefs. However, this may not be true of all sites and species, and may vary
according to how other environmental stressors interact with bleaching which
suggested that large colonies might be more resistant than small colonies to envi-
ronmental disturbances, such as nutrients and sedimentation (Bak and Meesters,
1999). These studies provide evidence that colony-level differences may indeed af-
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fect bleaching susceptibility in this habitat and suggest that the impact of future
thermal anomalies may be biased toward larger colonies of dominant reef-building
species (Brandt, 2009).

The study of the relationship between coral bleaching and colony morphol-
ogy has been dominated by laboratory, continuous field and in-situ observations,
and predictive modelling studies based on remotely sensed sea conditions, par-
ticularly SST. While useful, these experiments are inevitably restricted to inves-
tigating only a few colony and locations due to their relatively high cost and
difficulty in obtaining accurate measurements. In addition, predictive modelling
is limited by the assumption that SST, or other such parameters, adequately rep-
resents key environmental features that are related to bleaching. An additional
challenge for biological assessments of coral size is to progressively measure the
surface area and volume of corals in-situ during growth. There have been sev-
eral approaches to estimating the three-dimensional morphology of corals (i.e.
surface area and volume). While these approaches are reliable for simple coral
growth forms, estimation for complex growth forms is less certain for complex
growth forms (Edmunds and Gates, 2002; Holmes, 2008; Jones et al., 2008). In
contrast, numerical modelling technique, such as computational fluid dynamics
(CFD) used throughout this thesis, provide a holistic approach to understanding
detailed interactions between heat and fluid dynamics and coral morphology with
varying permeability and thicknesses of coral tissue and skeleton. Previously, I
established the potency of CFD in estimating the thermal stress of coral microen-
vironments under controlled laboratory conditions such that the flow regime was
laminar and irradiance was fixed at an overhead 90◦ angle (Chapter 3). Here I
assess whether corals of the same species, but that vary in size and shape, may
respond differently to thermal stress due to different heat transfer rates and ther-
mal capacities related to differences in surface area-to-volume (A/V ) ratios and
their relationship to thermal scaling in coral microenvironments.

6.2 Isometric and allometric scaling

The concept of isometric and allometric scaling presented in this section can be
used as an aid to understanding the correlation between the size and shape of a
coral with the effect of scaling. Scaling, the study of the influence of body size
on form and function, provides a useful tool for exploring differences in morphol-
ogy among individuals and species (Biewener, 1990; Gould, 1977). Some studies
have applied the scaling principle to understand physiological parameters, such
as metabolic rate (Schmidt-Nielsen, 1984), and exponential parameters, includ-
ing population sizes, biomass, and population growth rates (Calder, 1996; Peters,
1986).
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If two objects have the same shape, then they are termed isometric (Thomp-
son, 1966). For example, a sphere with radius r has a surface area of 4πr2 and
a volume of 4

3
πr3, thus, the ratio of its volume to surface area A/V is 3

r
. Hence,

A/V varies as r. Similarly, using L to represent any linear dimension, the general
equations is given by:

A ∝ L2, V ∝ L3, (6.1)

or A = k L2 and V = k′ L3 (6.2)

where k, k′ are similarity ratio or factors of proportion. In isometric bodies, all
corresponding linear dimensions are related in the same proportion, and all corre-
sponding surfaces have areas that are related in the same proportion. Therefore,
the final form can be written as:

V

A
∝ L or

V

A
=
k

k′
L = K L (6.3)

Real coral shapes usually are not isometric, instead certain proportions change
in a regular fashion. To test whether corals scale isometrically or allometrically,
two sets of anatomical measurements (x and y) can be fitted to the power function
to determine the scaling exponent, b. The simplest way to do this is to construct
log-transformed plot of morphological data and derive a linear regression of log(y)
on log(x), taking the slope as an estimate of b. Hence, the general equation of
allometric scaling can be written as:

y = a · xb (6.4)

log y = log a+ b logx (6.5)

where y is some observable quantity, x is the size or mass of the coral, a is the
y-intercept and b is the slope. If the slope (b) is equal to 1, then the variables
exhibit equal proportional changes, and demonstrate isometry. However, most
organisms do not scale isometrically and can have a variety of forms:

1. independence (b = 0);

2. positive allometry (b > 1);

3. negative allometry (0 < b < 1);

4. inverse allometry (b < 0).
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6.3 Thermal and metabolic scaling due to coral

shape and size

A priori prediction of how changes in colony size or shape might affect the thermal
stress at the scale of the coral microenvironment, depends on two dimensionless
indices relevant to size and shape in heat transfer studies: Nusselt number (Nu)
and Reynolds number (Re). Nusselt number is the ratio of convective heat trans-
fer to conduction of a solid surface to a fluid, which can be expressed as:

Nu =
hLc
kf

(6.6)

where, h is the heat transfer coefficient which is governed by operating param-
eters (size and shape of the coral colony, mass flux, and pressure) as well as
physical properties of the fluid (density, specific heat, viscosity, and thermal con-
ductivity), the characteristic length or dimension, Lc, here is defined to be equal
to the height normal to the substrate, diameter, and length of right cylindrical,
spherical, and plate-like coral morphologies, respectively, and kf is the thermal
conductivity of fluid. Heat transfer coefficients are related to tissue thicknesses,
shapes, and sizes of coral colonies by an inverse power function because larger
objects will have absolutely thicker boundary layers for the same flow speed rel-
ative to small objects. Nusselt number can be calculated locally as a function of
position downstream (x) over a coral colony (Nux), but doing so would require
calculations with surface warming of the local heat fluxes within patches of the
colony. Hence, Nux is integrated over the entire whole, branching, or massive
colonies to determine N̄u, the average Nusselt number.

As discussed in the previous chapter, heat transfer within and around corals
occurs by three main mechanisms.

Conduction: The rate of heat conduction from the tissue into the skeleton is
the product of the temperature differential between the tissue and the skeleton,
the conductivity of aragonite, and the area over which the contact occurs:

Qcond = ks · A ·
dT

ds
∼ ks

s
· A · (T1 − T2) = hcond · A · (T1 − T2) (6.7)

where hcond = ks
s

, where ks is the thermal conductivity of the aragonite and
s is the measure for the object size. Another variable that affects the rate of
conductive heat transfer is the area through which heat is being transferred. For
instance, heat transfer through coral tissue to skeleton depends on the size of the
coral. More heat will be lost from a larger area of tissue than a smaller one of
the same aragonitic characteristic and tissue thickness.

Convection: The energy flow per second from the surface of the coral with
temperature T1 into surrounding fluid temperature T2 is affected by the pattern
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and rate of fluid movement around the colony, the amount of surface area in con-
tact with the fluid, and the thermal gradient between the coral and surrounding
fluid:

Qconv = hconv · A · (T1 − T2) (6.8)

where hconv is the convective heat transfer coefficient and is determined from
the coral colony’s size and shape with the fluid moving around the coral. These
values depend on the Reynolds number, Re = UL/ν which expresses the ratio
of inertial forces to viscous forces that define flow regimes as either laminar or
turbulent. The characteristic of the local convective regime similarly affects the
flux of heat away from the surface and is determined from Nu. Therefore, plots
of Nu (ordinate) - Re (abscissa) yield information on the degree to which water
motion (momentum flux) affects convective heat transfer. The relationship can
be expressed as a power law:

Nu = aReb (6.9)

where a and b are heat proportionality coefficients and heat exponent values,
respectively, and in logarithmic form:

logNu = log a+ b logRe (6.10)

The curvature of the Nu vs. Re relationship was fitted in a linear format in a
log-log coordinate to yield information on the a∗ and b∗ which are the global heat
coefficient and exponent terms, respectively. These values are directly affected by
the coral shape and flow regime, thus varied among colonies (Patterson, 1992b).
The heat exponent, b, is the most important coefficient in determining the degree
to which flow augments convective heat transfer relative to diffusion, and its
numerical value indicates whether the transport is occuring through a laminar
(b ≈ 0.5) or turbulent (b >≈ 0.6) boundary layer around the exchange surface
(Patterson et al., 1991; White, 1988). Hence, it follows that hconv depends on
viscosity, thermal conductivity of the fluid and coral, and also nonlinearly on the
temperature difference, i.e. hconv ∼ ∆T b, where the power of b depends on flow
conditions.

Radiation: The heat flux due to absorption of radiation, ∆Q, is proportional
to ∆I, α, and the coral surface area (A). Defined as the fraction of incident
radiation absorbed by the surface, α, accounts for a range of factors affecting
the amount of absorbed light, such as the optical properties of both the host
tissue (host pigments, tissue thickness) and the zooxanthellae (symbiont density,
photosynthetic pigments). Refer to Equation 2.10.

These modes of heat transfer analysis leads to the exponential Newtonian
heating or cooling behaviour since the amount of thermal energy in the body is
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directly proportional to its temperature, which in turn determines the rate of heat
transfer into or out of it. The heating and cooling in a coral can be represented
using a simple first-order differential equation which is given by:

dTcoral
dt

∝ Tcoral − Tfluid (6.11)

Heat transfer is directly proportional to surface area, whereas heat capacity is
proportional to volume. The above equation can be rephrased in terms of q′′ =
Q/A as

q′′ = h̄(Tcoral − Tfluid) (6.12)

where, h̄ is the average heat transfer coefficient over the surface of the body.
Without the bar, h denotes the “local” value of the heat transfer coefficient at a
point on the surface. Thus, the heat accumulation and dissipation highly depend
on three parameters: coral size and shape, convective heat transfer coefficient,
and the coral absorptivity and emissivity.

A similar analogy to heat transfer can also be applied to mass transfer in
order to determine the relation between body size and metabolic rate in coral.
The Sherwood number (Sh = hmLc/D) is a dimensionless index of metabolic or
mass transfer rate which can be written as:

Sh =
hmLc
D

(6.13)

Sh = cRed (6.14)

where hm is the mass transfer coefficient and D is the diffusion coefficient of the
dissolved species (Patterson, 1992b). Plots of Sh − Re yield information on the
degree to which water motion affects mass transfer, which is expressed as a power
law, where c is termed the mass coefficient and d is termed the mass exponent
(Patterson, 1992b).

6.4 Model assemblages and configurations

The physical models of various shape and species were used to determine the range
of heat exponent values and the degree to which water motion and morphology
affect heat transfer, and ultimately, the thermal microenvironments. Most of the
models used in this study were scanned using a medical computed-tomography
(CT) scanner with isotropic resolutions. I reconstructed the scans using an image
processing package, Fiji (Ferreira and Rasband, 2012), converted to a binary
stereo lithography (STL) format, and visualised using the visualisation toolkit
(VTK) based software, Paraview. A few additional models were created manually
with the aid of computer-aided-design (CAD) software (i.e. Blender).
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From the point of view of morphology, corals can be classed into mainly two
shape categories: (1) branching (mostly large branching, tabulate, or corymbose);
(2) massive (mostly massive, columnar, foliose, or encrusting). Their scaling
properties do not depend on most details of morphological traits, including the
branching patterns. The degree of overall similarity ratios (K) between branching
and massive coral morphologies were evaluated using the equation 6.3. The model
assemblages and similarity ratios are shown in Table 6.1and Figure 6.1. The
characteristic dimension, L, was taken to be equal to the height normal to the
substrate, diameter, and length of various shapes (i.e. cylindrical, spherical, flat-
plate, etc) measured in meters.

Table 6.1. Model assemblages (specified and generalised) and predicted
similarity ratios.

Species shape categories L K

Acropora digitifera B 0.56 45

Acropora millepora B 0.56 42

Pocilliopra eydouxi M 0.91 50

massive coral M 0.35 1.2

Fungia sp. M 0.79 73

cylindrical branch B 0.03 66

Goniastrea aspera M 0.40 1.5

Montastrea annularis B 0.48 40

Madracis mirabilis B 0.25 43

Porites sp. M 0.64 53

Seriatopora caliendrum B 0.56 38

Seriatopora hystrix B 0.49 236

To examine the effect of allometry on thermal scaling in the oral microenvi-
ronments, each model morphology was scaled in size in order to explore various
magnitudes of A/V ratios. Coral morphologies were modelled for two thermal
and flow regions, tissue and skeleton, each with its own thermal functions and
permeabilities (Figure 2.1). The flow of water through the coral tissue and skele-
ton (if it occurs), should significantly influence the thermal microenvironment of
the coral. In constructing these models, I have developed models that allowed us
to evaluate a diverse range of scenarios. In particular, I hypothesised that there
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is unlikely to be any significant permeability through intact living tissue, how-
ever, in many real life cases, the activity of borers and coral grazers will result in
openings allowing percolation and increased skeletal porosity. Thus, in this work
I modelled a very small percolation flow along the tissue layer (∼1-2%) and a
moderate flow through the skeletal matrix (∼7-10%) (Ong et al., 2012).

