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Abstract

Ocean circulation is integral to reef ecosystem health and resilience; waves and
currents replenish nutrients, transport coral and sh larvae between populations, and
moderate temperatures. On many reefs, wave-driven or tidal ow through reef passes
is the dominant mechanism of exchange with the open ocean. The fate of the jet as
it ows onto the forereef slope, however, is understudied. In this study, numerical
simulations of wave-driven ow on an idealized coral island with periodically spaced
reef passes were conducted and examined across a range of planetary rotation and
bottom friction conditions. For higher latitude, lower friction cases, adjacent jets
interacted due to the de ection of the jet by planetary rotation and weak attenuation
by friction - a previously undescribed phenomenon. The physics of reef pass jet
de ection were then examined using a novel reformulation of the barotropic vorticity
balance in terms of ow curvature. The resultant curvature gradient equation was
used to interpret a series of idealized numerical modeling experiments of a barotropic
out ow jet onto a slope in shallow water using a depth-averaged circulation model
(ROMS). The trajectory of the jet was explained by the curvature dynamics along its
center streamline, with topography, planetary rotation, and bottom friction strongly
in uencing the course. Articulating the key processes of near eld jet de ection
in terms of curvature distilled the complex 2D phenomenon into a tractable 1D
initial value problem, exhibiting predictive skill and clarifying the poorly understood

dynamics of a nonlinear feature. A third element of this work examined population



dynamics on reefs. Larval ux, as determined by demography and hydrodynamics, is
integral to the recovery of a subpopulation after a disturbance, but few studies have
connected annual time-scale coral population dynamics to larval recruitment.Here, a
model for coral population growth was developed that synthesized metapopulation
theory with classical population dynamics. It was validated against a case study of
remarkable coral recovery after near extirpation. Model simulations suggest that a
combination of steady background larvae source and favorable local growth conditions
explain the recovery of coral on this reef, implying that the succeeding coral colonies

are likely endogenic.
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Introduction

1.0.1 Reef Pass Jets

Coral reefs are among the most biodiverse ecosystems in the world. Oases in the
otherwise nutrient-depauperate shallow waters of tropical oceans around the globe,
reefs occupy just 0.1% of the ocean’s area, but are host to 25% of the known marine
species. Coral reefs provide food for an estimated 1 billion people (Moberg &
Folke 1999), and o er coastline protection (Ferrario et al. 2014), cultural heritage
(Kittinger et al. 2014), among other ecosystem services (Woodhead 2019). As
reefs have developed over the epochs they have drastically modi ed their physical
environment. Darwin (1842) in The Structure and Distribution of Coral Reefs posited
that due to their dependency on sunlight, reefs would accrete around islands as sea

levels rose. After the island has subsided the reef structure remains, forming an atoll.

"..we must look at a Lagoon Island as a monument raised by myriads of
tiny architects, to mark the spot where a former land lies buried in the
depths of the ocean ..."

-Charles Darwin’s diary on the voyage of the HMS Beagle (1835)

Darwin’s colleague, geologist Charles Lyell, recognized the in uence of coral

1



structure on hydrodynamics and consequently the geomorphology of the reef.

\Mr. Lyell has observed that the growth of the coral would tend to
obstruct all the channels through a reef, except those kept open by
discharging the water, which during high tide and the greater part of

each ebb is thrown over its circumference."

The focus of this dissertation is the ow through these channels as described by Lyell,
which are known as reef pass jets (Figure[L.I). These jets exchange sediment, heat,
nutrients, and the larvae of sh and coral between the lagoon and open ocean, and
as such are quintessential features of reefs around the world.

Prodigious volumes of waters ux through reef passes - the transport of a single
moderately sized reef pass on the Paci c island of Mo’orea (Herdman et al. 2015)
is greater than that of the Susquehanna River into the Chesapeake as well as the
Colorado River into the Gulf of California (USGS 1992). There are 12 such reef
passes around the 20km diameter island. It is reasonably well-understood how such
transport is possible via the interaction of surface waves with the reef topography;
Lowe et al. (2009) et al. used a relatively simple model for circulation (Figure
to accurately estimate the velocity of the jet as observed on Kaneohe Bay, Hawaii.
When waves break on a reef crest, the surface of the water rises due to the input of
energy from breaking waves, establishing a pressure gradient that drives ow into the
lagoon and out through the reef pass. Bottom stress due to the frictional elements
at the bed (e.g. coral and sand), is the main force to oppose this pressure gradient.
From this force balance and additionally considering the conservation of mass, the
jet transport can be estimated given the free surface set up at the reef crest.

Upon exiting the lagoon and onto the forereef slope, the reef pass jet is subject to
a host of forces that determine its eventual fate (ignoring wind, density variations,
and ambient background ows). 1) Due to the Earth’s rotation the jet experiences a
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Figure 1.1: A reef pass in the barrier reef of Ha’apai (Tonga), south of the islets of
Uonukuhihifo and Tofanga. Breaking waves drive currents into the lagoon and out
via the reef pass as a jet. Image credit: Dr. Scott Mills under the Creative Commons
Attribution-Share Alike 2.0 Generic license

de ecting acceleration perpendicular to its velocity 2) lateral mixing of momentum
causes the jet to spread 3) forces arise due to the deceleration of the jet as it traverses
sloped topography, turns, and spreads 4) bottom friction opposes the jet, and 5) the
pressure gradient from the lagoon initially drives the jet out of the pass, but weakens
as the jet leaves the lagoon. A detailed understanding of how these forces in uence
the behavior of reef pass jets on the forereef slope has not yet been fully examined,

but the research here (Chapters 1&2) endeavors to answer

e How far do reef pass jets extend into the coastal ocean?


https://creativecommons.org/licenses/by-sa/2.0/deed.en
https://creativecommons.org/licenses/by-sa/2.0/deed.en

e Can and how do adjacent reef pass jets in uence each other?

« How do planetary rotation, topographic slope, and bottom friction control the

trajectory of these jets?

To address these questions, a combination of simpli ed theoretical models and
detailed numerical simulations are used. Solving the Navier-Stokes equations, the
governing equations of uid motion, is often impossible to do analytically, so computers
must be used to solve the full system of equations. Simpli cations of the Navier-Stokes
equations, however, can be solved analytically. Approximate, simpli ed forms of the
governing equations are used to help interpret and explain the circulation phenomena

produced by numerical modelling.
1.0.2 Coral Population Dynamics

The capacity of a population of corals to survive threats (stressors) is known as
resilience. The resilience of a population to stressors that would cause local extinction
is dependent on its connectivity to others, i.e. the ux of individuals or larvae from
one population to another (Hanski 1999). The resilience of the meta-population,
the network of individual populations that comprise a species, is thus related to
the strength and redundancy of connection between populations (Hanski 1998).
Benthic organisms such as coral rely on ocean currents (such as the aforementioned
reef pass jets) and waves to transport and disperse their larvae, which recruit to
available space and can start new colonies, although coral can also grow asexually
in absence of any new recruits via budding (Miller & Ayre 2004). Thus connectivity
is a direct function of ocean circulation patterns (Cowen 2009). Unfortunately,
corals face local and global anthropogenic stressors a ecting individual populations
and the metapopulation respectively. Examples of local stressors include pollution,

