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Numerical study of Core-LocTM 
breakwater stability under 
storm wave sea states using a 
fast wave proxy approach
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To meet the demands of practicing engineers for realistic-scale wave-breakwater interaction problems, 
the authors propose a new and fast “wave proxy” approach. In this approach, a rigid FDEM version – 
SOLIDITY_R – is employed to simulate structure-structure (e.g. armour unit) interaction. Hydrodynamic 
forces, form and skin drag, on units are calculated by the surface integral of fluid pressure at the local 
element level and by the Morison equation, respectively. Then these forces are integrated and applied 
to each unit along with contact and gravitational forces. The time series of pressures and velocities are 
obtained from a CFD wave tank (olaFlow/IH2VOF). In this paper, the authors illustrate the workflow of 
the wave proxy and some preliminary results showing the interaction between one hour long and 50/100 
year return period storms with CORE-LOCTM breakwaters with different packing densities using the 
FDEM solver, SOLIDITY_R, via the wave proxy.

ABSTRACT

KEYWORDS

https://studiumeditore.it/riviste/coastal-and-offshore-science-and-engineering/
https://doi.org/10.53256/COSE_220201

wave proxy, wave-structure interaction (WSI), Combined Finite-Discrete Element Method (FDEM), 
rubble mound structure
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1 INTRODUCTION
One of the main challenges for engineers designing 
coastal structures, such as breakwaters, is to 
ensure that individual armour units will maintain 
stability both under construction conditions and 
under wave loading during the design storm 
event. Over the past decade, solid mechanics 
numerical models used to design rubble mound 
structures have been developed and significantly 
improved. The finite-discrete element method 
(FDEM) which combines the multi-body particle 
interaction and motion modelling (i.e. Discrete 
Element Method, DEM) with the ability to model 
internal deformation of arbitrary shapes (Finite 
Element Method, FEM) has been successfully 
applied to assess the behaviour of breakwaters 
under wave attack (Xiang et al., 2013, Latham et 
al., 2013).
For wave structure interaction (wave breaking 
on rubble mound structures, wave overtopping, 
wave reflection, etc.), one-way coupling models 
have been developed for rubble mounds with 
armour units fixed in place, or volume-averaged 
into homogeneous permeable layers (Liu et al., 
1999). Most Numerical Wave Tanks (NWTs) 
aim to create, propagate and absorb wave 
energy realistically and to capture complex 
free surface configurations, including plunging 
waves. In recent years further wave simulation 
developments with parallelised commercial and 
open source codes such as FLOW3D (Dentale 
et al., 2009), CFX, Fluent and the increasingly 
popular OpenFOAM (Higuera et al., 2013, 2014) 
have indicated a modelling future fully capable of 
simulating turbulent waves interacting within the 
armour and porous layers of rubble mounds. Most 
recently, even the Lattice-Boltzmann method has 
been upgraded to simulate such physics (Xing et 
al., 2022). Other NWTs exist such as ones that use 
Lagrangian (particle-based) CFD models, which 
are meshless and can be more easily parallelized. 
These include Smooth Particle Hydrodynamics 
(SPH) (Gómez-Gesteira et al., 2010, Altomare 
et al., 2014,), and Moving Particle Semi-implicit 
(MPS) methods (Khayyer and Gotoh, 2010), or 
combine SPH with polyhedral DEM (Sarfaraz 
and Pak, 2018), to allow multi-material modeling 
(e.g. air-water boundaries) which are inherently 
simple to couple with moving solids. 