The size specifications of flow chambers in laminar and turbulent flow regimes
were randomly set at 15 cm h (height) × 10 cm w (width) × 25 cm l (length),
and 15 m h × 10 m w × 25 m l, respectively. The direct sunlight measured at
12 noon with a steady-state unidirectional flow of seawater maintained at 0.01
m s−1, and the seawater temperature at 26◦C. The choice of the solar position
for global irradiance was somewhat arbitrary, with emphasis on using the ray-
tracing model. Here I set the solar position to have an azimuth angle of 35◦ and
an elevation angle of 86◦, with the maximum irradiance of ≈ 500 W m−2.
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Figure 6.1. Models of coral species studyied here: (a)Acropora millepora, (b)Pocilliopra eydouxi, (c) massive
coral, (d)Seriatopora hystrix, (e)Fungia sp., (f)Seriatopora caliendrum, (g)Goniastrea aspera, (h) cylindrical branch,
(i)Montastrea annularis, (j)Madracis mirabilis, (k)Porites sp, (l)Acropora digitifera
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6.5 Model boundary conditions

This study mainly used two types of grids, predefined block structured hexahe-
dral and polyhedral, to represent both computational and coral domains with
approximately 900,000 cells for laminar flow simulations. In turbulent simula-
tions, it was necessary to place the grid line closest to the wall at an appropriate
distance in order to resolve the boundary layers within the first layer of cells
and the second layer consists only of flow with turbulent characteristics. To run
the low-Reynolds turbulence cases, the y+ ∼1.0 (viscous sublayer region) with
∼2,500,000 cells.

The initial and boundary conditions for laminar and turbulent simulations
were shown in Table 6.2 and 6.3. To impose boundary layers in the viscous
sublayer region and to accommodate convergence, the initial conditions of k and ω
at the wall are specified differently from the free-stream conditions. We estimated
the turbulence intensity, I, and length scale, l to be ∼0.05-0.1% and ∼50% of
coral diameter, respectively.

Table 6.2. Initial and boundary conditions for laminar simulations

Parameter Initial Value Surrounds Seafloor Inlet Outlet

pref 0 Pa S ZG ZG FV

u 0.01 m s−1 S FV 0.01 m s−1 FV ZNG

T 26◦C S FV FV ZG

Table 6.3. Initial and boundary conditions for turbulent simulations

Parameter Seafloor Inlet Outlet

k (m2s−2) 10−10 TIKEI IO

ε (m2s−3) FV TMLDRI IO

ω (s−1) 60ν
β1y2 TMLFI IO

νt (m2s−1) C C C

u (m s−1) (0 0 0) FV IO

T (K) FV FV ZG

*SP: symmetry plane, ZG: zero gradient, ZNG: zero normal gradient, FV: fixed value,
C: calculated, TIKEI: turbulent intensity kinetic energy inlet, TMLDRI: turbulent
mixing length dissipation rate inlet, TMLFI: turbulent mixing length frequency inlet
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6.6 Surface area and volume estimations

One of the main challenges for biological assessment of coral reefs over large
temporal and spatial scales is the ability to extrapolate data obtained at the
microsensor scale to tissue biomass, coral surface area, colony weight and volume
(Holmes, 2008). To be able to measure the surface area and volume of coral
colonies is also essential in order to monitor colony growth and how it may indicate
the state of ecosystems at different scales. Determining surface area and volume
of corals is essential to understanding their interaction with external and internal
physical and biological processes. There have been several approaches proposed to
estimate three-dimensional morphological coral properties (mainly surface area,
refer to Table 1.1) with various accuracies and environmental scale measurements.
While these methods are reliable for simple coral growth forms, large errors are
introduced when applying them to more complex growth forms (Edmunds and
Gates, 2002; Holmes, 2008; Jones et al., 2008).

Here, I quantify both the surface area and volume of coral models utilising a
cell looping technique that calculates and increments cell area and volume over a
mesh-based representation with low errors associated with complex morphologies.
The theoretical calculations of surface area and volume of a simple hemispherical
and cylindrical shape corals were validated against the model.

6.7 Results

6.7.1 Previously validated cases and estimated A/V ratios

The predicted surface areas and volumes from the proposed model agreed reason-
ably well with the theoretical results (Table 6.4) with low root-mean-square error
(RMSE) between the two measurements. In the previous chapters, the validation
studies of laminar and turbulent flows in coral thermal microenvironments were
investigated (Chapter 3 and 5). The results of global horizontal irradiance agreed
well with the spectroradiometer data scans of Brown et al. (1994) (Brown et al.,
1994), and was shown in the Chapter 4 (Figure 4.3, 4.4, 4.2, and 4.5).

6.7.2 Predicted heat exponents from Nu−Re plots

The heat coefficient and exponent values were estimated from the slopes of the
theoretical Nu− Re functions of the whole, branching, and massive colonies for
both laminar and turbulent flows (Figures 6.2, 6.3, and 6.4). The N̄u indicates
the average behaviour of heat transfer relative to diffusion and boundary layer
thickness. The N̄u−Re data were fitted to an expression of the form: N̄u = aReb,
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Table 6.4. Comparison of the actual and estimated surface area and volume

Shape Size (m) Actual Model RMSE

A (m2) V (m3) A (m2) V (m3) A (m2) V (m3)

Hemisphere 0.5 φ 0.39 0.0327 0.41 0.0331 0.020 4×10−4

Cylinder 0.3 φ & 0.3 h 0.283 0.0106 0.262 0.0123 0.021 0.002

where the slope, b, and the intercept, a, were obtained by regressing the least-
squares linear function from these log-log plots (Table 6.5).

Table 6.5. Global heat proportionality coefficient (ā) and exponent (b̄) values
from N̄u−Re plots

Constants Whole colonies Branching Massive

Laminar Turbulent Laminar Turbulent Laminar Turbulent

ā∗ 0.39 1.49 0.27 1.22 0.47 1.75

b̄∗ 0.58 0.85 0.58 0.91 0.57 0.77

R2 0.77 0.77 0.75 0.75 0.86 0.79

Note that the heat exponents for laminar flow result in lower values for the
heat exponent compared to turbulent flow, thus, colony shape and size and the
flow regime have a direct impact on the value of heat exponents obtained.
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6.7.3 Allometric thermal scaling and predicted warming

Dimensionless analysis of heat transfer in relation to coral morphology provides
a powerful alternative to traditional allometric methods in investigations of the
effect of shape and size on heat transfer rate. The functional relationship between
the magnitude of coral surface warming for a given colony shape and size, and
water flow velocity can be written as:

∆T = C A/V m Reb̄
∗ I

I0

(6.15)

where the term ( I
I0

) is defined as normalised irradiance intensity and the initial

irradiance, I0, was ≈ 500 W m−2. The heat scaling exponents b were previously
obtained from Nu−Re plots shown in the Table 6.5.

The constants (C and m) for each of the colonies and flow regimes are obtained
by regressing the log-log plots of the generalised allometric thermal scaling against

the A/V ratio
(

∆T

Reb̄∗
− A/V

)
. These plots of whole, branching, and massive

colonies for both laminar and turbulent flows are shown in Figures 6.6, 6.7, and
6.8, respectively.

Table 6.6. Global allometric model constants obtained by regressing the

generalised allometric thermal scaling plots
(

∆T

Reb̄∗
− A/V

)
Constants Whole colonies Branching Massive

Laminar Turbulent Laminar Turbulent Laminar Turbulent

C 7.94×10−3 1.58×10−5 3.89×10−3 3.98×10−6 4.17×10−2 1.00×10−4

m 0.27 0.65 0.39 0.86 -0.02 0.41

R2 0.31 0.35 0.99 0.99 0.1 0.94

The local heat coefficients and exponents (a and b) and the allometric con-
stants (C and m) for each geometrical shapes relating Re and A/V ratio to
thermal scaling are shown in Table 6.7.
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Table 6.7. Summary of local heat coefficients and exponents and the
allometric thermal scaling constants of various shape classes in both laminar
and turbulent regimes

Shape Local a and b Local allometric var.

a b C m

Flat plate or mushroom (laminar) 0.68 0.72 6.45×10−3 0.12

Flat plate or mushroom (turbulent) 1.16 0.75 1.17×10−4 0.40

Cylinder (laminar) 0.96 0.68 1.14×10−3 0.48

Cylinder (turbulent) 0.68 0.87 7.94×10−6 0.74

masive - hemispherical (laminar) 0.83 0.56 5.75×10−3 0.28

massive - hemispherical(turbulent) 1.52 0.75 1.35×10−4 0.36

massive - G. aspera (laminar) 0.75 0.47 1.18×10−1 -0.16

massive - G. aspera (turbulent) 0.96 0.83 1.99×10−4 -0.09

massive - Porites (laminar) 0.89 0.53 1.82×10−1 -0.16

massive - Porites (turbulent) 1.63 0.69 2.51×10−4 0.32

encrusting - P. eydouxi (laminar) 0.83 0.55 1.54×10−2 0.14

encrusting - P. eydouxi (turbulent) 1.10 0.86 2.51×10−5 0.57

columnar - S. hystrix (laminar) 0.79 0.58 4.57×10−3 0.36

columnar - S. hystrix (turbulent) 0.15 1.16 7.94×10−11 3.12

columnar - S. caliendrum (laminar) 0.80 0.50 1.99×10−2 0.23

columnar - S. caliendrum (turbulent) 0.89 0.84 1.00×10−5 0.80

tabular - A. millepora (laminar) 0.58 0.57 3.98×10−3 0.38

tabular - A. millepora (turbulent) 0.98 0.81 1.29×10−5 0.73

digitate - M. mirabilis (laminar) 0.69 0.58 3.71×10−3 0.40

digitate - M. mirabilis (turbulent) 0.22 1.03 9.12×10−7 0.95

digitate - M. annularis (laminar) 0.44 0.65 1.66×10−3 0.47

digitate - M. annularis (turbulent) 0.49 0.89 6.02×10−6 0.70

digitate - A. digitifera (laminar) 0.61 0.58 3.63×10−3 0.40

digitate - A. digitifera (turbulent) 1.14 0.79 1.86×10−5 0.70
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The analytical equation 6.15 of surface warming is compared against the pre-
vious experimental and simulation works (Figure 3.4 and 3.5) and is shown below.
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The analytical correlation of surface warming was also validated against the
previous (Figure 3.13 and 3.12) experimental and simulations using k − ω SST
(Figure 6.10). I then compared the simulated and predicted surface warming
values for the whole, branching, and massive colonies shown in Figure 6.11, 6.12,
and 6.13, respectively.
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Figure 6.11. ∆T simulated vs predicted plots of whole colonies for both laminar and turbulent flows
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Figure 6.12. ∆T simulated vs predicted plots of branching corals for both laminar and turbulent flows
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Figure 6.13. ∆T simulated vs predicted plots of massive corals for both laminar and turbulent flows
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6.8 Discussion

Understanding the interacting effects of internal and external factors on thermally
induced coral bleaching - such as a coral’s tolerance and adaptation, the size struc-
ture of coral populations, community shifts coral species composition toward more
tolerant coral species with decreasing diversity, and difference in growth rates -
is critical for understanding the risks to coral colonies and their communities to
coral bleaching. Much attention has been paid recently to the diversity and com-
position of the symbiont populations hosted by reef-building corals, specifically
as it relates to the range of bleaching responses exhibited among corals exposed
to similar level of stress (Baird et al., 2009; Baker, 2003). Although variability
of symbiont communities may explain, in part, why bleaching susceptibility can
vary among the colonies, it is unlikely that the physiological tolerances of the
symbiont populations are the major factor influencing susceptibility differences
in various coral shapes (species) and sizes.

My model provides a theoretical, mechanistic basis for understanding the
role of allometry in thermal scaling due to coral morphology (A/V ratios) and
flow velocity (Re) from the heat (and to some extent, mass or metabolic) trans-
fer framework. The study of thermal microenvironments of corals in response
to environmental variables can enhance the understanding of the mechanisms
responsible for bleaching. The thermal microenvironment can also significantly
affect many other temperature controlled processes, such as coral metabolism and
growth. Thus, the CFD models and techniques presented here have the potential
to facilitate a better understanding of how irradiance and flow are related to pat-
terns of coral bleaching and how this might vary among coral species, individual
corals, and locations of individual coral colonies on the reef.

6.8.1 Morphology and symbionts on bleaching suscepti-
bility

The present study examines variations of thermal dynamics within and between
coral colonies related to coral morphology, water flow, and irradiance intensity
level. The general result indicate that in order to maintain thermal equilibrium,
it is easier for larger size corals due to their lower A/V ratios compared with
smaller corals. This observation is consistent with expectations from heat transfer
theory that heat loss should increase with increasing surface area and decrease
with decreasing volume. However, there are numerous combinations of coral
morphology and physiology, thermal adaptation, metabolic rate, partial bleaching
or mortality, and many other environmental factors (i.e. weather conditions, flow
currents in the regions, etc), that may differentially affect a coral’s propensity to
bleach.
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Previous studies have highlighted a link between coral surface warming and
irradiance intensity, flow velocity, and tidal regime. These studies have also doc-
umented and provided the variation in thermal exposure for hemispherical and
branching corals (Fabricius, 2006; Jimenez et al., 2008, 2012, 2011; Ong et al.,
2012, 2011, 2012). In turn, observations from these studies may help explain
the large differences in bleaching susceptibility between coral taxa with different
growth forms (Baird and Marshall, 2002; Loya et al., 2001; Marshall and Baird,
2000). A previous computational study also reported a single preliminary data
set on the temperature dynamics in the hemispherical corals, P. lobata and C.
serailia, and the branching coral, S. pistillata. This study confirmed expectations
of the effects of A/V ratios given heat loss should increase with increasing sur-
face area and decrease with decreasing volume. Typically, massive corals have a
considerably greater volume to mass ratio, and as I observed here, hemispherical
corals heated at a slower rate, taking nearly twice as long to equilibrate. In this
case, the effect of faster cooling resulting from different A/V ratios was over taken
by thermal mass effects (Ong et al., 2012). These findings are consistent with
previous evidence of interspecific variation in coral thermal environment and may
result from variation in convective heat transfer and/or thermal properties influ-
enced by the coral morphology and skeletal matrix (Jimenez et al., 2008, 2012,
2011).