over shing, sedimentation, and extreme weather events. Global stressors include



ocean acidi cation and warming. There is a concern that coral populations are
becoming progressively more susceptible to stressors, with many examples of macro
algae succeeding coral after bleaching events and/or die o s (Fung et al. 2011).
Thus it is urgent to understand the factors in uencing coral resilience to inform
conservation and restoration e orts (Viehman et al. submitted). In this research,
an unusual example of a coral reef recovering from near extirpation is examined,
considering speci cally the role of larval dispersal, inter-population connectivity, and
local growth rate. On Mo’orea, an island in French Polynesia, the local Pocillopora
coral population was subject to a crown-of-thorns star sh (coral predators) outbreak
in 2009 followed in 2010 by an extreme wave event from Cyclone Oli, a category 4
cyclone, that destroyed much of what little coral was left (Holbrook et al. 2018).
However, over the subsequent decade, the population rebounded spectacularly, recovering
nearly back to pre-2009 levels. Reef recovery after such a large disturbance is rare,
and questions arise of what mechanism could explain the resilience of this particularly

reef. Herein, the research objectives of this work are

» Formulate a population model accounting for key growth processes in coral life

history - asexual reproduction and recruitment

« Use this population model to diagnose the processes contributing to the remarkable

recovery of Pocillopora on Mo’orea?

The questions outlined above are organized into three research chapters. The rst
chapter concerns the behavior and interaction between reef jets on an idealized island.
The work identi ed that the trajectory of reef pass jets was strongly in uenced
by bottom friction and planetary rotation and that the jet trajectory was of key
importance for circulation on the forereef, controlling the degree of interaction between

adjacent jets. The second chapter then speci cally addresses the kinematics and



dynamics of jet de ection by considering the problem from a curvature perspective.
A simple model was developed and proved useful in both predicting and interpreting
numerical simulations of an idealized coastal jet out ow. The third chapter examines
the population dynamics of coral reefs after a disturbance, developing and testing a

novel theoretical model for density-dependent coral growth in connected subpopulations.
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Figure 1.2: The plan a) and b) vertical cross sectional view of archetypical patterns
wave-driven circulation on a reef-lagoon system with a closed shore boundary.
a)Depicts the free surface set-up d =dx due to the radiation stress Syyx gradient
induced by wave-breaking, which is balanced by quadratic bottom friction , =
CD‘E% where U is the ow velocity, h is the depth, and Cp is a bottom drag
coe cient. This balance results in an Eulerian ow across the reef at into the lagoon.

U; L; W indicate velocity, length, and width and the subscripts ;. ;. indicate reef

at, lagoon, channel respectively. (Lowe et al. 2009) ©American Metereological
Society. Used with permission
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2

The Interaction of Wave-driven Reef Pass Jets on
an Island

2.0.1 Introduction

Flows out of reef passes (or channels) are key pathways by which coral reef ecosystems
exchange heat, nutrients, and larvae between lagoonal and coastal ocean waters
(Lowe & Falter 2015), and are ubiquitous in atoll and fringing reef systems alike
(Goldberg 2019). These features, known as reef pass jets (O(1 50)m deep, O(1m

1km) wide; Winter et al. 2020), often occur consecutively along the reef edge with
a characteristic alongshore spacing anywhere from 50m to 5km. Reef pass jets are
forced predominantly by tides and/or surface gravity waves (Hamner & Wolanksi
1988, Costa et al. 2016), but we consider the wave-driven case, the dominant
circulation mechanism on most reefs/atolls (Andrefouet et al. 2006, Monismith
2007). In this case, shoaling waves break at the reef crest, driving water into
the lagoon and back out through reef passes as momentum jets (Figure 2.1). The
geometry of the lagoon and reef pass strongly condition the strength of the jet - the
narrowness of the pass relative to the distance along the reef crest exposed to incident

waves determines the ux and speed of the out ow, along with its depth (Lowe et al.
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2010). Bottom friction, which interacts with the reef geometry to control the ow
rate through the passes and elsewhere, is an especially important factor in uencing
circulation on coral reefs (Rosman & Hench 2011).

The fate of reef pass jets upon entering the coastal ocean is not well-studied. As
the out owing jet exits the lagoon, its adjustment to topography, bottom friction,
and planetary rotation are expected to be the essential processes governing its
development (Woods & Beardsley 1988). Hydrodynamic studies of reefs at the
resolution where reef pass jets are resolved, however, rarely consider planetary rotation
and largely focus on the role of topography, waves, bottom friction, and alongshore
currents in governing the circulation (Winter et al. 2020, Monismith 2014, Herdman
et al. 2017, Zhang et al. 2012). This is justi ed by a consideration of the typical
length and velocity scales of reef pass jets in the near eld of the jet, but the ultimate
fate of the jet, particularly how far the jet penetrates into the coastal ocean, is
expected to be controlled by planetary rotation. The motion of the jet becomes
more susceptible to Coriolis acceleration as the feature traverses sloping bathymetry,
decelerating to maintain continuity, reducing the local Rossby number and de ecting
anticyclonically.

The jet, after turning downcoast may transition into a geostrophic alongshore
coastal current or extinguish and spread radially due to bottom friction. The alongshore
coastal current will eventually spread and dissipate due to the inevitable in uence of
lateral and bottom friction if no additional momentum inputs are present downstream.
For periodically arranged reef passes, however, the presence of coastal current provides
a mechanism by which neighboring jet(s) can interact, a previously unexplored
phenomenon for coral reef systems that can be understood as a jet in a cross ow
(JICF). The salient mechanics of the JICF interaction for this problem is that the
cross ow de ects the jet’s trajectory, which can guide the trajectory of the feature

closer inshore. In addition, a downcoast directed component of a jet could provide an
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auxiliary source of momentum to the coastal current, allowing it to persist further
than for a single reef pass jet, and possibly remain coherent across the scale of
multiple reef-lagoon systems. For example, long term measurements of currents
on the forereef on the island Mo’orea, French Polynesia reveal periods of coherent
subtidal anticlockwise circulation around the island (Leichter et al. 2013) which
may be driven by such a process. Leichter et al. (2013) posited a number of
potential mechanisms for the observed around island circulation including alongshore
radiation stress gradients forced by obliquely incident waves (Longuet-Higgins 1970):
tidal recti cation (Pingree & Maddock 1978), and a radial buoyancy gradient in
conjunction with rotation (Monismith et al. 2006). Here we examine the possibility
that a coherent anticlockwise current can be formed purely via the interaction of
wave-forced jets with Coriolis in absence of any density gradients, tidal forcing, or
wave e ects on the forereef.

Reef pass jets belong to a subclass of coastal out ows in general, including
features such as rivers/streams, engineering discharges, and rip currents. Out ows
can be classi ed by scale, for instance using the Kelvin number (Garvine 1995), but
also by whether they are buoyant (subsequently by whether plume or jet behavior
dominates; Jones et al. 2007), and if they are persistent or periodic. The majority of
oceanographic research on out ows has focused on buoyant jets/plumes due to the
signi cance of river plumes and wastewater in ux into the coastal zone, but weakly
or non-strati ed out ows commonly occur in nature and are important. Reef pass
jets, rip currents, and tidal ows often can be weakly or entirely unstrati ed, and are
all key mechanisms of exchange in the nearshore. By ignoring buoyancy however,
we opted not to examine the documented e ects on strati cation on jet behavior,
although it is known that reef pass jets can experience periodically (relatively weak)
temperature strati cation depending on meteorological conditions and vertical mixing
processes in the lagoon and backreef (Herdman et al. 2017). In eld and modeling
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experiments alike, the presence of strati cation was demonstrated to enhance the
spreading of the jet and extend its o shore excursion scale.

