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Abstract. Coral reefs are vital to marine ecosystems, supporting biodiversity and
driving nutrient cycling. Despite significant research on the interaction between
surface waves and natural or artificial reefs, the turbulent flow dynamics within
coral canopies remain poorly understood due to their intricate geometries. This
study addresses this knowledge gap using a turbulence-resolving computational
framework based on the volume-penalizing immersed boundary method (vIBM).
Comparing the serial, staggered, and stochastic arrangements of various coral
roughness types we observe that massive corals and cylinders lead to a similar
hydrodynamics response and the effect of dispersive stresses can introduce a large
differencewhen stochastic coral reefs are considered. These observations highlight
the importance of better understanding the hydrodynamics of complex coral reef
geometries, emphasizing the need for further studies on this aspect of coral reef
hydrodynamics.
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1 Introduction

The hydrodynamics of coral reefs play a central role in their ecological functions
and resilience. By dissipating wave energy, promoting nutrient cycling, and support-
ing marine biodiversity, coral reefs are indispensable to both natural ecosystems and
human societies [1]. However, their utility is under severe threat from climate change
and anthropogenic stressors [2]. Protecting coral reefs requires a comprehensive under-
standing of their hydrodynamic processes and concerted global efforts tomitigate threats.
A wide range of studies have been conducted to better understand the hydrodynamic
response of coral reefs under varying forcing conditions [3–10], to list a few. These stud-
ies have provided a deeper insight into the hydrodynamics over coral reefs evidenced by
the recent developments [9, 11–13]. In this study, we further the understanding of hydro-
dynamics over coral reefs by studying the effect of regularly arranged and stochastically
arranged coral reefs using a scale-resolving computational framework. The focus here
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is to better understand and quantify the effect of relatively complex coral reef morpholo-
gies (referring to their complex spatial arrangement) compared to typically used serial
and staggered arrangements comprising of a single coral species placed in a repeating
fashion.

2 Methodology

2.1 Governing Equations and Computational Method

To model the flow through the synthetic coral canopies, we solve the non-dimensional
Navier-Stokes momentum equations subject to the incompressibility constraint given by

∂tui + jujui = −∂ip + 1
Rebk

∂j∂jui + cos(t)δi1 + FIBM , (1)

and

∂iui = 0, (2)

where xi are the coordinate directions corresponding to the streamwise, spanwise, and
vertical directions respectively, t is time, ui is the velocity vector, p is the pressure, δij
is the Kronecker delta, ≡ Ubkc/ω is the relative-roughness, Rekb ≡ Ubkc/ν is the
roughness-height based wave Reynolds number, and FIBM is the immersed boundary
force. The non-dimensional form of the equations is obtained by using the maximum
wave orbital velocity (Ub), maximum coral canopy height (kc), wave frequency (ω), and
inertial pressure scaling (p ≡ p∗/ρoU 2

b ), where p
∗ is the dimensional pressure and ρo

is the density of the fluid, and ν is the kinematic viscosity of the fluid. The governing
equations are solved using a second-order accurate finite difference method [14] where
all terms in the governing equations are discretized explicitly, and the time integration is
carried out through a three-step Runge-Kutta scheme using the fractional-step algorithm
[15]. The complex roughness is introduced into the computational geometry using a
highly scalable signed-distance-field (SDF) generator [16] using a volume-penalizing
Immersed Boundary Method (vIBM) [17]. Further details on the computational method
can be found in [14].

2.2 Simulation Parameters

The coral geometries are obtained from the Smithsonian Institute coral repository [18]
and the stochastic coral reef was generated using two coral species, viz. Madrepora
Formosa and Pseudodiploria Strigosa correspond to the branching and massive coral
types that are typically used to represent coral geometries [9]. In this paper, we compare
the effect of morphological complexity of coral reef arrangements i.e., serial arrange-
ment, staggered arrangement, and stochastic arrangement. Here morphology refers to
the spatial arrangement of the individual corals that constitute the coral reef over a
flat topography. Consequently, a total of 8 simulations are carried out, as shown in
Fig. 1, which details the arrangement of the cylinder and the coral geometries. Sim-
ulations Morph-1 and Morph-2 correspond to the stochastically generated coral reef
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using the two species of coral geometries. For cases with serial and staggered arrange-
ments, the geometric centre-centre distance in both streamwise and spanwise direc-
tions is Sx = Sy = kc/1.75 and the maximum coral canopy height kc = 25.5δs where
δs ≡ √

2ν/ω is the Stokes’ wave boundary layer thickness and ν = 10−6m2/s. The coral
height-basedwaveReynolds number is set toRekb = 2533 and thewaveReynolds number
Rew ≡ U 2

b /(ων) = 5000. The domain size for the simulations is 20kc ×20kc ×2.5kc in
the streamwise, spanwise, and vertical directions, respectively. All the simulations were
run on the Snellius supercomputer on the Genoa partition having 192 CPUs per node.
Each simulation was run using 2 full nodes and required 65,520 CPU hours to simulate
a total of 110 wave periods of which only the last 50 wave periods are used to calculate
the statistics.