6.8.1.1 Shape and size on thermal and metabolic rates

Many literatures have clearly identified the link between the differential bleaching
susceptibility and colony morphology. Surveys conducted over a broad range of
habitats and biogeographic regions have showed that branching and pocilloporid
corals were among the most susceptible and suffer higher mortality rates than
species with massive and encrusting morphologies (Brown and Suharsono, 1990;
Fisk et al., 1985; Fujioka, 1999; Glynn, 1993, 1983, 1988, 1990a; Harriott, 1985;
Hoegh-Guldberg and Salvat, 1995; Jokiel and Coles, 1990; Loch et al., 2002; Loya
et al., 2001; Marshall and Baird, 2000; McClanahan and Maina, 2003; Oliver,
1985; Wilkinson, 2000; Yamazato, 1981). Massive and encrusting coral colonies
also experienced frequent bleaching during periods of elevated temperature, how-
ever they also often demonstrated a high rate of survival (Loya et al., 2001;
Nakamura et al., 2001). There have been many theories involving differential
mass transfer in accordance with coral morphology, but the most likely hypothe-
sis stated that since high SSTs and high solar irradiance cause the development of
superoxides and oxygen radicals, removal of these by-products may be essential
to ensure colony health through higher metabolic rates that is directly related to
mass-transfer efficiency and colony shape and size (Baker et al., 2008; Loya et al.,
2001).
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The nature of allometric relationship between metabolic rate and body size
and shape in aquatic invertebrates and algae resulting in mass transfer exponents
(Equation 6.14, Sh = cRed), has been examined (Patterson, 1992b). Derivation
of mass exponents for various coral morphologies (shape and size) are directly
analogous to the allometric trend of thermal scaling using Nu-Re, as described
above. The Sh-Re plot is generally used to investigate how changes in flow speed,
exchange surface geometry, and fluid flow affect the degree to which convective
loss or gain of material augments diffusive fluxes (White, 1988). Estimating
metabolic rate is essential because it is linked to the rates of many other biological
activities, and the rate of these metabolic processes can be explicitly estimated by
the rate of heat production (Glazier, 2005). Patterson’s observation demonstrated
that the mass transfer of flat organisms was higher than the mass transfer of
thinning cylinders under laminar or turbulent flow, which theoretically suggests
that under a unit-flow regime, flat colonies should have a higher mass transfer
than branched colonies (Baker et al., 2008; Loya et al., 2001; Patterson, 1992b).

Size may also play a major role in determining patterns of thermal and
metabolic susceptibilities. Many studies have showed contradictory data with
regards to the colony size, for instance, the greater bleaching extent that was
recorded on larger colonies supports the hypothesis that with increased frequency
of bleaching, shifts may occur toward dominance by smaller, less-fecund coral pop-
ulations (Brandt, 2009; Done, 1999). In contrast, another study found that larger
colonies on the GBR were less affected by bleaching and predicted that the long-
term effect of warm temperatures on coral communities would show large colony
dominance (Brandt, 2009; Edmunds, 2005). However, majority of the studies
supported the hypothesis that small juvenile colonies of some species can survive
better than large, mature colonies (Loya et al., 2001; Mumby, 1999; Riegl, 2002;
Van Woesik et al., 2004). Done (1999) further stated that repetitive bleaching
events might shift the age distribution toward smaller colonies with lower fecun-
dities (Done, 1999). From the thermal dynamics model, I showed that smaller
colonies resulting in higher A/V ratios, which in turn lead to lesser cooling due to
water flow. However, the thermal patterns are not only dependent on the size and
shape of corals, but also the interactions between other environmental stressors.
Furthermore, these discrepancies in bleaching susceptibility between studies may
reflect differences in regional differences such as water flow and weather condi-
tions in the physiology of the corals or/and their hosted symbiont populations.
Given the stronger water flow which increases mass transfer, has an advantage for
smaller colonies since they can eliminate toxins more efficiently through diffusion.
On the other hand, Bak and Meesters (1999) suggested that large colonies may be
more thermally resistant than small colonies to environmental disturbances, such
as nutrients and sedimentation, with greater potential for continued gamete out-
put and reproductive success post-disturbance (Bak and Meesters, 1999; Baker
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et al., 2008). Moreover, the diffusion over short distances is very fast, and oxygen
can rapidly reach all parts of coral microenvironment. Over longer distances,
diffusion process is slower, and diffusion alone is inadequate for supplying oxygen
to a large colony. The principle of convective mass transport, therefore becomes
essential as the size of the colony increases.

6.8.1.2 The role of symbiont in thermal acclimatisation

Symbiont zonation provides a simple hypothesis to explain these bleaching pat-
terns. Bleaching was disproportionately common in what seems to be the upper
limit of Symbiodinium C ’s ’adaptive zone’: low-irradiance parts of corals in shal-
lower water, and high-irradiance parts of corals in deeper water. Slight increases
in temperature and irradiance might push these symbioses, but not others, be-
yond some physiological limit, resulting in bleaching (Rowan, 2004; Rowan et al.,
1997).

From the biological standpoint, thermal bleaching is often associated with
photoinhibition in which the process of accumulation of oxidative stress at pho-
tosystem II in the symbionts (Iglesias-Prieto et al., 1992). Different clades, within
the symbiont genus Symbiodinium apparently exhibit different tolerances to ther-
mally induced stress (Warner et al., 1996). Many literatures during the early stage
of coral reef symbiont studies have viewed that each coral species encompasses
one symbiotic dinoflagellates (Trench, 1993), in which host taxa alone are ad-
equate units of biodiversity, environmental variability is accommodated largely
by physiological acclimatisation (Brown, 1997; Iglesias-Prieto and Trench, 1994),
and bleaching variability is often not understood (Lesser et al., 1990). Rowan
et al. (1997) hypothesised that polymorphic symbiont communities and directed
shifts in symbiont populations following extreme environmental change suggest
that similar shifts may occur over annual cycles of environmental variation (Gates,
1990) which underlie the broad distribution (Goreau, 1959) and bleaching ecology
of these corals (Rowan et al., 1997).

In all other species, dominance by a single clade was thermally senstitive or
tolerant, extensive bleaching occured in a large proportion of colonies, or low
levels of bleaching occured in a small proportion of colonies, respectively; which
indicated that there is still much to investigate between the ecological manifes-
tation of bleaching on coral colonies and their associated symbiont communities
(Baker et al., 2008; Brandt, 2009). For mutualisms in general, the ability to
acclimatise with environmental change through changes in symbiont community
composition reflects the selective advantage of hosting several distinct symbionts
(Leigh and Rowell, 1995; Rowan et al., 1997; Smith, 1999).
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6.8.2 Nu−Re and allometric thermal scaling

The empirically derived relationship between N̄u and Re given in Equations 6.9
and 6.10 is the most powerful mean of examining the effects of allometric scaling
on heat transfer performance. The results of this study are also consistent with
the results from various others that have studied heat transfer principles (Bejan
and Kraus, 2003; Incropera, 2011; Lienhard, 2011), and are analogous to mass
transfer observations (Patterson, 1992a,b; Patterson and Sebens, 1989; Patter-
son et al., 1991), that investigated the effects of flow and allometric scaling on
thermal dynamics in coral microenvironment. On theoretical grounds, for flow
past an immersed object such as a flat plate, sphere, or cylinder, one might ex-
pect N̄u or S̄h ∝ Re0.5 where the boundary layer is locally laminar and N̄u or
S̄h ∝ Re(0.67−0.85) where turbulent dissipation is occurring (Patterson et al., 1991;
White, 1988). Coral shape and size and flow regime have a direct effect on the
value of global heat coefficients and exponents obtained that are presented in Ta-
ble 6.5 encompasses the range predicted for each of the local heat exponents and
allometric coefficients shown in Table 6.7. In most cases, increases in colony size
and/or flow speed markedly increase the rate of heat transfer between the coral
and the environment. If the primary heat exponent, b, relating changes in Re
with N̄u is equal to ≈0.5, then heat transfer is most likely governed on average
in the laminar regime. In other words, increases in flow speed or colony size lead
to an increase in the relative importance of convective advective mixing and dif-
fusive transport in regulating the coral thermoregulation. The linear regression
of allometric curve fits is the most appropriate for studies utilising my approach,
where the spatial extent and Re dependence of flow separation phenomena were
not characterised.

The dimensionless analysis of allometric thermal scaling variables can be read-
ily determined using Equation 6.15 given the degree of heat exponents (b∗) are
quantified along with the flow speed (Re) and coral shape or size based on A/V

ratios. Log-log plot of
(

∆T

Reb̄∗

)
(ordinate) - A/V (abscissa) yield information on

the allometric thermal constants, where C is the intercept and m is the slope of
the plot.

6.8.3 Effect of flow on thermal and metabolic performances

Flow regimes in coral reefs are extremely variable at scales, ranging from those
of single branching corals to coral colonies or even up to whole reefs (Monismith,
2007; Shashar et al., 1996). Recent works have highlighted how flow-mediated
heat transfer (and mass transfer) may prevent thermally-induced bleaching (Fabri-
cius, 2006; Jimenez et al., 2008; Nakamura et al., 2001; Ong et al., 2012). The-
oretically, convective heat (and mass) transfer is modelled using dimensionless
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numbers such as the Nusselt number (Nu) and the Sherwood number (Sh), which
depend on the Reynolds number (Re) that defines the kind of flow regimes. There-
fore, it follows that convective heat transfer (hconv) depends on viscosity, thermal
conductivity and also nonlinearly on the temperature difference, i.e. hconv ∼ δ T x.
The exact power x depends on the flow conditions, e.g. for free convection around
a horizontal plate, it changes from x = 0.25 for laminar flow to 0.33 for turbulent
flow (Incropera, 2011).

The momentum governing equations for both laminar and turbulent flows
through a porous medium have the flow sink term (refer to Appendix 2 and
Chapter 3), Si, which is composed of two parts, viscous and inertial loss terms,
creating a pressure drop that is proportional to the velocity and square of the
velocity, respectively.

Si = −(νDij +
1

2
|U|Fij)U (6.16)

where Dij and Fij are represented as the scalars D and F, which are termed the
Darcy Forchheimer coefficients and can be written as:

D =
150(1− φ)2

d2φ3
(6.17)

F =
1.75(1− φ)

dφ3
(6.18)

where d is the coral diameter. The viscous and inertial or kinetic energy loss terms
play major roles in the laminar and turbulent regimes, respectively. Therefore, an
increase in water speed combined with enhanced convective thermal properties
in coral morphology (tissue and skeletal matrix permeability values) may lead to
a stronger cooling effect from solar heating, which is consistent with the findings
observed previously (Chapter 3).

The importance of flow-modulated metabolism to coral primary production
has been covered in numerous laboratory studies (Finelli et al., 2006; Patterson,
1992a; Patterson et al., 1991; Smith and Birkeland, 2007; Ulstrup et al., 2005; van
Woesik et al., 2012). The primary production of an intracellular photosynthetic
symbiont also may be affected by the overall shape of the corals in which it is
embedded (Patterson, 1992a). Increased colony size leads to increased Re for a
given flow speed, which will shift the heat and mass transfer processes further
up the Nu/Re and Sh/Re curves (Patterson, 1992a). Increased water motion
also enhances respiration and primary production (Patterson, 1992a; Patterson
et al., 1991). Furthermore, water flow also increases mass transfer of inorganic
nutrients (Atkinson and Bilger, 1992) and dissolved gases across the diffusive
boundary layer between the aquatic environment and the coral surface, which
may reduce oxidative stress as well as limiting photoinhibition (Lesser et al.,

193



6. THE EFFECT OF ALLOMETRY ON THERMAL SCALING

1994), which consequently minimises bleaching (Finelli et al., 2006; Nakamura
et al., 2005). Increase in water-flow rates across corals may also reduce the like-
lihood of bleaching through the reduction in the oxygen radical accumulation in
corals under thermal stress. Therefore, the effect of water motion should be crit-
ically examined for coral physiology because it can modify the metabolic rates of
corals to a degree previously associated only with changes in light intensity (Mc-
Clanahan et al., 2005; Nakamura et al., 2001; Patterson, 1992a; Patterson et al.,
1991), and its exposure to light can have a profound impact on its susceptibility
(Jokiel and Coles, 1990), even within a colony (Brown and Dunne, 2008).

6.8.4 Further modelling work

Our understanding of the thermoregulation capacity between coral morphology
and other internal or external environmental factors is still in its infancy, however
the preliminary observations presented here leave no doubt that these relationship
are labile, complex, and physiologically diverse. Here, I address some of the
further modelling works that would be very valuable to be conducted in parallel
with my model.