The role of bottom friction in con ning the excursion of the out ow has been
studied mostly in context of buoyant ow with respect to its competition against
strati cation in achieving vertical mixing (Simpson 1973, Verspecht et al. 2009).
For the barotropic case, the attenuation of ow speed due to bottom friction is
expected to be even more pronounced than for strati ed ows for which momentum
is con ned to the surface layer. Additionally, topographic variation controls the
acceleration/deceleration of barotropic ows to a much greater degree (Chapman &
Lentz 1993). Lastly, studies regarding the dynamics of multiple interacting geophysical
scale out ows are rare despite their prevalence in coastal environments, including
rip-currents, freshwater in ows, and reef pass jets (Inman et al. 1971, Osdachiev &
Zavialov 2019, Goldberg 2019).

This study focuses on the coastal circulation around multiple interacting reef
passes under the in uence of planetary rotation, topographic slope, and bottom
friction. A numerical model was used to simulate wave-driven ow on an idealized
circular coral reef island. Scaling and a reduced physics analytic model were developed
to explain the circulation patterns. The simpli cations used in the analytical model
were evaluated by examining the momentum diagnostic output of the numerical
simulation. Broadly, the goal of this study is to synthesize prior understanding of
the inshore behavior of reef pass jets with new insights into their behavior as they

transition into a coastal current and interact with adjacent ow features. We ask

e How do bottom friction and planetary rotation control the development of and

interaction between adjacent reef pass jets?

e Can wave-driven circulation phenomena, mainly the reef pass jet and coastal

current, on a barrier reef be characterized a priori provided o shore wave
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conditions, reef geometry, a Coriolis parameter, and bottom drag coe cient?

2.1 Methods

2.1.1 Model Con guration

Circulation and wave elds were computed using the Coupled Ocean{Atmosphere{
Wave{Sediment Transport Modeling System (COAWST; Warner et al. 2010), which
couples the ROMS ocean circulation model (Schepetkin and McWilliams 2005) and
SWAN wave model (Booji et al. 1999) using the Model Coupling Toolkit (Larson et
al. 2005). ROMS solves the 3D Reynolds-averaged Navier-Stokes (RANS) equations
usinga nite volume method on a horizontal curvilinear Arakawa-C grid and vertically
stretched terrain-following coordinates ( -coordinates) assuming hydrostatic and Boussinesq
approximations. SWAN solves the phase-averaged 2D spectral wave action balance
equation on a curvilinear grid, accounting for wave propagation, refraction due,
frequency shifting by currents, dissipation of energy by bottom friction, depth-induced
breaking, and wave-induced setup. Wave-current interaction in ROMS is based upon
vortex formalism (Craik & Leibovich 1974), which separates the conservative (the
vortex force, Stokes-Coriolis force, Bernoulli head, and wave-setup) and nonconservative
(wave breaking, wave-enhanced bottom stress) e ects of waves on circulation (Uchiyama
et al. 2010, Kumar et al. 2012). SWAN, reciprocally, receives Eulerian velocity and
free-surface elds from ROMS. SWAN was adapted to use the Madsen (1994) spectral
wave-current bottom boundary layer closure, which receives a roughness length scale
(z0), near-bottom wave spectra, and a log-interpolated near-bottom velocity in order
to compute a combined wave-current friction factor f,,. for use in the wave action
conservation equation. Bottom stress in ROMS is parameterized with a logarithmic
law-of-the-wall drag formulation.

The model domain was analytically generated (Appendix A) to represent an
archetypical Paci c reef-lagoon island with twelve reef-lagoon-pass tracts evenly
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arranged about a 10 km radius skirted island with a linear o shore slope (Figure:
2.2). As the domain exhibits dodecameric radial symmetry, a single tract with
periodic lateral boundary conditions can be used instead to model the entire system.
The inshore boundary of the domain was closed for all model variables while the
radiation conditions were used at the outer boundary located 10km o shore. The
SWAN grid extended azimuthally further than the ROMS grid in order to avoid
weaker wave heights near the azimuthal boundaries of the ROMS subdomain. Otherwise,
the grids are identical. Note that stretched azimuthal and radial grid spacing was
used to better resolve reef crest breaking processes and near eld jet dynamics, with
coarser resolution towards the o shore and lateral boundaries. The grid spacing
ranged from 5m-100m producing a computational grid of 170 x 256 cells with twenty
vertical terrain following layers. The vertical stretching function was modi ed
to achieve slightly higher resolution in the bottom boundary layer and in surface
processes. The density was set to be uniform throughout the water column. Planetary
rotation was included with a constant Coriolis parameter, and f-plane approximation
which is reasonable for the size of this domain. Vertical eddy viscosity pro les were
computed using a generic length scale mixing closure (Warner et al. 2005), while the
lateral eddy viscosity was set to 0:2m2=s, consistent with background momentum
di usivities in other nearshore circulation modeling studies (Signell & Geyer 1991,

Kumar & Feddersen 2018a).
2.1.2  Numerical Experiment

To explore the in uences of planetary rotation and bottom friction on the dynamics
of the ow, we conducted a set of runs where the bottom roughness length
scale (zo) and Coriolis acceleration (f) were systematically varied. As shallow
coral reef systems exist predominantly in the tropics, the latitude is varied as

=[30S; 225S; 15S; 7:5S;0 S], with a corresponding change in f. zo was
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varied logarithmically from typical sand grain roughness to exceptionally large coral
roughness only occasionally observed on reefs: zo = [0:25;1;4;16] (cm), covering a
range of natural conditions (Monismith et al. 2013). The model was forced with a
constant normally incident wave eld imposed at the outer boundary (Hs = 0:5; T, =
10s; directional spread = 4 ). These wave conditions are characteristic of austral
summer conditions for south Paci c islands (Leichter et al. 2013). Applying larger
wave heights (e.g. Hs = 1:0m) would require a prohibitively small time step to
preserve numerical stability. The simulation was integrated for 25 days in order to
capture several inertial periods at all latitudes once the trajectory of the jet stabilized
(after 15 days), however Kkinetic energy did continue to accumulate in the model for
low roughness conditions (zo = 0:25 cm). The model results presented are the average
of the nal three hours of the simulation, as we are interested in the steady features
of the ow rather than instantaneous transient features. A typical jet velocity of 0:2
m/s and reef width of W, 3 km givesa ow time scale of approximately three hours.
Wave propagation on a polar grid causes wave heights to increase radially inward
regardless of topography, due to the radial conservation of action density - however
this e ect, following an inverse square law relationship, is negligible relative to the
e ect of shoaling bathymetry. Model development and preliminary work was carried
out on NCSA'’s Blue Waters resource, while the production runs displayed here were
conducted on the Pawsey supercomputing cluster, leveraging the parallelizability of

COAWST. The simulations required  125; 000 node-hours, using 192 cores per run.