The major challenge to model such complex 
systems is to include the interaction of energetic 
storm waves breaking on free complex solid 
structural elements, which interact with the other 
solid armour units. For the two-way modelling 
of wave structure interaction, a novel numerical 
model has been developed coupling FDEM with 
the generic multiphase CFD code Fluidity using 
arbitrary unstructured finite element meshes 
(Xiang et al., 2013, Vire, et al., 2013). This 
coupled model has the capability of simulating 
not only the interactions between waves and the 
emerged and submerged breakwater but also the 
structure-structure interaction. However, the main 
drawback of this fully two-way coupled method 
is its high CPU cost, which hinders simulating 
a full breakwater system formed of thousands of 
units.  After it is fully optimised and parallelised, 
it is expected that this coupled model will be able 
to simulate large-scale breakwater systems. 
In order to carry out numerical tests that are 
useful in research and consultancy, the first task 
is to build a virtual breakwater in a computer 
environment with geometries representative of 
real armour units. However, accuracy limitations 
of surveyed data lead to inherent small but 
significant overlaps between solid bodies that 
cannot be used directly by the FDEM solver. 
Therefore, a powerful and fully automated 
numerical placement protocol, POSITIT, was 
developed for the purpose of constructing virtual 
breakwaters. POSITIT is a generic code that has 
many features of a pre-processor but combines 
these capabilities with some of the fast mechanics 
of the DEM code. POSITIT has various functions 
for the user to set the particle/unit properties, e.g. 
centroid, orientation (can also be set randomly), 
initial velocity to deposit particles/units faster, 
etc. As mentioned earlier, the FDEM method is 
capable of simulating not only complex shapes 
but also deformable bodies. However, the main 
drawback of allowing deformability within units 
is the high CPU cost which hinders such a high 
fidelity FDEM model from simulating a full 
breakwater system formed of over a thousand 
units. Based on the deformable FDEM code 
Solidity_D, a rigid version of the FDEM code, 
Solidity _R was developed recently. The main 
difference between Solidity_D and Solidity_R is 
that Solidity_R only simulates rigid bodies and 
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solid deformation (i.e. internal strain/stress) is 
neglected. The time step of Solidity_R is related 
to the whole particle/unit body. In contrast, the 
time step of Solidity_D is related to the smallest 
element in the particle/unit meshes. Therefore, 
Solidity_R is much faster than Solidity_D, e.g. 
if a CORE-LOCTM unit is formed of ~2500 
elements, Solidity_R is about 50 times faster 
than Solidity_D. Coupled POSITIT/ Solidity_R 
is capable of constructing a realistic armour unit 
layer. 
To meet the demands of practicing engineers to 
solve prototype-scale engineering problems, 
Xiang et al. (2013) published a new and 
computationally effective wave proxy approach 
for wave-structure interaction: the rigid FEM 
version - SOLIDITY_R is hence employed to 
simulate structure-structure (e.g. armour unit) 
interaction and the wave motion is treated as a 
periodically varying load.  Hydrodynamic forces 
on individual units are calculated by integrating 
the fluid pressure obtained from 2D (IH2VOF) 
and 3D (olaFlow) over the surface of each 
individual element. Then, these calculated forces 
are integrated and applied to each unit. As the 
model treats armour units and armour stone rocks 
as rigid bodies and since the rigid FDEM version 
– SOLIDITY_R has been optimised and 
parallelised using OpenMP, the authors can 
simulate a one-hour storm acting on a structure 
with over 3500 underlayer rocks and 242 
individual armour units within a 24-hour running 
time when using 20 threads on a Linux workstation 
(Intel Xeon E5-2667 v3, 3.2GHz). The code is 
scalable to 100 threads using OpenMP on AMD 
EPYC 7742 64-Core Processor. We summarise 
all software used in this paper in table 1. 

PD=0.603, 50 year return period sea state

In this paper, the authors briefly describe a new 
improved wave proxy method and preliminary 
results showing the stochastic nature of armour 
unit movements in response to irregular wave 
action and the inevitable irregularities in the 
initial unit layer construction. The challenge 
that is addressed in the current study is to apply 
appropriate hydrodynamic boundary conditions 
to individual units during wave action, and to 
determine the response of the armour units under 
this loading.

Software Function

POSITIT

A tool for introducing particles into a com-
putational domain. It can be used widely 
for industrial applications, e.g., armour unit 
placements and creation of realistic armour 
layers, particle depositing tool, etc.

Solidity_D

Fully deformable FDEM code to simulate 
complex shapes of deformable bodies. 
Capable of simulating internal strains/
stresses. Its main drawback is the high 
CPU cost.