High variability in coral morphology is a well-known trait in Scleractinian
coral species, which may include variation in overall colony growth form as well
as corallite architecture observed both inter and intra colonies (Brakel, 1979; Dus-
tan, 1975; Goreau, 1963; Graus and Macintyre, 1982; Jaubert, 1977; Kaandorp
et al., 2005; Muko et al., 2000; Veron and Pichon, 1976). These morphological
attributes may contribute to their survivorship in a variety of environmental con-
ditions (Kaandorp et al., 2005; Lasker, 1981; Lesser et al., 1994; Porter, 1976) and
can influence the distribution, abundance, and evolutionary success of a species
(Jackson, 1979; Johnson et al., 1995; Klaus and Budd, 2003). Morphological
variation is caused by the combined effects of genetic polymorphism and pheno-
typic plasticity; however, in my model, I omitted the ability to integrate these
effects and hence its alignment with morphological diversification. The potential
of computational modelling in coral growth and morphogenesis, in particular,
HIRAG (Hydrodynamically Influenced Radiate Accretive Growth) and PORAG
(Polyp Oriented Radiate Accretive Growth), have been gaining ground in recent
years due to their structured implementation details and alleviation to be in-
tegrated with CFD in parallel schemes (Kaandorp, 1999; Kaandorp and Sloot,
2001; Kaandorp et al., 2005; Merks et al., 2003a,b). Their coral growth programs
utilised a Laplacian growth process by implementing real time-scales of growth
and transport, and the geometric description of the morphology is absent, instead
the growth form is represented by a cluster of solidified lattice sites. However,
the results still need to be validated by comparing against the estimated trans-
port time for diffusion over the yearly skeletal extension rates. Furthermore,
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profound changes in size require design modifications, including elaborate struc-
tural changes and the development of complex internal systems, which are likely
to evolve over relatively long time scales (Gould, 1966, 1977; Schmidt-Nielsen,
1984).

6.9 Summary

This study demonstrates allometric scaling in thermal dynamics of various coral
colonies and underscores two drivers that may determine bleaching susceptibility
within or/and among coral species - i.e., prediction of heat exponents from Nu-
Re data and the consequent predicted coral tissue warmings from the derived
analytical relationship. Dimensionless analysis of heat and mass transfer to corals
provide a powerful alternative to traditional allometric methods in investigations
of the effect of size on thermal and metabolic scaling rates.

There are numerous internal and external factors that relate directly to the
coral host and symbionts that may have profound impact on a colony’s bleaching
susceptibility. Therefore, there is no simple solution to find an universal index
to measure differential coral bleaching susceptibilities. The present findings are
applicable in predicting coral surface warming due to A/V ratios, flow velocity
(Re) and irradiance intensity (I) for any coral morphology. Further studies of
allometric scaling in Scleractinian corals combining heat and mass transfer under
various flow conditions combined with accretionary coral growth will be very
valuable.
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Chapter 7

Conclusions

Predicting bleaching is confounded by numerous physiological and physical fac-
tors that arise at both the individual colony scale (assessing whether a coral
is bleached or not) and at the reef and regional scales (how large an area is
bleached). Current conventional techniques which primarily require the remote
assessments of sea surface temperature (SST) profiles and imageries are then con-
verted into bleaching prediction products, such as the HotSpots, Degree-Heating-
Weeks (DHW), and Degree-Heating-Months (DHM). Although these products
have proved quite successful in monitoring the previous mass bleaching events,
they do not adequately represent key physiological and physical factors that may
lead to thermal stress in the coral microenvironment. The coral thermal microen-
vironment is defined as the temperature of the colony surface and of the boundary
layer directly above it, which can deviate substantially from the SST. This tem-
perature deviation can be a function of several factors, but predominantly heat
flux radiation and water flow on over the coral surface morphology. The con-
cept of coral thermal microenvironments has profound implications not only in
the context of thermal stress but also in relation to many temperature-controlled
processes, such as rates of metabolism and growth. For example, skeletons of
massive Porites sp. are widely used as proxies of past and present SST. Their
rates of linear extension increase by 27% of the mean values with each 1◦C warm-
ing. However, the relationship between SST along spatial and temporal gradients
and coral growth may over-estimate the effects of temperature in coral skeletons
with which vary depending on pigmentation or area of percolation openings and
increased porosity due to grazers or predators. Thus, a better understanding of
how irradiance, flow, and colony morphology affect the coral thermal microenvi-
ronments may assist in interpreting some of the spatial and temporal variability
observed in coral bleaching and in better predicting the bleaching resistance and
may help refine predictions of the effects of climate change on corals.

Some experimental studies have qualitatively identified that thermal stress in
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the coral microenvironment can play an important role in the microscale physi-
cal processes involved in coral bleaching. However, these studies provided little
quantitative data pertaining to the key roles of hydro- and thermal-dynamics in
various coral morphologies. Whilst the numerous laboratory and field studies
and prediction approaches employed to date have been essential in identifying
potential stressors and in understanding the mechanisms of bleaching, such stud-
ies have often impeded by the difficulty of precisely imitating field conditions
and obtaining accurate monitoring data when dealing with more than one en-
vironmental stressor. Furthermore, conventional laboratory methods often have
limited utility for determining values of many parameters of interest within the
interior of corals. These parameters (i.e., flow, pressure, temperature, etc) related
to coral morphology, are likely to be important determinants of mass and heat
transfer in corals, and ultimately their sensitivity to bleaching. In contrast to
experimental techniques, numerical modelling methods allow for detailed inter-
rogation of these parameters, thanks to the availability of commodity computing
resources. Although full scale modelling of coral reef systems is unlikely to be able
to replicate the complexity in nature, it is often possible to construct progressive
models of physical systems which closely reproduce reality.

This thesis had three main objectives. The research started by constructing
the numerical techniques for modelling thermal stress in the coral microenviron-
ment at the individual-, colony-, and reef-scales. The models were then validated
against controlled laboratory experiments that explore the effects of water flow,
irradiance and pigmentation, and colony morphology on the thermal dynamics
of coral microenvironment. This thesis then explored the effect of smooth and
polyped (dimpled) coral surface topographies on their overall surface warmings.
The validation cases of measuring the daylight illuminances at the meso-scale un-
der multiple sky conditions and modulating the irradiance levels at the microscale
of branching and massive coral surfaces were also examined. This thesis then im-
plemented a coupled CFD and hydrodynamics model (coupled ROMS-SWAN)
as well as the ray-tracing model (Radiance) to investigate the differential bleach-
ing pattern case study observed in a shallow, reef-flat environment. Finally, this
thesis assessed whether corals of the same- and cross-species, but of varying size
and shape, may respond differently to thermal stress due to different heat transfer
rates and thermal capacities due to the influence of surface area-to-volume (A/V )
ratios on thermal scaling in coral microenvironments.

This thesis presented some useful insights into the implications for mass coral
bleaching due to thermal stress in coral microenvironments. It has been widely
accepted that both high SST and irradiance enhanced the production of oxy-
gen radicals, which in turn cause oxidative stress and damage the photosynthetic
mechanisms of the zooxanthellae. The latter was evident from field observations
demonstrating that the onset of bleaching was often visible on the upper sides
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of colonies while their sides were still normally pigmented. The bleaching sever-
ity was often greater in shallow water and decreased with depth, and that the
presence of high cloud cover have prevented mass bleaching mortality during SST
anomaly that would incurred bleaching. This thesis showed that the extent of
surface warming may vary largely to the ambient seawater temperatures which is
physiologically significant for organisms such as corals that grow near their upper
thermal tolerance limit.

My results and those of the validated results indicate an additional effect of
light, in that solar radiation can contribute to increases in the heat load of ex-
posed coral tissue. Both PAR (400-700 nm) and UVR (280-400 nm) have been
implicated to cause bleaching. The contribution of waveband to a coral’s heat
flux is likely to depend on the spectral distribution of light reaching corals and
the coral absorptivity. Furthermore, solar radiation could also have a signification
implications for bleaching. In summer, corals live close to their upper thermal
limit, and increases in temperature as small as 1-2◦C above the mean monthly
SST anomaly may trigger bleaching. Both the absolute temperature rise above
the threshold and the duration of exposure determine the severity of bleaching.
Therefore, the severity of bleaching events is predicted based on cumulative stress
index (DHW). One DHW represents either a +1◦C anomaly lasting 1 week or a
+2◦C anomaly lasting half a week. A value of 8 DHW is known to trigger mass
coral bleaching. Such indices may need to be evaluated in light of the present
results showing that although corals may be exposed to a uniform water tem-
perature, differential effects of solar heating may cause some corals to exceed the
maximum expected summertime temperature for a longer period of time, and by
a larger amount than others. This thesis also tested the hypothesis that corals
of the same species, but of varying size and shape, may respond differently to
thermal stress because of different heat and mass transfer capacities. These dif-
ferences could explain some of the observed differences in bleaching susceptibility
among taxa. Furthermore, this thesis along with other growing body of study
indicated that enhanced water flow can reduce thermal stress and subsequently
modulate coral bleaching within and among colonies, sites, and regions.

7.1 Original contributions

The contribution of the preceding four chapters can be summarised as:

� The development of a novel, open source, coupled CFD with ray-tracing and
hydrodynamics models to explore the physiological and and environmental
stressors – irradiance, water flow, and coral morphological features (colony
shape, size, tissue thickness, and pigmentation) – that could ultimately be
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used to assess the variability of thermal stress in the coral microenviron-
ments.

� A comprehensive set of CFD validation simulations against the existing ex-
perimental data from the literature. The initial simulation predicted the
coral surface warming in the steady state and transient irradiance scenarios
under a steady laminar and turbulent flow under a controlled laboratory
experiments. It also explored the effects of coral surface architectures be-
tween smooth and polyped on the overall thermal dynamics in the coral
microenvironments.

� This thesis utilised the ray-tracing technique to estimate the quantity (ir-
radiance intensity) and quality (wavelength spectrum) of variation in the
light field above and below the water surface before subsequently reach-
ing the coral surface. It also analysed the contributions of water turbid-
ity or clarity, cloud cover, tides, and sea-state to variations in irradiance.
Furthermore, this thesis analysed the frequency distribution of microscale
irradiance across the massive and branching coral species.

� The development of “ecosystem models” was divided into three stages:
firstly, a coupled model of ROMS-SWAN was used to investigate the 2D hy-
drodynamic nearshore currents based on the available oceanographic data;
secondly, the solar irradiance load model was used to quantify the amount
of semi-diurnal surface irradiance and the variation of irradiance levels due
to turbidity, cloud cover, water depth (tides), and sea-state; finally, CFD
simulation was implemented to solve for the coral tissue/surface warming
based on coupled dynamics of water flow, heat transfer and irradiance levels
in and around corals. This modelling development study can be used as an
initial motivation to explore the full range of parameters that could trigger
asymmetric bleaching scenario observed by Brown et al. (2000).

� Dimensionless analysis of heat and mass transfer to corals provide a pow-
erful alternative to traditional allometric methods in investigations of the
effect of size on thermal and metabolic scaling rates. This thesis demon-
strated the allometric scaling in thermal dynamics of various coral colonies
and underscored two drivers that may determine bleaching susceptibility
within or/and among coral species – prediction of heat exponents from the
Nusselt-Reynolds (Nu−Re) data and the consequent predicted coral tissue
warmings from the derived analytical relationship.

The results of this modelling have highlighted the profound importance of
CFD modelling for understanding the thermal responses of corals, and therefore,
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has the potential to be applied more widely to the current coral bleaching predic-
tion tools. The techniques and methods implemented throughout this thesis will
hopefully continue to be developed and more widely used. In combination with
more detailed studies of added temporal and spatial gradients, this approach may
even allow the construction of physical systems models which closely reproduce
reality.

7.2 Recommendations

Although, this thesis is believed to be the most comprehensive set of CFD simula-
tions of corals and coral communities to date (∼170 simulation runs, ∼1000 CPU
hours, and ∼200 hours of both pre-and post-processing data to obtain model
results), it was not possible to simulate all possible scenarios and scales. Further-
more, with the available computational power is continually increasing, it may
provide greater scope for model complexity and shorter time-extensive during the
verification and validation stages.

Our understanding of the relationship between temperature microenviron-
ments and the key physiological and environmental stressors is still in its infancy,
however the preliminary observations presented here leave no doubt that these
relationship are complex and diverse. Future research should extend the current
models in a number of ways. It may be possible to incorporate the advection
and tidal mixing currents by using a baroclinic hydrodynamic model in order to
achieve a more in-depth analysis in a shallow to inshore reef environments. More
research is also needed to model the turbulence length scale encountered near
corals on the reef, rather than in flow chambers with flow straighteners. Fur-
thermore, flow in the chambers previously used was unidirectional, where flow on
shallow reefs is frequently bidirectional from influence of currents due to winds
and waves. For the full potential of the model to be realised and employed in
management, additional future work that focuses on deeper reef depths (e.g. >10
m) where the spatial effects of vertical and dynamical mixing processes ideally
may also be included.

Future research should extend these findings in a number of way. First it may
be possible to model the coral growth and morphogenesis using HIRAG (Hydro-
dynamically Influenced Radiate Accretive Growth) and PORAG (Polyp Oriented
Radiate Accretive Growth), which have been gaining grounds in recent years due
to their structured implementation details and may be integrated with CFD in
parallel schemes. These coral growth programs use a Laplacian growth process
by implementing real time-scales of growth and transport. In this approach the
geometric description of morphology is absent, instead the growth form is rep-
resented by a cluster of solidified lattice sites. However, the results still need
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to be validated by comparing against the estimated transport time for diffusion
over the yearly skeletal extension rates. Furthermore, profound changes in size
require design modifications, including elaborate structural changes and the de-
velopment of complex internal systems, which likely to evolve over relatively long
time scales. This modelling of biological growth and morphogenesis can be used
in parallel with CFD solvers, which may better predict the differences influencing
bleaching susceptibility in various coral morphologies.

The quantitative and qualitative modelling in this thesis might also be in-
corporated into the application of Bayesian Belief Networks (BBN) to identify
the dependencies of a range of potential causative factors associated with the
presence-absence of variables that are related to coral bleaching. Such an ap-
proach could attempt to integrate thermal stress in coral microenvironment under
various meteorological and oceanographic conditions. Thus, combining the CFD
modelling results with BBN may aid to the development of decision support tools
that have the potential to assist decision making for the management of complex
systems.