2.2 Results

2.2.1 Kinematics

To illustrate the essential features of wave-driven circulation, we rst compare the
results from representative model simulations between extreme cases of the parameter
space. Wave height, free surface elevation, and depth-averaged velocity from
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quasi-steady state solutions are shown, describing the kinematics of the circulation

eld (Figure 2.3). Wave heights increase in amplitude as they shoal up until the
reef crest where they are sharply attenuated via breaking (Figure [2.3p). The mean
(wave-averaged) free surface elevation exhibits a typical pattern of setdown/setup
on the forereef and reef at respectively (Figure [2.3p) (Longuet-Higgins 1964, Hearn
1999, Monismith 2013). Inshore of the reef crest, the free surface slopes downward,
driving ow across the reef at into the lagoon. In the lagoon, currents turn towards
reef passes, and nally out ow through the pass as a jet (Figure[2.3c-d). Setup in the
lagoon is at a maximum between reef passes, and decreases along streamlines toward
the jet out ow. In the case with planetary rotation, there is a subtle asymmetry in
setup between the azimuthal +/- side of the jet due to planetary rotation also seen
in the tidal jets considered by Hench et al. (2002).

The basic mechanics driving the ow inshore of the reef crest are largely the
same between rotational/non-rotational cases (besides the aforementioned lagoon
setup asymmetry) (Figure [2.4), as the dominant dynamics are between wave forces,
setup gradients, and bottom stresses at the reef scale. The consequences of rotation
for the out ow and coastal current, however, are striking. In the non-rotational
case, the out ows behave as symmetric linearly spreading plane jets. The existence
of the jets demands a weak return inshore ow of a similar excursion scale to the jets
themselves to maintain radial mass balance (Figure [2.5). The spreading angle of the
jets is close to the canonical value (12 ) for turbulent plane jets (Pope 2000). The

ow kinematics are more complex for the cases with stronger planetary rotation. The
emergent jet is strongly de ected by both Coriolis and the upstream in uence of the
neighboring jet. A vigorous but small recirculation feature is present on the de ected
side. Once each jet transitions into a coastal current, the ow speed attenuates due
to bottom friction. The attenuation is not su cient, however, to completely damp
the feature before interacting with the downstream jet. The resulting circulation
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pattern exhibits a coherent island scale anticlockwise current narrowly con ned to
the coast.

The set of numerical experiments illustrate the transitional cases between high
and low Coriolis and frictional regimes (Figure Figure 2.5). Increasing bottom
roughness has the obvious e ect of slowing down the circulation, but this is
accompanied by a secondary e ect; the ow is more susceptible to rotation. As
bottom friction is increased, the o shore excursion scale of the jet decreases due to the
increasingly relative importance of planetary rotation over inertia. The sensitivity of
this trend, however, is markedly higher at low latitudes. As the latitude of the domain
increases, the jet de ects progressively more sharply anticlockwise until the run with
the domain centered at 22:5 S, after which the jet excursion changes little. This
is possibly because the de ection of the coastal current around the jet is inherently
a nonlinear process, and increasing the e ect of planetary rotation further would
have little e ect, especially in the near eld of the jet. The response of ow eld to
rotation is conditioned by bottom friction. For large zy, the e ect of varying rotation
is less pronounced than for low z,. Notably, very weak or non-existent jet-coastal
current interaction is present in the large zo regimes, implying a positive feedback
mechanism between Coriolis and jet-coastal current interaction acting to de ect the
jet. As latitude increases, the coastal current is con ned to a narrow region and

ows faster, which increases its impact on the downstream jet.

The trends described above, implied by the velocity components, can be examined
further by extracting the jet excursion distance and cross ow momentum ux ratio
explicitly from each model run (Figure [2.6). The excursion distance was evaluated
by computing the jet center streamline and nding its maximum radial position, and
represents the scale of the jet’s o shore departure. We use the cross ow momentum

ux ratio - the ratio between the coastal current (cross ow) momentum and the

jet momentum - integrated across the jet width and a radial slice upstream of
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the jet, to assess the relative magnitude of jet-coastal current interaction. This is
similar to the cross ow velocity ratio but more readily de ned over a spatial region
(Jones 2007). The coastal current momentum ux was integrated over a radial slice
upstream of the jet while the jet momentum ux was integrated across the reef
pass width. The cross ow momentum ux (M) for strong Coriolis/low friction cases
ended up dominating the jet momentum ux (M. > Myj), which can only occur if
the momentum from jet is not entirely dissipated by bottom friction and allowed to
accumulate in the system over time. In such cases, quasi-steady state may only be
reached once the adverse pressure gradient formed by the wake/recirculation region
balances the coastal current in addition to bottom friction (Mahesh et al. 2013).
The scale of the recirculation zone is also of interest. For runs with the domain
at lower latitudes and low zy, the scale becomes as large as the spacing between
neighboring jets (and remarkably even wider than the corresponding coastal current)
so the direction of ow in the shallow parts of the forereef is entirely clockwise
(Figure 2.4). The coastal current is wider, weaker, and less de ned in such cases.
Contrasting this between high latitude, high friction regimes, the recirculation region
is almost non-existent and ow on the shallow forereef region is entirely anticlockwise.
The transport contained within the circulation regime across the parameter space is
quanti ed in (Figure [2.6c), normalized by the jet transport. With increased inertia,
i.e. weak planetary rotation and bottom friction is associated with an increase in

relative transport by the recirculation zone.

2.3 Dynamics

2.3.1 Lagrangian Perspective

Next, we identify the leading the order force balances throughout di erent regions of
the reef in order to justify simpli cations to the governing equations that adequately

describe the kinematics of the modeled ow eld. Depth-averaged momentum terms
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from ROMS output were rst rotated to a natural (streamwise-normal) coordinate
system where the orientation of the unit vectors (s;n) are de ned relative to the
ow orientation in the local streamwise and spanwise directions respectively (Figure
2.9). The velocity vector is de ned by a magnitude (the ow speed V') and angle ( )
with the Cartesian plane. The diagnostic momentum terms were then interpolated
along a representative particle trajectory that traverses each distinct region of the
reef (Figure [2.7). The particle starts in the jet, de ects and ows down coast with
the coastal current, recirculates over the reef crest and reef at into the lagoon,
then back out through the neighboring reef pass. On this second path through the
jet, however, the particle is entrained in the recirculation zone and the dynamical
balances of each region of interest can be explored. To simplify interpretation of
the momentum balance, wave-current interactions terms (h-vortex, j-vortex, wave
breaking; Kumar et al. 2012) were grouped into a single term and as well as the
planetary rotation terms (Coriolis and Stokes Coriolis). We justify the grouping
of the vortex force terms as the wave breaking term only enters the balance in a
signi cant way at the reef crest, distinct from the h-vortex term which has a slight
in uence in the jet near eld. The Stokes-Coriolis is far weaker than any leading
order term across the particle path, so it is reasonable to group it with Coriolis.