Solidity_R

A rigid version of the FDEM code to simu-
late rigid solids only. Solidity_R is much 
faster than Solidity_D and requires a much 
smaller CPU cost. 

IH2VOF

Computational Fluid Dynamics solver to 
simulate wave and structure interactions in 
2D. Coastal structures are described using 
a porous media approach.

olaFlow

Computational Fluid Dynamics solver 
based on OpenFOAM to simulate wave 
and structure interactions in 2D and 3D. 
Coastal structures can be described using 
a direct (solid) approach (3D) or a porous 
media approach (2D/3D).

Table 1. Solid mechanics and CFD software 
used in this paper. 
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solid deformation (i.e. internal strain/stress) is 
neglected. The time step of Solidity_R is related 
to the whole particle/unit body. In contrast, the 
time step of Solidity_D is related to the smallest 
element in the particle/unit meshes. Therefore, 
Solidity_R is much faster than Solidity_D, e.g. 
if a CORE-LOCTM unit is formed of ~2500 
elements, Solidity_R is about 50 times faster 
than Solidity_D. Coupled POSITIT/ Solidity_R 
is capable of constructing a realistic armour unit 
layer. 
To meet the demands of practicing engineers to 
solve prototype-scale engineering problems, 
Xiang et al. (2013) published a new and 
computationally effective wave proxy approach 
for wave-structure interaction: the rigid FEM 
version - SOLIDITY_R is hence employed to 
simulate structure-structure (e.g. armour unit) 
interaction and the wave motion is treated as a 
periodically varying load.  Hydrodynamic forces 
on individual units are calculated by integrating 
the fluid pressure obtained from 2D (IH2VOF) 
and 3D (olaFlow) over the surface of each 
individual element. Then, these calculated forces 
are integrated and applied to each unit. As the 
model treats armour units and armour stone rocks 
as rigid bodies and since the rigid FDEM version 
– SOLIDITY_R has been optimised and 
parallelised using OpenMP, the authors can 
simulate a one-hour storm acting on a structure 
with over 3500 underlayer rocks and 242 
individual armour units within a 24-hour running 
time when using 20 threads on a Linux workstation 
(Intel Xeon E5-2667 v3, 3.2GHz). The code is 
scalable to 100 threads using OpenMP on AMD 
EPYC 7742 64-Core Processor. We summarise 
all software used in this paper in table 1. 

PD=0.603, 50 year return period sea state

2 VIRTUAL BREAKWATER WAVE 
PROXY SIMULATION TOOLS 

Previous research by Applied Modelling & 
Computation Group (AMCG) in Imperial College 
London has highlighted the use of FDEM simulation 
to create realistic breakwater armour unit systems 
and to examine some of their statistical properties 
likely to have a bearing on armour stability (Latham 
et al., 2013; Anastasaki et al., 2015). However, 
although the solid skeleton of the units that were 
numerically placed were subjected to vibrational 
disturbances, a wave-like oscillatory forcing was 
considered a more relevant disturbance to apply 
to the solid armour unit granular model. A highly 
simplified one-way coupling concept based on the 
use of water particle velocities was introduced to 
compute oscillatory wave-induced drag forces on 
each unit (Xiang et al., 2013; Latham et al., 2014). 
The realistic results observed were an improvement 
on vibrations affecting all units, but the simplified 
representation of velocities in the armour layer led to 
motions that lacked some of the expected behaviour 
observed in laboratory studies. In this paper, the 
authors briefly describe a new wave proxy method 
to simulate the stochastic nature of armour unit 
movements in response to irregular wave action and 
the inevitable irregularities in the initial unit layer 
construction. The workflow is shown in Figure 1 
(Latham, et al, 2015): 

1. the solids’ modelling code with recently 
enhanced capability, coupled POSITIT/
Solidity_R, is used to construct a realistic 

Figure 1. Workflow of the Virtual Breakwater Wave Proxy Simulation Tools

breakwater; 
2. both 2D (IH2VOF) and 3D (olaFlow) NWTs 

are used to generate a one-hour storm for 
both a 50 and a 100 year return period storm 
on the breakwater geometry; 

3. storm forcing is applied to armour units to 
simulate the displacements.