Fig. 1. Morphological setup for the various simulations carried out in this paper along with the
names of each of the scenarios. The case names are denoted at the bottom left of each panel,
where, C stands for cylinder, B stands for Branching, M stands for Massive, Ser stands for serial,
Stag stands for staggered, and Morph stands for stochastically generated morphology.

3 Results and Discussions

Using a triple decomposition of the velocity given by

Ui(xi, t) ≡ Ũi(xi, ωt) + ui(xi, ωt) = Ũi (x3, ωt) + Ui(xi, ωt) + ui(xi, ωt), (3)

where the terms on the right-hand-side in order are the plane- and phase-averaged veloc-
ity, dispersive velocity, and the turbulent velocity components, respectively. As shown
in Fig. 2, for all the cases discussed in this paper, there are no substantial differences
observed between the serial and staggered arrangements for a given coral geometry.
However, when comparing the branching and massive coral types, there is a substantial
difference in the near-wall velocity, where the branching type coral for both arrange-
ments much closely follows the flat-wall Stokes’ solution [19]. In contrast, the massive
corals that act as large roughness elements are observed to undergo appreciable reduc-
tion in the wave velocity for all wave phases considered in this paper. This can be mainly
attributed to the difference between the frontal area density (Af ) of the two coral types
where the massive coral have a relatively larger frontal area density when compared to
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the branching type. Figure 2 further elucidates the dependence of the coral type when
considering the stochastically generated coral reef which consists of both the massive
and branching coral type and is observed to havemean response that is half-way between
either of the coral types for all wave phases.

Fig. 2. Plane- and Phase-averaged velocity streamwise velocity profile comparison for the four
distinct geometries considered in this paper (panels a - d). Panels (f-q) compare the plane- and
time-averaged root-mean-squared (rms) velocity components for all the cases simulated. Panel (e)
shows the phase variations of the driving pressure gradient and the velocity with the filled circle
markers denote the locations where the data in Panels (a-d) is presented. In Panels (a-d) the line
markers correspond to those presented in panels (f-q). The horizontal, red-dashed line marks the
location of the top of the coral reef roughness elements for all the cases.

Furthermore, when the plane- and time-averaged response of the turbulent rms veloc-
ity components is compared, there is a clear difference between the large Af coral reef
(cylinder andmassive)when comparedwith the relatively smallAf coral reefs (branching
and morphology). For all the cases, it is observed that the staggered arrangement led to a
suppression of the streamwise velocity component at the expense of the other two when
compared to the serial arrangement. As expected, for both the stochastic morphologies
considered, there is identical flow response with minor differences that can be attributed
to the stochastic nature of the coral reef. This further supports the observations made by
[9] where the primary differences are observed for the cylindrical roughness cases that
exhibit a sharp shear layer at the top. For all the cases, far away from the bottom wall,
the rms velocity profiles agree with each other irrespective of the geometric arrangement
except for the cylindrical roughness that shows minor differences.

Figure 3a presents the plane- and time-averaged turbulent kinetic energy (TKE)
dissipation rate profiles for the various cases detailed in this paper. The similarities
observed in the streamwise velocity are further exemplified when the TKE dissipation
rate is compared. Specifically, cases C-Ser, C-Stag, M-Ser, and M-Stag are observed
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to exhibit a similar overall trend. Since the massive coral has a similar Af (x3) as the
cylinder, the hydrodynamic response is observed to be similar both at the large and
the small scales. Interestingly, the effect of stochastic sampling of the coral geometry
does not seem to have a large impact on the overall dynamics and can be modelled
using branching type coral reefs, as they exhibit similar hydrodynamic response. As
seen in Fig. 3h-i, the TKE dissipation rate is highly localized in the vicinity of large
clusters of corals, while there are large patches of the flow domain where the TKE
dissipation rate is small in magnitude. Overall, there is a strong influence of the Af on
the small-scale dynamics of the flow suggesting that the dispersive stresses arising out
of the triple-decomposition described in Eq. 3, can introduce strong heterogeneity in the
flow leading to highly localized dissipation of the TKE. Consequently, further work is
needed to accurately quantify and characterize the dispersive stress contribution in such
environmental flows.

Fig. 3. (a) Plane- and time-averaged turbulent kinetic energy dissipation rate profiles for all the
cases. Panels (b-i) show time-averaged turbulent kinetic energy dissipation rate at x3/H = 0.2 for
all the cases discussed in this paper.

4 Conclusions

In this paper, we studied the similarities and differences in the hydrodynamic response
of synthetically generated coral reefs using organized and stochastic arrangements of
individual corals. Our work suggests that cylindrical roughness elements can act as
adequate surrogates for massive coral type. Additionally, we observed large differences
in the hydrodynamics response between the branching and massive corals primarily due
to the differences in the frontal area density between the two.We also observed that using
a stochastically generated coral reef with an equal mix of branching and massive coral
types can provide similar results in the mean hydrodynamic response when compared to
the staggered arrangement of identical branching type corals. A principal finding in this
work was the observation of localized zones of TKE dissipation in the stochastic coral
reefs motivating further investigations into better characterizing the dispersive stress
contribution on the overall dynamics of the flow.
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