As the particle enters the coastal current, it is clear that the dominant balance is
geostrophic. The streamwise balance is between the pressure gradient, unsteadiness,
and nonlinear advection, but the terms are much weaker than in the normal
direction. It is possible that the heightened levels of unsteadiness are signals from
residual/accumulating momentum. As the particle passes over the reef crest, wave
breaking, pressure gradient, and vortex force terms dominate. On the reef at, the
dominant balance is between bottom friction and the pressure gradient, consistent
with theory and eld observations (Hearn 1999, Hench et al. 2008, Lentz et al. 2016).
In the lagoon, the balance is more complex, with rotation playing a non-trivial
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role. As the particle spends nearly half of an inertial period in the lagoon, it is
not necessarily surprising, but still interesting that rotation a ects the dynamics
of circulation so close to shore. The particle experiences nonlinear acceleration
in both streamwise and normal components as it turns and speeds up in the reef
pass. Once it enters the near eld jet wake region, it is subject to a predominantly
cyclogeostrophic balance, while in the streamwise direction, alternating patterns of
acceleration/favorable PGF and deceleration/adverse PGF are associated with the
steering/turning of the particle through the zone. Overall the dynamical balances,
as sampled by a Lagrangian drifter, are consistent with the theoretical assumptions,
except for the non-trivial presence of a streamwise pressure gradient and lack of
bottom-friction signature in the coastal current momentum balance. For a lower
Re¢ case however, where unsteady features would not be present and friction more

prominent, we would expect to recover the expected friction-advection balance.
2.3.2 Eulerian Perspective

Although describing the momentum balances in a Lagrangian frame of reference is
instructive, examining the full spatial variability of the leading order balances across
di erent reef zones may provide a more expansive characterization. A takeaway
from the Lagrangian sampling, was that the dominant terms in most regions were the
nonlinear advection, Coriolis, pressure gradient, and bottom stress terms. Leveraging
the fact that in streamwise normal coordinates, only three of those terms appear
in each respective component, we are able to use an RYB (red-yellow-blue) color
model to represent the dynamical balances as a single color; a mix of the three
components (Figure[2.9). This color representation is most useful for identifying two
term balances, although a three term balance with equal contributions from each
component would appear as a shade of gray. Considering the streamwise direction

rst [2.9g); it is apparent that the principal balance on the reef at is PGF-bottom
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friction, and pressure-advection in the reef pass. The balances along the centerline of
the jet are not easy to discern, as normal component terms are dominant there, but
the recirculation zone features a pressure-advection balance. Patches of green show
up along the coastal current, suggesting there is an unbalanced horizontal advection
term, but this is because unsteadiness is not considered here and would otherwise
nearly close the balance.

Considering the normal direction next (2.9b); on the reef at the ow seems to be
in geostrophic balance, but the Lagrangian perspective showed that the magnitudes
of those terms are signi cantly smaller than the streamwise terms. Flow in the lagoon
is gray-red implying cyclogeostrophy. Currents must turn sharply as they enter the
reef pass, and so the centrifugal force and pressure balance are the leading terms
(yellow), verifying the suggestion by Hench et al. (2002), that ows out of channels
should be cyclostrophic at their edges. The jet itself, although complex, is largely
inertial (blue). The jet transitions to a geostrophic coastal current indicated in red,
while the recirculation region is grayish-blue implying a cyclogeostrophic/inertial
balance, consistent with other literature on comparable phenomena (Klinger 1993,
Chen 2014). Figure complements the Lagrangian sampling approach, providing
a more detailed spatial structure of the leading order balances, but compromises by

only displaying three momentum terms in each component.
2.4 Theory

To explain the phenomena exhibited in the idealized numerical simulations, we
develop a theory for wave-driven circulation on reefs, connecting processes driving
circulation inshore of the reef crest with the o shore behavior of the jet and its
transition into a coastal current. Gaining an understanding of the conditions
that facilitate jet-coastal current interaction is of particular interest, due to the
evidence that this process plays an important role in de ecting the trajectory of
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reef pass jets over su ciently long time scales. Prior work has shown the cross ow
momentum/velocity ratio to be a key parameter mediating this interaction (Whilden
et al. 2014, Herdman et al. 2017) and so estimations of the speed of the jet (V;)
and of the coastal current (V) at the region of interaction are required. The general
strategy of the following analysis will thus be to use simpli ed momentum and mass
balances for distinct regions of the reef to derive an expression for V; and V. solely
in terms of the reef bathymetry, bottom drag coe cient, Coriolis parameter, and

incident o shore wave conditions.
2.4.1 Governing Equations

In natural coordinates, the 2DH continuity and momentum equations are

@ 0 e _
@+@(VH)+VH@—n—O (2.1)

ev ev Vi

ﬁ+VE+CDW+9—S—O (2.2)
@ 2 e _

vﬁ+v K+ fV +g@—n—0 (2.3)

Where H = h + is the total depth (i.e. the sum of the bathymetric depth
and the free-surface elevation), and K the local ow curvature. Here we use a
quadratic bottom friction formulation where Cp is a constant friction factor. A
convenient outcome of this coordinate transformation is that the bottom stress term
is present only in the streamwise component while the Coriolis acceleration term is
present only in the normal component of the momentum equations (Hench & Luettich
2003).Radiation stress gradients are neglected in this derivation as these terms are

dynamically small relative to the other terms in the jet and coastal current. We
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will revisit this assumption in the discussion of the full dynamics from 2D numerical
model output.
Scaling using = ag Where ag is the o shore wave amplitude, s = Ls
where L is the streamwise length scale, H = HoH for depth, V. = Vu for speed,
= o for the spreading angle, n = Wn for the normal length scale, and t = t

for time, the non-dimensionalized (s; n) continuity equation is

Sr@ @ e _
St tas UM =0 (2.4)

e Sr= 70 is a form of the Strouhal number

e o is the streamwise length scale to depth scale aspect ratio or the streamwise

component of the topographic slope.

. = —gv%o compares the e ect of divergence and varying topography to

di uence on volume dynamics.

Applying the same scalings to (2.2),(2.3) while also introducing a curvature scale
k = Kk gives

=0 (2.5)

=0 (2.6)

e Ro = % is the Rossby number which compares the relative importance of

inertia to planetary rotation.

« Ref = H_ is the equivalent Reynolds number which compares the relative
CpL

importance of bottom friction and inertia.
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e $ = KW the radius of curvature-to-width ratio (Blanckaert and De Vriend
2011). Cases where $ << 1 are analogous to the \thin jets" described by
Cushman-Roisin et al. (1997).

e Fri., = apg=(V?) is a form of the Froude number

e Eu, = max(1=Fr2.;Ro) is the Euler number (Haney et al. 2015) assuming

the pressure gradient will be balanced by either Coriolis for Ro << 1 or the

nonlinear advection terms for Ro >> 1.

We assume that for ows on coral reefs with steep topography ( o > 0:01, <<1
as typically the depth of oceanographic ow features is not greater than the width
(Ho <Wp) and O( o) = O( o) for canonical spreading angles of turbulent plane jets.
In other words the topographic component of the divergence is assumed to dominate
over di uence. If we also assume steady ow, and substitute the simpli ed expression
for divergence into the streamwise nonlinear advection term, the governing equations

reduce to

_ V@H
V2@eH vz e
HE-FCDW-'-Q@_O (2.8)
V2K + fV +g@—=0 (2.9)
@n

2.4.2 Circulation inshore of the reef crest

The dynamics of the circulation inshore of the reef crest establish the initial

conditions for the jet and thus the eventual fate of the coastal current. Applying
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conservation of mass to the idealized reef-lagoon-pass tract (2.1), we arrive at the

following relationship (Lowe et al. 2009).