7.3 Final comment

Apart from experimental and theoretical approaches, computational methods are
important tools for understanding the physical mechanisms of thermal stress in
coral microenvironments. The model development and validation results from this
thesis are significant to assist in interpreting some of the spatial and temporal
variability observed in coral bleaching and in turn may be used to predict bleach-
ing resistance of locations in which flows can be driven by various combination of
tides, buoyancy, and internal and surface waves. Furthermore, the temperature
microenvironments around corals may further help in better understanding of cli-
mate data derived from skeleton of massive Porites sp. along spatial or temporal
gradients. Finally, it is hoped that the work presented here will facilitate the
construction of more realistic and detailed physical systems that closely mimic
key hydro- and thermo-dynamic processes happening at colony and/or reef scale
environments and subsequently improve coral bleaching predictions.
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98. Ferziger, J. H. and M. Perić (1999). Computational methods for fluid dynamics.
Springer Berlin. 44, 87, 139, 252

99. Fine, M., E. Meroz-Fine, and O. Hoegh-Guldberg (2005). Tolerance of endolithic
algae to elevated temperature and light in the coral montipora monasteriata
from the southern great barrier reef. Journal of experimental biology 208 (1),
75–81. 19

100. Finelli, C. M., B. S. Helmuth, N. D. Pentcheff, and D. S. Wethey (2006). Water
flow influences oxygen transport and photosynthetic efficiency in corals. Coral
Reefs 25 (1), 47–57. 16, 18, 193, 194

101. Fisk, D. D., T. T. Done, et al. (1985). Taxonomic and bathymetric patterns
of bleaching in corals, myrmidon reef. In Proceedings of the 5th International
Coral Reef Congress, Tahiti, 27 May-1 June 1985-pages: 6: 149-154. 189

102. Fitt, W. and M. Warner (1995). Bleaching patterns of four species of caribbean
reef corals. The Biological Bulletin 189 (3), 298–307. 11, 138

103. Fitt, W. K., B. E. Brown, M. E. Warner, and R. P. Dunne (2001). Coral
bleaching: interpretation of thermal tolerance limits and thermal thresholds in
tropical corals. Coral Reefs 20 (1), 51–65. 3, 11, 13

211



REFERENCES REFERENCES

104. Fricke, H., E. Vareschi, and D. Schlichter (1987). Photoecology of the coral
leptoseris fragilis in the red sea twilight zone (an experimental study by sub-
mersible). Oecologia 73 (3), 371–381. 19

105. Fujioka, Y. (1999). Mass destruction of the hermatypic corals during a bleaching
event in ishigaki island, southwestern japan. Galaxea, 41–50. 19, 189
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Appendix 1: Numerical Flow
Modelling or Basic CFD

This appendix is intended to serve as an abridged introduction to Computational
Fluid Dynamics (CFD). However, for those without prior experience in CFD,
this section should not in any way affect the main framework of this thesis. On
the other hand, for those with prior experience in CFD that are seeking for more
background, the resources or reference section includes more sophisticated sources
of information.

This appendix introduces and discusses some of the basic principles of CFD
starting from a general overview, governing equations of the mathematical mod-
els, discretization methods, brief introduction to OpenFOAM, concept of turbu-
lence modelling, and some basic error estimations.

Overview

Prediction of heat transfer and fluid flow processes can be obtained by two main
methods: experimental investigation and theoretical calculation (Patankar, 1980).
This section briefly discuss each and then compare the two.

The most reliable information about physical processes could only be obtained
by actual measurement. However, experimental investigations involving full-scale
equipment are, in most cases, prohibitively expensive. Alternatively, one may
perform small-scale models and extrapolating the resulting information at the
end to full scale. Nevertheless, small-scale models do not always represent all
the features of the full-scale models; for instance, important phenomena (i.e.
combustion, turbulence, etc) may not be scalable and often omitted from the
model tests, which further reduces the usefulness of the test results. Finally, it
is important to note that there are serious difficulties of measurement in many
situations, and that the measuring instruments are not free from errors.

Such problems may be resolved with the help of numerical prediction that
suitably represent the full-scale of physical process. Numerical model used for
fluid dynamics problems mainly consists of a set of partial differential equations.
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If classical mathematics techniques were to be used for solving such equations,
there would be little hope of predicting many cases of practical interest with
closed form solution. Fortunately, the development of numerical methods and
the availability of large digital computers hold the promise that the implications
of a mathematical model can be worked out for almost any practical problems.
Furthermore, computer analysis offers several advantages with respect to experi-
mental investigation: low cost, speed, complete and detailed information, capabil-
ity in simulating both realistic and ideal conditions. At the same time, numerical
method is not free from flaws, for examples, problems for which an adequate
mathematical description has not yet been worked out, and solving numerical
models sometimes can be more expensive and require longer time to run than
experimental investigations.

The starting point of a numerical method is the Mathematical Model, i.e.
the set of partial differential equations and boundary conditions. Fluid dynamic
science teaches that exact conservation laws describe the behavior of all flows: no
matter the type of flow, it will respect the general governing equations. General
purpose methods however are often impractical, if not impossible, to solve so it is
more convenient to include simplifications in the mathematical model and develop
a solution method designed for that particular set of equations. Then a suitable
Discretization Method, approximating the set of differential equations by a
system of algebraic equations for the variables at a number of discrete points
in space and time, is necessary. The most important discretization methods
are: Finite Difference Method (FDM), Finite Volume Method (FVM) and Finite
Element Method (FEM). The discrete locations where the variables want to be
calculated, are defined by the Numerical Grid. The numerical grid is a discrete
representation of the flow domain (both in space and time) through the use of a
finite number of subdomains.

Then a Finite Approximation technique has to be selected taking in con-
sideration the choice for the discretization method and the numerical grid. This
choice influence a lot the accuracy of the solution as well as the development,
coding, debugging and the speed of the solution method. More accurate approx-
imations involve, in fact, more nodes and give usually a fuller coefficient matrix.
A compromise between accuracy and efficiency is always necessary. Once this
large system of non-linear algebraic equations has been built by discretization
techniques, it must be solved using a Solution Method. Such methods use suc-
cessive linearisation of the equations and the resulting linear systems are almost
always solved by iterative techniques. Usually there are two levels of iterations:
inner iterations, within which the linear equation are solved, and the outer iter-
ations, that deal with the non linearity and coupling of the equations. As last
point, it is important to determine suitable Convergence Criteria. It is fun-
damental to well set stopping conditions for both the inner and the outer cycles
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in order to obtain accurate solution in an efficient way.
Once defined, numerical methods must be checked in order to establish whether

a the result is appropriate or not. The most important parameters are:

� Consistency: discretization should become exact as the grid spacing tends
to zero. In other words truncation error, i.e. the difference between exact
and discretized equation, must go to zero as 4t→ 0 and 4x→ 0.

� Stability: errors appearing in the course of numerical solution process do
not magnify. For iterative methods, stable methods are the ones that do
not diverge.

� Convergence: the solution of the discretized equation tends towards the
exact solution as the grid spacing tends to zero. It is a very difficult prop-
erty to demonstrate, it is usually accepted to test grid-independence for a
solution.

� Conservation: solution must respect conservation of physical quantities
both on local and global scale. It is a very important property because
limits solution error. Even if on fine grids non-conservative schemes can
also lead to correct solutions, conservative ones are usually preferred.

� Boundedness: solution should lie within proper bounds. Boundedness
is difficult to guarantee and often unbounded schemes have stability and
convergence problems too.

� Realizability: guarantee a model to give physically realistic solutions for
the phenomena it is representing. Usually in connection with phenomena
too complex to be directly simulated.

� Accuracy: is the property of well approximating the exact solution, in
other words limiting modeling, discretization and iteration errors.

Physical principles and mathematical model

In this section conservation equations for mass, momentum and energy for non
reacting mono-phase compressible flows, will be described. Firstly, equations
are derived in the most general form as possible. The same approach has been
used to obtain all the basic equation for fluid motion: apply the appropriate
fundamental physical principle to a suitable model of the flow and then extract
the mathematical equations which embody such physical principles. The fluid
flow has been modeled with infinitesimal control volume (CV) fixed in space
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with the fluid moving through it. As a consequence equations are proposed
in the differential conservation form. Secondly, an appropriate model for the
fluid is proposed: simplifications for the cases of interest such as ideal gas and
Newtonian fluid are introduced. Thirdly, passage in manipulating the set of
governing equations, i.e. steady-state simplification and turbulence modeling.

Continuity equation

The fundamental physical concept standing behind the continuity equation is that
mass is conserved. In other words the rate of increase of mass in fluid element
must equal the net rate of flow of mass into fluid element or the rate of change
of mass in particle is equal to zero (Versteeg and Malalasekera, 1995)

Dm

D t
= 0. (1)

With reference to Figure 1, the rate of increase of mass in the fluid element is

∂

∂t
(ρ σx σy σz) =

∂ρ

∂t
σx σy σz, (2)

thus the net rate of flow of mass into fluid element is:(
ρ u− ∂(ρ u)

∂x

1

2
σx

)
σy σz −

(
ρ u− ∂(ρ u)

∂x

1

2
σx

)
σy σz

+

(
ρ v − ∂(ρ v)

∂y

1

2
σy

)
σx σz −

(
ρ v − ∂(ρ v)

∂y

1

2
σy

)
σx σz

+

(
ρw − ∂(ρw)

∂z

1

2
σz

)
σx σy −

(
ρw − ∂(ρw)

∂z

1

2
σz

)
σx σy

= −
(
∂(ρ u)

∂x
+
∂(ρ v)

∂y
+
∂(ρw)

∂z

)
σx σy σz

(3)

Eq. 2 and Eq. 3 together give the well known differential continuity equation
in conservation form:

∂ρ

∂t
+∇ · (ρ~U) = 0. (4)

Momentum equation

From Newton’s second law directly follows the momentum equation: the rate of
increase of momentum of fluid particle equals the sum of forces on fluid particle:

m
D~U

Dt
= Fs + Fb. (5)
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Figure 1. Fluid element for conservation laws. Adapted from (Versteeg and
Malalasekera, 1995)

where Fs and Fb are surface forces (defined upon CV boundaries) and body forces
(defined upon the volume itself), respectively. It is common to separate surface
forces into pressure, the hydrostatic part of the stress tensor, and viscous stress,
the deviatoric part.

Surface forces balance in the x-direction (East-West faces) is needed to derive
x-momentum equation (Figure 2)

[(
p− ∂p

∂x

1

2
σx

)
−
(
τxx −

∂τxx
∂x

1

2
σx

)]
σy σz

+

[
−
(
p+

∂p

∂x

1

2
σx

)
+

(
τxx +

∂τxx
∂x

1

2
σx

)]
σy σz

=

(
−∂p
∂x

+
∂τxx
∂x

)
σx σy σz,

(6)

then on North-South faces:

−
(
τyx −

∂τyx

∂y

1

2
σy

)
σx σz +

(
τyx +

∂τyx

∂y

1

2
σy

)
σx σz =

∂τyx
∂y

σx σy σz, (7)

243



. APPENDIX 1: NUMERICAL FLOW MODELLING OR BASIC CFD

(x, y, z)

z

x

y

zx +   zx 

z
z

1
2

zx - 
  zx 

z
z

1
2

xx -
  xx 

x
x

1
2

xx +   xx 

x
x

1
2

yx +
  yx 

y
y

1
2

yx -
  yx 

y
y

1
2

Figure 2. Stress component in the x-direction. Adapted from (Versteeg and
Malalasekera, 1995)

and on Top-Bottom faces:

−
(
τzx −

∂τzx

∂z

1

2
σz

)
σx σy +

(
τzx +

∂τzx

∂z

1

2
σz

)
σx σy =

∂τzx
∂z

σx σy σz. (8)

Putting Eq. 6, Eq. 7, Eq. 8 together, x-component of the momentum equation is
given by:

∂(ρ u)

∂t
+∇ ·

(
ρu~U

)
=
∂(−p+ τxx

∂x
+
∂τyx
∂y

+
∂τzx
∂z

+ fbx, (9)

similarly can be written for y-direction:

∂(ρ v)

∂t
+∇ ·

(
ρv~U

)
=
∂τxy
∂x

+
∂(−p+ τyy

∂y
+
∂τzy
∂z

+ fby, (10)

and z-direction:

∂(ρw)

∂t
+∇ ·

(
ρw~U

)
=
∂τxz
∂x

+
∂τyz
∂y

+
∂(−p+ τzz

∂z
+ fbz, (11)

Energy equation

The energy equation is derived from the first principle of thermodynamics stating
that the rate of change of energy of a fluid particle is equal to the rate of heat
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Figure 3. Heat flux vector. Adapted from (Versteeg and Malalasekera, 1995)

addition to the fluid particle plus the rate of work done on the particle

m
DE

Dt
= Q̇+W. (12)

Referring to Figure 3, the net rate of heat transfer due to heat flow in the
x-direction is:[(

qx +
∂qx
∂x

1

2
σx

)
−
(
qx −

∂qx
∂x

1

2
σx

)]
σyσz = −∂qx

∂x
σx σy σz, (13)

accounting for the y and z-directions, the rate of heat transfer per unit volume
is:

−∂qx
∂x
− ∂qy
∂y
− ∂qz
∂z

= ∇ · ~q. (14)

Furthermore, from Fourier’s law:

~q = −k∇T, (15)

giving finally:
Q̇ = −∇ · (k∇T )σx σy σz. (16)
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The net rate of work done on the particle by surface forces acting on x-direction
is: [(

ρ u− ∂ρ u

∂x

1

2
σx

)
−
(
ρ u+

∂ρ u

∂x

1

2
σx

)]
σy σz

+

[
−
(
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∂x
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2
σx

)
+
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∂x

1

2
σx

)]
σy σz

+
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−
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∂y

1

2
σy

)
+

(
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∂τyx u
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1

2
σy
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σx σz

+

[
−
(
τzx u−

∂τzx u

∂z

1

2
σz

)
+

(
τzx u+

∂τzx u

∂z

1

2
σz

)]
σx σy

=

[
∂(u(−p+ τxx))

∂x
+
∂(u τyx)

∂y
+
∂(u τzx)

∂z

]
σx σy σz.