2.1 Construct realistic virtual
breakwater
POSITIT is a new tool for introducing particles 
into a computational domain. In this paper, the 
authors briefly outline how it has been used in 
the context of armour unit placements and the 
creation of realistic armour layers. The code is 
designed to be a versatile, i.e. generic, depositing 
tool, which can be used widely for industrial 
applications such as in particle technology. 
The program is designed to be compatible with 
a FDEM solver. The first 3D FDEM code was 
developed by Xiang and Munjiza (Xiang, et 
al., 2009) and was named as Y3D and released 
in 2009. Since 2009, the code efficiency was 
enhanced with optimisation and parallelisation in 
2016, the current name ‘Solidity’ was adopted for 
the Imperial College team’s FDEM platform. In 
FDEM, a penalty function method is employed 
to calculate the normal contact force when the 
two particles are in contact. The penalty function 
method in its classical form assumes that two 
particles penetrate each other. The elemental 
contact force is directly related to the overlapping 
volume of the finite element in contact. The 
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Figure 2. FDEM placement of armour layers 
including useful analysis tools: (a) a snapshot 

of an armour layer of 242 CORE-LOCTM 
units, the color represents each unit’smaxi-

mum contact force; (b) the contact number of 
each unit is defined as the number of contacts 

each unit makes with its neighbours; (c) 
stereographic plot of unit nose axis dip angle 
and dip azimuth with reference to the average 

slope plane and breakwater trunk axis.

a

b c

distributed contact force approach takes into 
account the shape and the size of the overlapping 
volume in order to be distributed among the 
surrounding nodes.
POSITIT/Solidity_R allows the user to choose 
any particle shape, e.g. any rock or armour 
unit shape, and to position their centres with a 
user-defined grid file in a predefined container 
geometry (e.g. rough underlayer with walls, 
see Figure 2). The particles begin to pile up 
mechanically as they are caught in the container. 
At the end of the run, if the particles have come 
to rest, the particles are touching and in static 
force equilibrium. A post-process analysis code 
was developed to analyse existing packs in terms 
of unit maximum contact force, contact number 
and stereographic plot. POSITIT/Solidity_R 
applied to generate an armour unit layer of 242 
8m3 CORE-LOCTM units (21 rows, 11 of which 
have 12 units and 10 of which have 11 units) on 
a rough underlayer with 3436 rocks (see Figure 
2). The maximum unit contact force by choosing 
the maximum contact force between unit and unit 
or unit and rock is also analysed (see Figure 2a). 
Figure 3b also shows that the contact number has 
a wide variation, with the number of contacts 
between neighbouring units or rocks ranging 
from 2 to 10. In Figure 2c, a stereographic plot 
referenced to the structure slope is used to show 
the orientation distribution of the nose axes of the 
placed unit. 

2.2 Wave modelling
Both 2D (IH2VOF, Lara et al., 2008) and 3D 
(olaFlow, Higuera, 2017) CFD models were used 
in the test programme (Table 2) to simulate the 
wave action on the newly-built structure. As 3D 
runtimes are excessive for full storm durations, 
olaFlow was used to evaluate the 3D effects and 
validate the 2D simulations, which are faster. In 
the 3D simulations a solitary wave and regular 
waves were tested. While the armour layer was 
explicitly captured, the underlayer was too 
complex to model. Therefore, it was represented 
as a homogeneous porous medium with porosity 
= 0.5 and D50 = 1.0 m and nonlinear frictional 
losses (Darcy-Forchheimer coefficients α and 
β, see Table 2) based on Higuera et al. (2014). 
olaFlow produces the pressure-time (p-t) history 

and flow velocity field around the units in 3D. 
The solitary wave test in Series 1 was repeated 
for the 2D model in Series 2. Using 2D modelling 
requires that the armour layer is represented 
by the Darcy-Forchheimer model. Therefore, 
the optimal values for the α1 & β1 coefficients 
were chosen based on the ability to reproduce 
the time series of 3D pressures averaged in the 
y-direction (the coordinate system is defined in 
Fig. 3 top right) among 20 2D tests with different 
parameters. Having obtained the friction 
parameters for the 2D model, the next task was to 
evaluate the variations in pressure-time histories 
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Series Waves
Void Structu-
re of Armour 
Layer