Vehe W, = ViR\Wr = V3hy W, (2.10)

Piecewise integration of the streamwise momentum equation (2.2)) along a streamline

from the reef crest across the reef at through the lagoon through to the end of the

reef pass and applying (2.10) gives

YA out ow Z lagoon 2 z channel hry2
% Vit
9 0 () 4 = Co(h,) L ds cD(h,-)( )" s
reef crest @S reef crest hr lagoon hJ (2 11)
Z out ow (Vr:,]_r%)z .
CD(hJ)—I:J] 2= ds
channel J
which gives
hsW; 2Cp . 1 C L,
1
Vi= g, 2 222204 = >0 w?ycp " (2.12)

hW, h, W, h, h,

To solve (2.12), an initial condition on o at the reef crest must be provided. Setup
due to wave-breaking can be estimated from o shore wave conditions in a variety
of ways, generally assuming a 1D balance between radiation stress and the pressure
gradient (King 1990, Tait 1972), but we select the semi-empirical Irribarren-like form
proposed by Stockdon et al. (2005),

=0:35 (Holo)*? (2.13)

is used here because it explicitly incorporates incorporating the reef slope ( )
and surface wavenumber ( ), which are expected to in uence the setup on reefs

(Callaghan et al. 2006). The theory derived above suggests that knowledge of the
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bathymetry and incident wave conditions alone are su cient to estimate the volume

ux of the jet.
2.4.3 Jet development

After the jet exits the reef and encounters a slope, topography, friction, and
planetary rotation are the dominant controls on the jet behavior. Like other
out ow phenomena, the jet can be classi ed by its non-dimensional Rossby number,
curvature-to-width ratio, and equivalent Reynolds numbers (2.5),(2.6) choosing the
jet width (W;) for the normal direction length scale, and o shore jet excursion scale
(R) for the streamwise length scale. The jet out ow Rossby number Ro; = fVWJJ
quanti es the dominance of rotation versus inertia in the jet near eld region (c.f.
Fong and Geyer 2002). Roj is also known as the \dynamic width"™ and describes
the spanwise extent of the out ow’s cyclostrophic balance (Hench et al. 2002). At
the corners of the out ow, ow is assumed to be entirely cyclostrophic (the radius
of curvature R = 1), so if the dynamic width is narrow, the entire out ow is
assumed to be cyclostrophic, while for dynamically wide out ows there will be an
inner region that is geostrophic. Generally a circular/elliptical recirculation region
(a \bulge™) will form for Ro; > 1, maintaining cyclogeostrophic balance (Yankovsky
& Chapman 1997). For Roy < 1, the out ow will transition into a geostrophic
alongshore coastal current over comparatively shorter spatial scales and will not
have an inertia-dominated near eld region (Horner-Devine et al. 2015).

As coral reefs are frictional environments due to the rugose coral benthic cover,
(Rosman and Hench 2011) and being shallow, it is also necessary to assess the relative
importance of bottom friction for the circulation dynamics. In the near eld region
of the jet de ned by rapid topographic deceleration, a di erent type of equivalent
Reynolds number can be formed than shown in (2.5). In the case where topography

dominates the velocity divergence as in (2.8), Reg.; interestingly collapses to a ratio
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CpV?2 _

of the slope and bottom drag coe cient %2: il o where s the local bottom

slope and Cp the bottom drag coe cient. This holds true only in regions where the
ow is normal to isobath contours (dh=ds ), which is largely the case in the
near eld of the jet. Thus for rough reefs with steep slopes, nonlinear advection and

friction may be of similar order.
2.5 Coastal Current

As the jet aligns with isobaths, it transitions into an alongshore coastal current.
The width of the coastal current, denoted here as R, is approximately the excursion
distance of the jet, and at least conserves the mass transport of the jet, although
entrainment and interaction with an alongshore current is possible (Chen 2014).
Applying conservation of potential vorticity (PV) from the jet to the coastal current
allows us to derive an analytic solution for the coastal current velocity pro le. PV
conservation for the coastal current can be expressed in polar coordinates as follows
if the velocity pro le is assumed to be a function of radius only, and therefore tangent

to isobaths.

f Y- (2.14)

Notice that the total PV of the feature is zero as we assume the jet to be inertial.
Assuming zero PV is consistent with other studies of coastal out ows (Thomas &
Linden 2007, Southwick 2017) and allows to be separated and integrated to
solve for V after applying the no-slip boundary condition at the reef crest, where
r=R;+ L,

V =frlog (2.15)

r
Ri + I—rc
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Now conservation of mass can be applied to estimate the width of the coastal
current for a given out ow mass ux Qg = V3;W;Hg

yA
’ V (nNh(r)dr = Qo (2.16)

0

With a known depth (in the case considered here, a linearly sloping skirted island
(h(r) = Hyp + r) and velocity pro le, can be integrated and R solved for.
This can be done analytically with assistance of computer algebra software, but the
solution is quite nonlinear and unwieldy and is not shown here. The key point is
that with just knowledge of the out ow mass ux, Coriolis parameter, and island
dimensions, the structure and magnitude of the coastal current can be described.

Next, the velocity of the coastal current at the region of jet-coastal current
interaction must be estimated, and so we apply the streamwise momentum equation
to the initial velocity pro le of the coastal current prescribed by solutions to
(2.16)). For periodic jets around an island, azimuthally periodic boundary conditions
naturally arise from the problem geometry for which is not possible to support a net
free-surface slope in that direction i.e i g%@ = 0 Thus, once the ow aligns to
isobaths directly oriented to the azimuthal coordinate, it is reasonable to argue that

gg—s 0 after the coastal current has been established. As a result, (2.2) reduces to

Vo— = Cp— (2.17)

an ordinary di erential equation that can be solved by separation of variables which

admits the solution

V(s) = Voe S (2.18)
possessing a quadruple e-folding decay (to 2% of the initial value) length scale (S)
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of

H
S=4—— 2.19
o (2.19)

providing a rough estimate of the alongshore extent of the coastal current before it
is dissipated by friction. On an island where the depth monotonically decreases with
radius, this implies that the decay length scale of the coastal current should increase
with a greater excursion distance. Also notice that in order to satisfy continuity,
the streamwise con uence caused by frictional damping of the velocity eld would
induce radial spreading of the coastal current.

Because in the streamwise direction, the principle balance is expected to be
between nonlinear advection and bottom friction (2.17), the equivalent Reynolds
number can be used to evaluate their relative strength. As the coastal current is not

in the direction of the depth gradient, we recover the form Ref = where L,

ol
is the spacing between neighboring jets, roughly the scale for which the alongshore
current can develop before encountering another jet (Signell & Geyer 1991, Doglioli
2004). If the equivalent Reynolds number is less than unity, it is more likely that
bottom friction will extinguish the coastal current before interacting with another
jet. If, however, Reg is greater than order unity, unsteadiness may arise as nonlinear
advection may not be su ciently damped by friction. Thus, this imbalance may
result in accumulation of momentum in the system. The direct consequence of
accumulation of momentum in the system with periodic jets is that the alongshore
current generated by one jet will interact with the jet downcoast of it, the dynamics
of which we examine in the next section.