(17)

Following the same approach for the y and z-directions as in Eq. 17 and summing
all up, the total rate of work done on the fluid particle by surface stress is:

W =

(
−∇ · (ρU) +

∂τij Ui
∂xj

)
σx σy σz. (18)

Working around Eq. 18, Eq. 16, and Eq. 12, the energy equation is given by
adding the rate of work done by body forces as a source term Sh:

∂ρE

∂t
+∇ ·

(
ρE ~U

)
= −∇ ·

(
ρ ~U
)

+
∂τij Ui
∂xj

+∇ · (k∇T ) + Sh. (19)

sometimes the term
∂τij Ui
∂xj

is referred to as the viscous dissipation term Φ.

Discretization approach

After the physical mathematical model has been derived, the goal is to manipulate
it in a form suitable for computer calculations. First step on this path regards
the discretization of the equations. The main task of a discretization approach is
to convert a partial differential equation, valid on the entire domain, into a set of
discrete algebraic equation, one for every node considered. The value at the node
is, of course, put in relation with “neighbor” nodes, the simultaneous satisfaction
of all the equation in the set then give the numerical solution. The most popular
discretization techniques are presented and discussed:

� Finite Difference Method (FDM) approximates conservation equations
in differential form substituting partial derivatives via truncated Taylor
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series expansions or polynomial fitting. Even if, in principle, it can be
applied to all kind of grids, actual applications are limited to structured
grids where grid lines are used as local coordinate lines. In such a way in
fact, it is easy to obtain higher-order schemes. The biggest drawback of
FDM is that it does not enforce conservation, consequently it is very hard
to get reliable simulations of complex geometries and use is restricted to
the simple ones.

� Finite Volume Method (FVM) works with the integral form of the con-
servation equations. The domain is divided into finite volumes whose cen-
troid represent the calculation node. Grid just define boundaries in between
different volumes and need not to be related to any metrics. Interpolation
is used to express variable values at the surface in terms of nodal values.
This method is conservative by construction as long as surface integrals
for volumes sharing the same face are equal for both of them. The dis-
advantage of FVM in comparison with FDM is that building higher than
second order schemes for 3D simulation is much more difficult due to the
three levels of approximation introduced: interpolation, differentiation and
integration. Because of its very physical approach, ease to be understood
and implemented, FVM is the most widely used approach.

� Finite Element Method (FEM) may appear similar to FVM, the distin-
guish feature is the weight function: conservation equations are multiplied
by a weight function before being integrated. Solution is supposed to ad-
here within each volume to a shape function constructed from values at the
corners of the elements. Such an hypothesis is substituted into the conser-
vation equations whose derivative with respect to nodal value is put to zero,
selecting so the residual minimizing allowed function. The main advantage
in using FEM is the ability in dealing with arbitrary geometries, while the
main drawback, common to all integral methods, is that the resulting ma-
trix may result not well structured meaning that efficient solving method
are difficult to implement.

Finite Volume Method

FVM is based on conservation equations in the integral form. To obtain the
governing equations, integration over a finite volume must be performed. To
better fix ideas and not to avoid irrelevant calculation, detailed presentation of
this method will be done considering the generic conservation equation for a
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Figure 4. Typical bi-dimensional quadrilateral control volume. Adapted from
(Patankar, 1980)

transported scalar Φ:∫
S

~JΦ · ~n dS =

∫
S

ρΦ
(
~U · ~n

)
dS︸ ︷︷ ︸

Convection

−
∫
S

ΓΦ (∇Φ · ~n) dS︸ ︷︷ ︸
Diffusion

=

∫
Ω

qΦ dΩ︸ ︷︷ ︸
Source

. (20)

Such an equation applies over each CV and the entire domain as well, underly-
ing once again the main feature of FVM: global conservation. To obtain an alge-
braic equation the three integral must be approximated by quadrature formula.
In the following discussion about approximation techniques the bi-dimensional
quadrilateral CV in Figure 4 has been considered.

Approximation of volume integrals: Source terms

Source terms require integration over the entire CV. Approximations of such
integrals basically reduce in calculating an averaged value q̄ for the source terms
to be multiplied by the volume

QP =

∫
Ω

q dΩ = q̄Ω. (21)

The first and easiest approximation just replaces the mean value with the value
at the CV center node

QP = qP Ω. (22)
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Such approximation is obviously exact if q is constant or varies linearly, in any
other case is second order accurate. Higher order of accuracy schemes can be
obtained via shape function or interpolation.

Approximation of surface integrals

The net flux through the CV boundaries is obtained summing over the six faces,
the surface integral of the total flux normal vector j composed by convective and
diffusive contributions:∫

S

~J · ~n dS =

∫
S

Jn dS =
∑
k

∫
Sk

j dS =
∑
k

χk. (23)

To exactly calculate surface integrals, the value of j is needed everywhere on
the face Sk. This is of course impossible as long as only nodal values of Φ are
computed, it is so necessary to introduce some approximations. Usually two level
of approximation are introduced:

� the integral is approximated in terms of the variable values at one or more
locations on the cell face (face approximation).

� the cell-face values are approximated in terms of nodal values (nodal ap-
proximation).

For each type several approximation modes have been proposed. For the face
approximation:

� midpoint rule - the value over the face is equal to the value at cell-face
center χe = jeSe. This approximation is of second-order accuracy.

� trapezoid rule - the value on the face is the mean between face extremes (cell
vertex) shared with ’neighbor’ cells χe = Se

1
2
(jne+jse). This approximation

is second order too.

� Simpson’s rule - the value on the face is a combination of the value at the
center of the face and the values at the vertices χe = Se

1
6
(jne + 4je + jse).

This approximation is forth order.

~J is composed by two different contributions: convection and diffusion. These
two terms indeed behave in a quite different manner as will be shown in the
following.

249



. APPENDIX 1: NUMERICAL FLOW MODELLING OR BASIC CFD

Diffusive flux

Discretization of the diffusive fluxes gives, using midpoint rule and assuming
linear variation:∫

S

ΓΦ (∇Φ · ~n) dS =
∑
k

Sk (ρΓΦ∇Φ)k =
∑
k

Sk (ρΓΦ)k (∇Φ)k . (24)

To compute gradients on the boundary face e:

(∇Φ)e =
ΦE − ΦP

χE − χP
. (25)

To compute the gradient in other way that is:

(∇Φ)P =
1

Ω

∑
k

Sk Φk, (26)

and find the corresponding value on the face e interpolating (∇Φ)P and (∇Φ)E
with finite approximation schemes.

Convective flux

The discretization of the convective fluxes gives using the midpoint rule:∫
S

ρΦ
(
~U · ~n

)
dS =

∑
k

Sk (ρΦUn)k =
∑
k

Sk (ρUn)k Φk =
∑
k

Fk Φk. (27)

Transport of Φ across the boundary faces has been computed in quite a direct
way, the problem has now shifted in finding an expression for Φk involving only
nodal values.

Interpolation techniques

Interpolation is needed to obtain the function values at quadrature points. This
section presents some of the most common interpolation schemes to get values at
locations other than computational nodes.

Upwind difference scheme (UDS)

This approximation is equivalent to using a backward forward difference approx-
imation for first derivative. Such interpolation scheme result in being stable,
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boundedness criterion always satisfied, but numerically diffusive. Consider in
fact Taylor series expansion:

Φe = Φp + (xe − xp)
(
∂Φ

∂x

)
P

+
(xe − xp)2

2

(
∂2Φ

∂x2

)
P

+H. (28)

UDS neglect all terms but the first so it is a first order scheme. The first neglected
term behave like a diffusive flux:

je
d = Γe

(
∂Φ

∂x

)
e

, (29)

meaning that scalars are diffused normally and parallel to the flow. The coeffi-
cient of numerical diffusion is proportional to grid dimension and to mass flux,
moreover is magnified for multidimensional oblique to the grid flows. To avoid
such inaccuracy, fundamental in case of shocks or rapid changes, mesh must be
refine a lot because the scheme is only first order accurate.

Central difference scheme (CDS)

In analogy with finite difference differential approximation, linear interpolation
can be implemented for FVM: the value at CV-face center is a linear interpolation,
with distance as weighting factor, of the values at the centers;

Φe = ΦEλe + ΦP (1− λe), (30)

with λe = (xe − xP ) = (xExP ). Taylor series expansion for ΦE at point xP
shows that Eq. 30 is second order accurate vanishing all first order terms in the
truncation error.

Φe = ΦEλe + ΦP (1− λe)−
(xe − xp)(xE − xp)

2

(
∂2Φ

∂x2

)
P

+H. (31)

Having eliminated the numerical diffusion, the leading term of the truncation
error is quadratic and may produce oscillatory solutions. In spite of such oscilla-
tory behavior CDS, being the simplest second order, is one the most widely used
differencing scheme.

Solution method

Previous sections were dealing with building up the algebraic equations to be
solved for a generic scalar Φ transported by a known flow field. It is important
to underline that the flow field cannot be known a priori and scalar quantities
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for which conservation equations were derived (ρ, ρUi, p) are responsible for the
development of the flow field. Hence, the equations are not independent one from
the other but on the contrary different scalar conservation laws result to be tightly
coupled. In other words the Navier-Stokes Equations cannot be solved separately
but must be treated like a real system meaning that in the conservation equation
for scalar Φ1, all other ΦS cannot be considered known but should be treated as
variables too. This results in a strong non-linearity of the system, for example
convective or viscous dissipation terms.

Many different algorithms can be used to improve convergence properties for
this cycle usually called outer cycle, most of which separate the system in
equations to be solved sequentially and not contemporary. Once the Navier-
Stokes equations are linearized, they appear in the final form:

A · Φ = Q (32)

where A is the sparse coefficient matrix for all the conservation laws and the equa-
tion of state, Φ is the solution vector for all variables and Q is the source vector.
Linear systems are solvable using, for example, Gauss elimination techniques or
Cramer rule.

Methods for solving linear systems are commonly classified into two main
groups: direct methods and iterative methods. Direct methods handle the matrix
with linear algebra rules to reduce it in a form from which extraction of final
solution can be done quite easily. Every well posed linear system can be solved
directly but the sparse matrix A (every node depends on the value of not so
many other nodes) gives decomposition matrices that are not sparse increasing
the computational cost considerably. Iterative methods instead starts from a
guessed solution and use the system to successively refine it. If each iteration
is affordable and the number of iteration is small enough, this is usually the
case in CFD, iterative methods result in being much faster than direct ones.
This iterative cycle is called inner cycle. The algorithms used in this thesis are
the Incomplete Cholesky preconditioned Conjugate Gradient (ICCG), Incomplete
Cholesky preconditioned Biconjugate Gradient (BICCG) and the Algebraic Multi
Grid (AMG). For details on such methods, refer to (Chen et al., 1990; Ferziger
and Perić, 1999; Patankar and Spalding, 1972)

OpenFOAM

The OpenFOAM stands for Open Field Operation and Manipulation; it is the
software being evaluated in the course of this thesis. This chapter is intended
to give the reader who is unfamiliar with it an idea of OpenFOAM; it is by no
means an attempt at a complete documentation.
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It is an object-oriented numerical simulation toolkit for continuum mechanics,
written in C++ programming. The code is released as free and open source
software under the GNU General Public License, it is maintained by OpenFOAM
Foundation Ltd (http://www.openfoam.com) (OpenCFD Ltd., 2010). The core
technology of OpenFOAM is a flexible set of modules, which can be used to
build a wealth of: solvers, to simulate specific problems in engineering mechanics:
utilities, to perform pre- and post- processing: libraries, to create toolboxes that
are accessible to the solvers/utilities, such as libraries of physical models.

OpenFOAM covers an impressive range of applications with solvers ranging
from a simple potential flow solver (potentialFoam) over incompressible steady-
state (simpleFoam), transient laminar (icoFoam) turbulent (turbFoam) or dy-
namic mesh (icoDyMFoam) solvers, compressible steady-state (rhoSimpleFoam)
or transient and supersonic turbulent (sonic-TurbFoam) solvers to multiphase
flow solvers (e. g., interFoam), LES solvers (oodles), combustion codes (diese-
lEngineFoam), electromagnetics (mhdFoam), solid stress analysis (solidDisplace-
mentFoam) and even finance (financialFoam) solvers.

This section discusses briefly the specific details of OpenFOAM in helping
CFD programmers. First and most important thing is that the toolkit imple-
ments operator-based implicit and explicit second and fourth-order Finite Volume
(FV) discretization in three dimensional space and on curved surface. Differen-
tial operators can be treated like finite volume calculus (fvc) or finite volume
method (fvm) operators. The former performs explicit derivatives returning a
field, whereas the latter is an implicit derivation converting the expression into
matrix coefficients. Explicit equivalent for the common operators such as curl,
gradient, etc, are defined and implemented.