In the normal direction, the principal balance is cyclogeostrophic, which admits

a coastal current Reynolds number Ro, = }’—; where R is the width of the coastal

current. Interestingly, this resembles a barotropic form of the inverse Kelvin number

28



(K), which is used to classify out ows with respect to whether they will transition
into coastal current or behave as an engineering type jet. Although K was originally
developed for buoyant ows (Garvine 1995) and de ned as the ratio of the cross-shore

ow length scale to the baroclinic radius of deformation, the barotropic Kelvin

number here is the ratio of the cross-shore ow length scale to the inertial radius

= fRr
v

This can alternatively be thought of as a ratio of time-scales where R=V is
the local ow development timescale and 1=f is roughly the planetary rotation period.
If we had instead used the gravity wave speed (pg_h) instead of the ow speed, we
would likely overestimate the importance of inertia in the dynamics. It is expected
that large Ro, features will be minimally a ected by rotation, resembling a plane jet,
whereas small Ro. features will form a coherent alongshore current (Horner-Devine

2015).
2.5.1 Jet-Coastal Current Interaction

Once the coastal current has traversed a spatial scale equal to the spacing
between neighboring jets, it is assumed to be interacting with the downstream
jet. The dynamics of jet-cross ow interaction are nonlinear and di cult to treat
analytically, but we can at least identify the parameters and terms involved
through non-dimensionalization. First we recognize that the velocity vector in the
jet-cross ow interaction region into can be decomposed into separate components,

subscripts J and c respectively

o= Uy + t (2.20)

and substituted into the steady equations of motion, where the nonlinear term is

written as the sum of Lamb vector and velocity head gradient.
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After partitioning into streamwise/normal components and simplifying we get.

Quy @ @u. CpV Us Uj
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(2.22)
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Next we non-dimensionalize the equations following the same scalings as (2.1),(2.2),
(2.3), also recognizing that cos appears when taking the scalar product of . and
u; where is the angle between the jet and coastal current. The de nition of
divergence is used to nondimensionalize terms involving the streamwise speed

gradient rather than an absolute speed and length scale.

u + cos —(U; Ug)+ u + Vyu; +V.cos -
H J@s R @s(J c) H °@s HH 277 °° jusj
u. u 10
+f V.u. V.cos -2 +
e ¢ jusj Fr2 @s
(2.24)
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Assuming = =2, i.e. the coastal current is orthogonal to the jet, using the

jet width for the n = & scale, a characteristic radius of curvature K = RK to

n
W
non-dimensionalize the curvature, the jet excursion/coastal current width s = 3 to
non-dimensionalize the radial jet out ow coordinate, and approximating V.= V; we

arrive at

0,
0u;  Colty %, , 10 _, (2.26)
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e $ = KjW;j is the curvature-to-width ratio

e Y= \\/’—J The ratio of cross ow to jet out ow velocity determines the strength of

jet-cross ow interaction terms

Vy

. ROJ = ™w;

The jet in ow Rossby number determines whether ow in the

near eld of the jet is dominated by inertial or Coriolis forces.

* Ro. = ¥+ {< The coastal current Rossby number determines whether ow

in the near eld of the jet is dominated by inertial or Coriolis forces.

R

* Rery = oow;  oow; the jet near eld equivalent Reynold’s number (7 2

the radial aspect ratio of the ow is roughly the inverse of the slope) assesses
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whether ow in the near eld of the jet is dominated by bottom friction or

inertia.

The additional stress terms that arise from the velocity decomposition are found
to be scaled by the cross ow velocity ratio, formally recovering the well-known result
that % mediates jet-cross ow interaction (Pratte & Baines 1967, Smith & Mungal
1996, Mahesh 2013). Other key non-dimensional numbers such as the coastal current
and jet Rossby numbers are also recovered, along with forms of the equivalent
Reynolds number. Having established that jet-coastal current interaction, the nal

ow feature of interest, is directly mediated by the cross ow velocity ratio, we can
see how this ratio is a ected by the parameters of interest - bottom friction and

planetary rotation.
2.5.2 An analytical model for wave-driven circulation on reefs

We wish to use simple information about the o shore wave conditions, geometry of
the reef, Coriolis parameter, and bottom friction coe cient to infer more complex
circulation patterns and transport dynamics on a reef. At the crux of this problem
is the intensity of interaction between adjacent jets, and now having described
the circulation in a piecewise sense for all subregions of the reef, we coalesce our
understanding. Inshore of the reef pass jet, a piecewise integral of the streamwise
momentum equation elicited an expression for the jet out ow speed. Applying the
normal momentum equation and conservation of PV, we were then able to derive
the width and speed of the coastal current generated by the jet and subsequently
its streamwise decay due to bottom friction. Having scaled the terms governing the
jet-cross ow interaction using a jet-oriented coordinate system, the key dimensionless
quantities were identi ed: V.=V;;Ref.;; Ref:R0;, and can now be estimated a
priori. First, we examine V.=V;, the jet-cross ow velocity ratio. After calculating the
jet out ow speed (2.12), V. can be determined after computing the resultant coastal
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current speed V.. and excursion (2.16]), then applying the streamwise exponential
decay equation for V. (2.18). The jet’s speed at the interaction point V; can be
approximated by integrating streamwise continuity to the out owing jet (2.7).

VoHo
Vy= ——— 2.28
T Hy+ R (2.28)
R R;
Ve = FRlog ' (2.29)
R;
_Cp _\w

The e ect of rotation and friction on the strength of the cross ow and jet
excursion are explored by plotting the theoretically predicted jet/cross ow velocity
ratios and coastal current/jet excursion against varying Cp and latitude, displayed
alongside Re¢.;; Res.. (Figure . These results motivate several hypotheses
regarding ow behavior under di erent rotational and frictional regimes. As latitude
and drag decrease, the excursion distance of the jet increases due to a correspondingly
weaker de ection by planetary rotation and a relatively stronger out ow. However,
for high latitude/low friction and low latitude/high friction, the theoretical excursion
distances are similar, but for di erent reasons. The former case because the jet has
high inertia, while planetary rotation is strong enough to compensate, but in the
latter case the jet has low inertia while planetary rotation is correspondingly weak,
so the jet is able to make it just as far o shore. The key dynamical di erence is

actually the relative strength of bottom friction to inertia in the coastal current,

quanti ed by Re¢. = CDH\‘;Vr although W, is the same, Hy comparable, the drag
coe cient experienced by the coastal current is what in uences its strength at the
point of interaction with the downstream jet is stronger. Thus, the highest cross ow
ratios are predicted for high rotation/low friction cases which correspond to high
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Ref.. and intermediate Ro;. This demands the natural interpretation that there
must be simultaneously enough rotation for the jet to de ect along with su ciently
weak bottom friction for the coastal current not to dissipate before encountering the
next jet.