To give an example of the capability of CFD code, let’s consider standard
equation like momentum conservation:

∂ρ~U

∂t
+∇ ·

(
ρ~U ~U

)
−∇ ·

(
µ∇~U

)
= −∇p. (33)

It can be written in OpenFOAM as:

1 solve

2 (

3 fvm::ddt(rho , U)

4 + fvm::div(phi , U)

5 - fvm:: laplacian(mu , U)

6 ==

7 - fvc::grad(p)

8 ); �
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Important feature allowed by object programming is the dimensional check,
physical quantities objects are in fact constructed with a reference to their di-
mensions and so only valid dimensional operations can be performed. Avoiding
errors and permitting an easier understanding, come directly as a consequence of
an easier debug.

OpenFOAM is flexible in defining new models and solvers in the simplest way.
Its strength in fact stands in being open not only in terms of source code but,
what’s more, in its inner structure and hierarchical design, giving the user the
opportunity to fully extend its capability. Moreover, the possibility of using top-
level libraries containing a set of models for the same purpose which refer to the
same interface, guarantees programmers for smooth and efficient integration with
the built-in functionality. New models can be added to the appropriate model
table at link-time and become available in the same manner as the supplied
models.

Most of the selections necessary to set up calculations are done at runtime,
meaning that options can change while the code is running. For further infor-
mation about how to use and how to program OpenFOAM see (OpenCFD Ltd.,
2010).

Turbulence modelling

It is known that, for low velocities, wall-bounded flows are smooth and adjacent
layers of fluid slide past each other in an orderly fashion. When velocity is high
instead the flow become intrinsically unsteady and chaotic even with constant
boundary conditions: the flow is said to be turbulent.

In turbulent flow we usually divide the variables in one time-averaged part U,
which is independent of time (when the mean flow is steady), and one fluctuating
part u so that U = U + u.

There is no definition on turbulent flow, but it has a number of characteristic
features (see (Tennekes and Lumley, 1972; Versteeg and Malalasekera, 1995))
such as:

� Irregularity: Turbulent flow is irregular, random and chaotic. The flow
consists of a spectrum of different scales (eddy sizes) where largest eddies
are of the order of the flow geometry. At the other end of the spectra we
have the smallest eddies which are by viscous forces (stresses) dissipated
into internal energy. Even though turbulence is chaotic it is deterministic
and is described by the Navier-Stokes equations.

� Time fluctuations: Superimposed upon a mean value for each quantities:
Φ(t) = Φ + Φ′(t). Connected with this is the extension to three dimensions
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also for bi-dimensional flows: velocity fluctuates always in 3D.

� Diffusivity: In turbulent flow the diffusivity increases. This means that the
spreading rate of boundary layers increases as the flow becomes turbulent.
The turbulence increases the exchange of momentum in e.g. boundary
layers and reduces or delays thereby separation at bluff bodies such as
cylinders, airfoils and cars. The increased diffusivity also increases the
resistance (wall friction) in internal flows such as in channels and pipes.

� Eddies: fluid packets intermingle and fill the shear layer with a wide range
of length scales, coexist at the same time and at the same place.

� Large Reynolds Numbers: Turbulent flow occurs at high Reynolds num-
ber. For example, the transition to turbulent flow in pipes occurs that
ReD '2,300, and in boundary layers at Rex '100,000.

� Dissipation: Turbulent flow is dissipative, which means that kinetic energy
in the small (dissipative) eddies are transformed into internal energy. The
small eddies receive the kinetic energy from slightly larger eddies. The
slightly larger eddies receive their energy from even larger eddies and so on.
The largest eddies extract their energy from the mean flow. This process of
transferred energy from the largest turbulent scales (eddies) to the smallest
is called cascade process.

� Mixing: is much stronger than in laminar flows. Turbulent eddies actively
increase diffusion by moving in the three dimensions. Heat transfer and
friction are strongly enhanced.

Transition from laminar and turbulent regime always occurs when a certain,
called critical, Reynolds number is reached. Starting from such a description,
turbulence is likely to be anisotropic: only the smallest eddies in fact are non-
directional, with bigger ones strongly dependent on mean flow direction.

Boussinesq assumption

In eddy viscosity turbulence models the Reynolds stresses are linked to the ve-
locity gradients via the turbulent viscosity: this relation is called the Boussinesq
assumption, where the Reynolds stress tensor in time averaged Navier-Stokes
equation is replaced by the turbulent viscosity multiplied by the velocity gradi-
ents.
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Models for turbulence

Turbulence models are generally classified according to which governing equations
they apply to. Within these broader categories, they are further broken down by
the number of additional transport equations which one must solve in order to
compute the model contributions.

� Direct Numerical Simulation (DNS): it is not a model, Navier-Stokes
Equations are computed in their most general form meaning that the com-
plete spectrum of involved frequencies and length scales are solved. This
approach is only feasible at current time for Low Reynolds number flows,
due to limitation on computer resources, and used mainly as validation test
for other approaches or as an help in understanding turbulence physics.

� Large Eddy Simulation (LES): remembering that energy is contained
mainly in the largest scales, this model reduces the range of interest only to
the biggest vortices. It employs, in fact, a time dependent three dimensional
computation of the large-eddy structure and a model for the small scales.
It basically consists in altering in space the Navier-Stokes Equations with a
high-pass filter, resolving for scales that actually are the energy-containing
scales and modelling dissipation subrange behavior.

� Reynolds Averaged Navier Stokes (RANS): Navier-Stokes Equations
are averaged in time on a period big enough to contain also lowest frequency
oscillation. The unsteady behavior of the turbulent flows is completely ne-
glected, turbulence become a steady phenomenon simply considering the
effects of fluctuations onto the mean flow. At the state of art RANS sim-
ulations are the standard for flows involving heat transfer of industrial in-
terest. In fact unsteady phenomena result in being determinant for such
simulations.

� Hybrid: this class is aiming in taking advantage of low computational cost
of the RANS approach and the good confidence of LES simulation. The
idea is to use the two approaches in different areas where flow conditions are
diverse. In particular LES is used only in the zone were RANS simulations
are likely to fail, namely separating zone.

RANS approach

This methodology is based on the decomposition of the flow variables into a mean
and a fluctuating part. The Navier-Stokes equation for momentum is then solved
for the mean values. Considering incompressible flows, the velocity and pressure

256



. APPENDIX 1: NUMERICAL FLOW MODELLING OR BASIC CFD

components are substituted by

Ui =
〈
Ui
〉

+ Ui
′

(34)

p =
〈
p
〉

+ p
′

(35)

If the terms in Navier-Stokes equations are averaged the following relations for
the mass and momentum conservation are obtained:

∂
〈
Ui
〉

∂xi
= 0 (36)

ρ
∂
〈
Ui
〉

∂t
+ ρ
〈
Uj
〉∂〈Ui〉
∂xj

= −
∂
〈
p
〉

∂xj
+

∂

∂xj

(〈
τij − ρ

〈
Ui
′
Uj
′〉)

(37)

These are known as the Reynolds-Averaged Navier-Stokes equations (RANS).
This is the same as Navier-Stokes equations except for the term

τij
R = −ρ

〈
Ui
′
Uj
′〉

= −ρ
(〈
UiUj

〉
−
〈
Ui
〉〈
Uj
〉)

(38)

which constitutes the so-called Reynolds-stress tensor. It represents the transfer
of momentum due to turbulent fluctuations. The laminar viscous stresses are
calculated using Reynolds-averaged velocity components,〈

τij
〉

= µ

(
∂Ui
∂xj

+
∂Uj
∂xi

)
(39)

In the 3D case the Reynolds-stress tensor consists of nine components

ρ
〈
Ui
′
Uj
′〉

=


ρ
〈(
U1
′
)2〉

ρ
〈
U1
′
U2
′
〉

ρ
〈
U1
′
U3
′
〉

ρ
〈
U2
′
U1
′
〉

ρ
〈(
U2
′
)2〉

ρ
〈
U2
′
U3
′
〉

ρ
〈
U3
′
U1
′
〉

ρ
〈
U3
′
U2
′
〉

ρ
〈(
U3
′
)2〉

 (40)

The task of Reynolds averaged turbulence modelling is to express the Reynolds
stress tensor in terms of the known quantities. The most popular approach is to
use the Boussinesq approximation, which prescribes a linear relation of the form:

U ′U ′ = νt(∇U + (∇U)T ) +
2

3
kI (41)

where

k =
1

2
U ′ · U ′ = 1

2

〈
Ui
′
Ui
′〉

=
1

2

[〈(
U1
′
)2〉

+
〈(
U2
′
)2〉

+
〈(
U3
′
)2〉]

(42)

The kinematic eddy viscosity nut can be evaluated in many different ways:
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� Zero-equation models - Vs and Ls are calculated directly from the local
mean flow quantities (e.g. Prandtl’s mixing-length model)

� One-equation models - Vs is calculated from a suitable transport equation,
usually the turbulent kinetic energy, and the length scale, Ls, is prescribed
empirically (e.g. Prandtl’s k-L model)

� Two-equation models - Vs and Ls are both calculated from transport equa-
tions, usually kinetic energy and its dissipation rate

The fundamental limitation of zero equation models is the assumption that
Reynolds Stress can be modelled on mean flow: turbulence does not in fact
respond instantly to changes in mean flow but rather adjusts over a time scale
typical of the turbulent structure. One equation models, even if feels the influence
of fluctuating properties via turbulent kinetic energy equation, do still depend on
geometry via the definition of a characteristic length. First, in order of complexity,
class of model to be independent on the definition of an appropriate length scale
is the two equations class. This property is fundamental in predicting many type
of flows, for example recirculating flows: mixing length in fact cannot be used for
flows in which diffusion and convection are not negligible.

Wall functions

For both velocity and turbulent kinetic energy no-slip condition stands at the
wall. To force the correct near-wall behavior however it is important to have a
good guess for the mean value of turbulent viscosity for U and of production and
dissipation term for k .

The natural way to treat wall boundaries is to make the grid sufficiently fine
so that the sharp gradients prevailing there are resolved. Often, when comput-
ing complex three-dimensional flow, that requires too much computer resources.
An alternative is to assume that the flow near the wall behaves like a fully de-
veloped turbulent boundary layer and prescribe boundary conditions employing
wall functions. The assumption that the flow near the wall has the characteristics
of a that in a boundary layer if often not true at all. However, given a maximum
number of nodes that we can afford to use in a computation, it is often preferable
to use wall functions which allows us to use fine grid in other regions where the
gradients of the flow variables are large.

In a fully turbulent boundary layer the production term and the dissipation
term in the log-law region (30 < y+ < 100) are much larger than the other terms.
The log-log law can be written as

U

u∗
=

1

κ
log

(
Eu∗y

ν

)
. (43)
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where E is a constant value of 9.0. Comparing this with the standard form of
the log-law

U

u∗
= A log

(u∗y
ν

)
+B (44)

where

A =
1

κ
B =

1

κ
logE (45)

Setting grid

The low Re turbulence model is employed in the region of viscous sublayer, which
approximately lies in y+ around 1. The dimensionless quantity of normalised
distance from the wall, y+, is defined as

y+ =
y · u?
ν

u? =

√
τw
ρ

(46)

τw =
CfρU0

2

2
Cf =

0.0791

Re−0.3
(47)

where y is the actual distance from the wall, u? is the friction velocity, and τw is
the wall shear stress.

A rule of thumb for setting the first gridline for a low-Re turbulence model is
to choose a value y+ around 1 and using mesh grading in order to avoid building a
mesh with unnecessary many cells. The grading, G, is defined as the length of the
last cell width, t2, divided by the first cell width, t1. The number of cell layers,
cl, has been chosen as the same number as the grading for easier calculation of
the required y value.

Low-Re number turbulence models

In the previous section we discussed wall functions which are used in order to
reduce the number of cells. However, we must be aware that this is an approxi-
mation which, if the flow near the boundary is important, can be rather crude.
In many internal flows where all boundaries are either walls, symmetry planes,
inlet or outlets the boundary layer may not be that important, as the flow field
is often pressure-determined. For external flows, however, the flow conditions in
the boundaries are almost invariably important. When we are predicting heat
transfer it is in general no good idea to use wall functions, because the heat trans-
fer at the walls are very important for the temperature field in the whole domain.
The disadvantage of low-Re models is that a very fine grid is required in each
near-wall zone. Consequently, the computer-storage and runtime requirements
are much greater than those of the wall-function approach.
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k − ε Launder-Sharma model

∂ρŪk

∂x
+
∂ρV̄ k

∂y
=

∂

∂y

[(
µ+

µt
σk

)
∂k

∂y

]
+ µt

(
∂Ū

∂y

)2

− ρε (48)

∂ρŪ ε̃

∂x
+
∂ρV̄ ε̃

∂y
=

∂

∂y

[(
µ+

µt
σε

)
∂ε̃

∂y

]
+c1εf1

ε̃

k
µt

(
∂Ū

∂y

)2

− cε2f2ρ
ε̃2

k
+ E

(49)

µt = cµfµρ
k2

ε
(50)

ε = ε̃+D (51)

where

fµ = exp

(
−3.4

(1 +RT/50)2

)
(52)

f1 = 1 (53)

f2 = 1− 0.3exp(−RT
2) (54)

D = 2µ

(
∂
√
k

∂y

)2

(55)

E = 2µ
µt
ρ

(
∂2Ū

∂y2

)2

(56)

RT =
k2

νε̃
(57)

k − ω Wilcox model

νt =
k

ω
(58)

∂(ρk)

∂t
+ Uj

∂(ρk)

∂xj
= τij

∂Ui
∂xj
− β∗kω +

∂

∂xj

[
(ν + σ∗νT )

∂k

∂xj

]
(59)

∂(ρω)

∂t
+ Uj

∂(ρω)

∂xj
= α

ω

k
τij
∂Ui
∂xj
− βω2 +

∂

∂xj

[
(ν + σνT )

∂ω

∂xj

]
(60)
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where

α =
5

9
(61)

β =
3

40
(62)

β∗ =
9

100
(63)

σ =
1

2
(64)

σ∗ =
1

2
(65)

(66)

k − ω Shear Stress Transport model

The modelled equations for the turbulent kinetic energy k and the specific dissi-
pation rate ω are given in details by Menter et al. (2003) (Menter et al., 2003).