Unlike the theoretical model which assumes no dissipation of momentum and
potential vorticity in the near eld, the numerical model accounts for bottom drag in
the near eld of the out ow. This means that to adequately describe the behavior
of the numerical jet the e ects of inertia vs. bottom friction must be accounted
for in both the near eld and coastal current. We therefore form a combined

e ective Reynolds number by taking the geometric mean of the near eld Reynolds

number Ref.; = = and the coastal current Reynold’s number Ref. = cgﬁvr-

Res = pm as a way to evaluate the relative dominance of inertia over
friction in the combined jet and coastal current system, and scale the result for
comparison with the analytical model which is dependent on just Re¢ (Figure .
Using Ref and Ro; together we can examine trends in the jet excursion scale and
cross ow momentum ratio and compare them against theoretical prediction (Figure

2.12)).

2.5.3 Analytical-numerical model comparison of jet excursion and jet-cross ow
interaction

Qualitative similarities in trends of jet-coastal current interaction intensity and
jet excursion between theoretical predictions and 3D model numerical output are
apparent (Figure [2.12). In both cases the jet excursion distance increases with both
Ro; and Ref due to inertia becoming more dominant relative to rotation and bottom
friction. The analytic solution, however, is less sensitive to changes to both Ref and
Ro;. As the analytic model does not take bottom friction into account in the near eld

of the jet, it tends to overpredict jet excursion for low Reg. Conversely, the analytic
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model underpredicts excursion distances for high Ro;, as the zero net PV assumption
is less likely to be valid - for higher Ro; the relative and planetary vorticity may not
be in balance at the out ow. For Ro; > 1, an increasingly non-zero initial potential
vorticity conditions widen the eventual scale of the coastal current assuming PV is
approximately conserved (Southwick 2017).

The cross ow momentum and velocity ratios (%m;%:) in both the analytic and
numerical model increases as Ro; decrease, as the con nement of the coastal current
closer to the coast enables a stronger V. due to volume ux conservation.. For
high Reg, % is more sensitive to changes in Roj; because if the jet’s inertia is
substantially stronger than friction, the degree of jet de ection more profoundly
in uences jet-coastal current interaction. The maximum % for the analytic model
is for the highest Re¢ value and lowest Roj - rotation con nes the coastal current
while bottom friction minimally attenuates the coastal current. Interestingly the
maximum % for the numerical model, however, is at intermediate Ro; and high
Reg. This implies that there must be su cient planetary acceleration to de ect
the jet downcoast, but not so much so that the coastal current experiences stronger
bottom friction along shallower isobaths and attenuates. The jet/coastal current also
must possess su cient inertia to overcome the e ects of bottom friction in order to
maintain intensity on its way to interact with the neighboring downstream jet.

To con rm that general agreements of the analytic and numeric model are for
the right reasons, we revisit the diagnostic output from the numerical model and
examine the simplifying assumptions made in formulating the analytic model. The
streamwise dynamics on the reef appear to be dominated by pressure-bottom friction
and pressure-advection friction balances, consistent with the derivation of
(Figure [2.98). The inertial balance of the jet, integral to the assumption of zero PV
is apparent in (Figure [2.9p), however the presence of horizontal advection (green)

at the out ow unbalanced by rotation supports the earlier inference that the jet
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may be characterized by j!j > T at its onset, allowing for a larger excursion than a

pure inertial balance would admit. The coastal current itself is geostrophic which is

consistent with (2.14).

2.6 Conclusions

We examined the nonlinear interaction of neighboring reef pass jets subject to bottom
friction and planetary rotation. ldealized numerical modeling demonstrated that
Coriolis acceleration can facilitate strong jet-coastal current interaction even at low
latitudes (> 15 S) for typical wave conditions and reef geometry, given su ciently
weak bottom friction. A holistic theoretical model was developed for wave-driven
reef pass jets, accounting for the processes driving them (reef topography, bottom
friction, wave conditions), their transition to a coastal current on the forereef, which
can either dissipate or interact with a downstream jet. The theoretical model
exhibited qualitative agreement with the trends in the numerical model, predicting
the excursion distance of the jet and cross ow velocity/momentum ratio reasonably
well.

The structure of the ow was found to depend on the combined equivalent
Reynold’s number (Reg) and jet out ow Rossby number (Ro;), and are schematically
depicted in [2.13] The qualitatively distinct regimes are cases A), B), G), H), C),
and 1). The simplest circulation regime is G) where Ro; Reg << 0. Here, inertia
is negligible compared to friction and rotation, so the jet is immediately turned
anticlockwise and dissipates before encountering the next jet downstream. In case
A), where rotation is similarly strong but bottom friction is negligible, the jet is able
to form a coastal current, which strongly interacts with the jet downstream as it is
con ned narrowly to the coast. In case B), rotation is relatively less strong, and so
the excursion of the jet is greater. The recirculation zone is as large as the spacing

between the reef pass jets, which means the circulation on the parts of the forereef
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near the reef crest are entirely opposite to the direction of the jet itself. The resulting
coastal current still strongly interacts with the jet. In case H), the recirculation zone
and jet excursion are large, but due to the stronger relative e ect of bottom friction
the coastal current cannot interact with the downstream jet. Cases C) and I) are
the limiting regimes for in nite Ro, i.e. no planetary rotation, are simply plane jets.
In Case 1), bottom friction causes the jet to spread radially, while in case C), the
spreading of the jet is controlled by spanwise turbulence.

Given the success of the analytic model in capturing the circulation features
revealed by the numerical model output, there is potential for it to be used as a
prognostic tool for discerning circulation patterns on reefs where numerical modeling
or observational work is not feasible. This might, for instance, help estimate the
population connectivity of coral reefs - the export of coral larvae in wave-driven
systems is often controlled via reef pass jets but this process is unresolved in most
regional connectivity applications (Cowen 2009). As planetary rotation was found
to be a key control on whether the jets are exportive or interacting, even within
just the tropics, this work also suggests there may be a latitudinal gradient in the
self-connectivity within a given reef.

Future work may involve examining two-way wave-current interactions within
the jet and coastal current rather than treating wave-current interaction simply as a
momentum source at the reef crest. Due to the high shear vorticity (! 10F),
it is possible that the vortex force terms (product of Stokes drift and eulerian
vorticity) could become important at the surface of the jet and drive secondary
circulation patterns not examined here (Suzuki et al. 2015). The modi cation of
the wave eld by currents through refraction and wave height intensi cation due to
wave action conservation where currents and waves are opposed are other coupled
wave-mean ow interactions that warrant further investigation. These results also

raise questions about the energetics of wave-driven ows. The mechanism described

37



here represents a spectral transformation of energy from high frequency (surface
waves) into interacting low frequency bands (i.e. jet and coastal current). The
e ciency of the transformation is highly constrained by topography, friction, and
the jet excursion scale, and the result may hold rami cations for coastal protection

and understanding energy pathways in the nearshore.

2.7 Appendix
2.7.1 ldealized Bathymetry
The bathymetry for the idealized reef domain was constructed with analytic

expressions for di erent regions of the reef, which were then tapered to merge into a

continuous surface. First we de ne the the forereef, reef crest, and lagoon bathymetry

he = 200(L + tanh %) (2.31)
hy = 11055912:e % 1+ erf % (2.32)
hy=10(1 tanh 5—3’) (2.33)

We de ne these expressions using using a tanh function in the cross-shore
direction, tapering from the reef bathymetry to the o shore slope, and a two-sided
tanh function in the along-shore direction to transition from the reef at to channel

bathymetry.

he=ht +( h)@Q t)hr )=hocy) =hr(l  t)+ het, (2.34)

where
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