νt =
a1k

max(a1ω, SF2)
(67)

∂(ρk)

∂t
+ Uj

∂(ρk)

∂xi
= P̃k − β∗ρkω +

∂

∂xj

[
(µ+ σkνt)

∂k

∂xi

]
(68)

∂(ρω)

∂t
+ Uj

∂(ρω)

∂xj
= αρS2 − βρω2 +

∂

∂xj

[
(ν + σωνt)

∂ω

∂xj

]
+2(1− F1)ρσω2

1

ω

∂k

∂xi

∂ω

∂xi

(69)

261



. APPENDIX 1: NUMERICAL FLOW MODELLING OR BASIC CFD

where

F2 = tanh

[[
max

(
2
√
k

β∗ωy
,
500ν

y2ω

)]2
]

(70)

Pk = min

(
τij
∂Ui
∂xj

, 10β∗kω

)
(71)

F1 = tanh

[[
min

[
max

( √
k

β∗ωy
,
500ν

y2ω

)
,

4σω2k

CDkωy2

]]4
]

(72)

CDkω = max

(
2ρσω2

1

ω

∂k

∂xi

∂ω

∂xi
, 10−10

)
(73)

φ = φ1F1 + φ2(1− F1) (74)

α1 =
5

9
, α2 = 0.44 (75)

β1 =
3

40
, β2 = 0.0828 (76)

β∗ =
9

100
(77)

σk1 = 0.85, σk2 = 1 (78)

σω1 = 0.5, σω2 = 0.856 (79)

Spalart-Allmaras model

Spalart-Allmaras model is a one equation model which solves a transport equation
for a viscosity-like variable ν̃. This may be referred to as the Spalart-Allmaras
variable.

The turbulent eddy viscosity is given by

νt = ν̃fv1 (80)

fv1 =
x3

x3 + C3
v1

(81)

x =
ν̃

ν
(82)

∂ν̃

∂t
+ uj

∂ν̃

∂xj
= Cb1[1− f2]S̃ν̃ +

1

σ

(
∇ · [(ν + ν̃)∇ν̃] + Cb2∇ν|2

)
−[

Cω1fω −
Cb1
κ2

ft2

](
ν̃

d

2
)

+ ft14 U2

(83)
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S̃ = S +
ν̃

κ2d2
fv2, (84)

fv2 = 1− x

1 + xfv1

(85)

where

S =
√

2ΩijΩif (86)

Ωij =
1

2

(
∂ui
∂xj
− ∂uj
∂xi

)
(87)

fω = g

[
1 + Cω3

6

g6 + Cω3
6

]1/6

(88)

g = r + Cω2(r6 − r) (89)

r =
ν̃

S̃κ2d2
(90)

ft1 = Ct1gtexp

(
− Ct2

ωt
2

4U2

[
d2 + gt

2dt
2
])

(91)

ft2 = Ct3exp(−Ct4x2) (92)

where d is the distance to the closest surface. The constants are given below

σ = 2/3 (93)

Cb1 = 0.1355 (94)

Cb2 = 0.622 (95)

κ = 0.41 (96)

Cw1 =
Cb1
κ2

+
1 + Cb2
σ

(97)

Cw2 = 0.3 (98)

Cw3 = 2 (99)

Cv1 = 7.1 (100)

Ct1 = 1 (101)

Ct2 = 2 (102)

Ct3 = 1.1 (103)

Ct4 = 2 (104)
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Basic error estimations

Can be subdivided into:

� Examine iterative convergence

� Examine consistency

� Examine spatial (grid) convergence

� Examine temporal convergence

� Compare CFD results to experimental data

� Examine model uncertainties (i.e. turbulence models)

Iterative convergence

Generally, CFD methods involve some iterative scheme to arrive at the simulation
results. Here it is assumed that the iteration is with respect to time or a pseudo-
temporal quantity and some type of time step is taken at each iteration. A steady-
state flow simulation involves starting with a uniform or fabricated flow field and
iterating in time until the steady-state flow field is obtained. This is termed
iterative convergence, but requires some criteria for determining convergence.
Criteria include:

Residuals. The residuals of the equations are the change in the equations over
an iteration. These are usually scaled or normalized. One usually looks for the
residuals to reach a certain level and then level-off as an indication of iterative
convergence. For a time-marching, steady-state strategy, this involves examining
whether the residual has been reduced a certain number (usually 3-4) of orders
of magnitude.

Results. The CFD simulation has the objective of determining some quantity
such as lift, drag, recovery, etc. One can track the values of such engineering
quantities with respect to iteration and define iterative convergence when these
quantities converge. The convergence criteria is usually defined by acceptable
error in these values. It is often the case that certain quantities may reach con-
vergence at a different rate than other quantities. One can check that a moni-
tored flow value (such as thrust, drag, or boundary layer profile) has remained
unchanged with respect to the number of iterations.
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Solution convergence

One can evaluate convergence by checking for consistency in the flow field. The
conservation relations require a balance of fluxes through a control surface. For
a closed duct, the flow through the duct should be conserved. Low-speed flow
over a closed body should have zero drag. Other such consistency relations can
be defined for specific flow fields. These provide verification of the code since the
consistency relations are usually a statement of some analytic result.

Temporal convergence

Samples of scalar transport (pressure) are taken then compared to the exact
solutions, pex, and the difference is set relative to reference (pressure) for the
problem.

(p̄1, p̄2, ...., ¯p100) = [(p1−pex,1)/pref, (p2−pex,2)/pref, ...., (p100−pex,100)/p ref ] (105)

the root mean square (RMS) error εrms is defined

εrms =

√√√√ 1

100

100∑
i=1

p̄i2 =

√
p̄1

2 + p̄2
2 + ...+ ¯p100

2

100
(106)

Spatial convergence

As the grid is refined (grid cells become smaller and the number of cells in the
flow domain increase) and the time step is refined (reduced) the spatial and tem-
poral discretization errors, respectively, should asymptotically approaches zero,
excluding computer round-off error.

Methods for examining the spatial and temporal convergence of CFD simu-
lations are presented in the book by Roache (Roache, 1998). They are based on
use of Richardson’s extrapolation.
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Appendix 2: Radiance - scenes,
sky models, and daylight sim.

This appendix is served as an introduction to the Radiance study guide. For
a detailed explanation, refer to the text Rendering with Radiance (Ward and
Shakespeare, 1998).

Radiance provides a number of object creation programs which can be used
to create simple scenes, however, the complexity of these models is limited. The
most efficient way to create a 3-D geometry in Radiance scene is by using a CAD
or 3D modelling packages and importing the geometry through commonly used
3D file formats to Radiance. Some examples of converters are such as 3DS, OBJ,
and DXF formats.

The Radiance standard release includes the sky model general program called
gensky. This utility program will produce Radiance format sky luminance dis-
tribution for four sky model types, with the option to create a sun description
for the non-overcast sky model types, which are:

� the uniform luminance model;

� the CIE overcast sky model;

� the CIE clear sky model;

� the Matsuura intermediate sky model.

The absolute luminance of any of these sky luminance patterns is controlled
using either the zenith luminance or the diffuse horizontal illuminance. The sun
position can either be defined by altitude and azimuth or calculated by gensky
from the time and geographical coordinates (Mardaljevic, 1999). The overcast
and clear CIE models are representations of extreme sky types. Intermediate sky
is a somewhat hazy variant of the clear sky, where the Sun is not as bright as
with the clear sky and the brightness changes are not as drastic (Mardaljevic,
1999).
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The CIE overcast sky model: The overcast model takes the standard CIE
form for this type of sky. The luminance at an angle ξ by the formula (CIE, 1996;
Darula and Kittler, 2002):

Lξ =
Lξ(1 + 2cosξ)

3
(107)

where Lξ is the luminance at an angle ξ from the zenith and Lξ is the zenith
luminance.

The CIE standard clear sky model: The CIE clear sky model is nor-
malised to zenith luminance and the sky luminance distribution is given by (CIE,
1996; Darula and Kittler, 2002):

L = Lξ
(1− e(−0.32/sinγr))(0.91 + 10e−3θ + 0.45cos2θ)

(1− e−0.32)(0.91 + 10e−3(π/2−γs) + 0.45sin2γs)
(108)

where γr is the sky point altitude, γs is the solar altitude, and θ is the angle
between the sun and the sky point.

The CIE intermediate sky model: The model is based on the Matsuura
formulation which describe sky conditions that have a higher turbidity than the
CIE clear sky model (CIE, 1996; Darula and Kittler, 2002):

L(γr, θ) =
Lz · a · b

2.326
(109)

where

a= [1.3 sin(5.6− 3.6 ξ) + 3.1] sin(4.4− 2.6 ξs) + 6.37−ξ (110)

b= EXP[−0.563 θ[(2.629− ξ)(1.562− ξs) + 0.812]] (111)

Lz = diffuse horizontal irradiance (112)

ξ= π/2− γr (113)

ξs= π/2− γs (114)

θ = angle from sun to sky point (115)

γr = sky point altitude (116)

γs = sun altitude (117)

The sky distributions along an arc where the sun was assumed to be at an
altitude of γ = 0◦ (due North) across the zenith to γ = 0◦ (due South), together
with false-colour luminance maps for the clear, intermediate, and overcast models
is plotted on Figure 5 (Mardaljevic, 1999).
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Clear Intermediate Overcast Uniform
Figure 5. Luminance profile and maps for various sky models. Adapted from
Mardaljevic (1999) (Mardaljevic, 1999).
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The rtrace program is used to calculate radiance and irradiance. The output
is a triad of predicted values for spectral (RGB) horizontal irradiance. To convert
the spectral irradiance triad to irradiance:

I = 0.265IR + 0.670IG + 0.065IB (118)

Because the sum of the multiplying factors is 1, the achromatic irradiance equals
3.141593, which is the value for π. Comparing this with an analytically derived
result. For any sky of radiance B(θ, φ) the horizonal irradiance is given by:

I =

2∫
0

π

π∫
0

2B(θ, φ)sinθ cosθ d θ d φ (119)

where for a uniform sky, B(θ, φ) = B, giving:

I = B

2∫
0

π

π∫
0

sinθ cosθ d θ d φ = πB (120)

which, for a sky of unit radiance, gives

I = π (121)

This value for irradiance is what the rtrace simulation predicted.
The below diagram (Figure 6) illustrates the Radiance program schematic

to calculate daylight irradiance (Ward, 1994b). Dark greys-diamonds represent
programs while light-grey rectangles represent states of data. The diagram can
be broken into three stages of data, the first stage is the scene input, followed by
the compiled model, and the simulation output.

The input parameters for the sky model programs were derived from measure-
ments of the global horizontal illuminance, the direct normal illuminance, and the
sun position. The following operations summarise the automation sequence of the
solar altitude angle and irradiance at every hour as follows:

1. Generate Radiance format skies using gensky

2. Create Radiance octree for the sun and sky description

3. Execute rtrace to calculate the external illuminances and write to temporary
file

4. Add sun and sky description to the octree

5. Execute rtrace to calculate the illuminances and write to temporary file
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Figure 6. Radiance flowchart to calculate daylight irradiance. Adapted from
Mardaljevic (1999) (Mardaljevic, 1999).
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Description of sun and sky are generated with the gensky command. It pro-
duces two objects of type source, one for the sky hemisphere and one for the
ground. The arguments to gensky are the month, day, and hour (local standard
time). To start with, we created a sunny sky for Phuket on 4 March 1993 with
the output file called sky.rad.

1 $ gensky 3 4 12:15 +s -a 7.48 -o -98.25 -m -99 > sky.rad

2 # gensky 3 4 12:15 +s -a 7.48 -o -98.25 -m -99

3 # Local solar time: 12.00

4 # Solar altitude and azimuth: 75.4 0.1

5 # Ground ambient level: 18.2

6

7 void light solar

8 0

9 0

10 3 7.18e+06 7.18e+06 7.18e+06

11

12 solar source sun

13 0

14 0

15 4 -0.000315 -0.251636 0.967822 0.5

16

17 void brightfunc skyfunc

18 2 skybr skybright.cal

19 0

20 7 1 3.15e+01 3.02e+01 1.64e+00 -0.000315 -0.251636 0.967822 �
This gives us a clear sunny sky and put the elements together in one octree file

using oconv and then execute the rtrace program to determine the horizontal
irradiance due to the specified sky.

1 $ oconv sky.rad > sky.oct

2 $ echo "0 0 0 0 0 1" | rtrace -h -I -ab 1 -ad 256 sky.oct �
For more detailed backgrounds and examples on the Radiance daylight sim-

ulation, refer to the (Mardaljevic, 1999; Ward, 1994b,c; Ward and Shakespeare,
1998).
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