Void 
Structure of 
Underlayer

1 3D:
olaFlow

Solitary 
wave

Explicitly 
Captured

Porous 
media
α & β For-
chheimer

2 2D: 
IH2VOF

Solitary 
Wave  
Calibration

Porous media
α1 & β1 For-
chheimer

Porous 
media
α & β For-
chheimer

3 3D:
olaFlow

Regular 
Waves 
For y-Varia-
bility

Explicitly 
Captured

Porous 
media
α & β For-
chheimer

4 2D: 
IH2VOF

Entire Sea 
State 
For Wave 
Proxy 

Porous media
α1 & β1 For-
chheimer

Porous 
media
α & β For-
chheimer

Table 2. Test Programme – Calibrations
(Series 1-3) and Wave Proxy (Series 4)

that are observed due to the 3D variability. 
Therefore, Series 3 was run for regular waves 
with the express purpose of characterizing the 
variability about the mean pressure-time response 
as a function of location along the trunk and 
phase in the wave cycle. The detailed calibration 
procedure is given in our previous paper (Latham 
et. al. 2015). This simulation with H = 6.5m, Tp 
= 10s, h=12m, and a real simulation time of 65s 
was completed in 5 days using 96 processors. 

Figure 3. Methodology for capturing
3D pressure-time histories and synthesising 

variability statistics.

In short, the distribution varies differently in crests 
and troughs and is different above and below the 
means. However, each of these four variabilities 
can be characterised according to four sets of 
best-fit weibull distribution coefficients. This 
pressure variability can then be added back to 
the measured 2D p-t history and distributed with 
random sampling to populate unique p-t histories 
to all cells in the 3D volumetric computational 
domain. The added variability is weighted to 
allow for the case of irregular wave trains but 
is determined uniquely for each different unit 
and is also controlled to be in accordance with 
whichever of the four weibull distributions is 
appropriate - depending on whether the wave is 
in a crest or trough part of the cycle. 2D storm sea 
states measured at the structure (Series 4) are thus 
translated into 3D using variability statistics that 
were obtained from regular wave calibrations. 
The large file representing a storm history 
(pressures and velocities) is then compressed 
into netCDF with the input format required by 
the solids’ Wave Proxy code. Further details of 
the method will be described in detail in a future 
paper. 

OlaFlow provides pressure, velocity and fluid 
content (air/water content with the Volume Of 
Fluid technique) for some 4000 surface elements 
for each of the 242 units, sampled every 0.05s. 
The highly resolved 3D results are compressed 
into a 2D (xx-zz, 5m x 37.5m) slice of breakwater 
which consists of 100 x 750 square grid elements, 
each one being extruded into a long thin voxel 
of 44.5 m of length in the y-direction parallel to 
the trunk (Fig. 3, top right). Each occasion that 
a solid surface mesh element is encountered 
within the voxel, the p-t and velocity histories 
acting on the surface of that individual mesh 
element is recorded in the corresponding voxel. 
As indicated in the red box (Fig.3, bottom), there 
will be numerous (m-point) concrete surfaces per 
voxel, typically m~20. Plotting m-point averages 
for the p-t history acting on concrete surfaces for 
one voxel allows the variability about the mean 
to be analysed.
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2.3 Simulation of armour unit 
responses to storm sea states
The solids’ code, Solidity, (which applies a rigid 
body FDEM solver with a contact force model) 
computes fc + fb + fi + fh which are respectively 
the contact, body, inertia and hydrodynamic 
forces, on each unit. More information about 
these forces is available in published papers 
(Xiang, et al., 2009, Xiang et al., 2013; Latham 
et al., 2014).
To obtain the time varying hydrodynamic forces, 
which comprise the form drag and viscous 
drag forces, within Solidity, an exact linear 
interpolation in time and space from the netCDF 
file cells to Solidity surface element meshes 
is performed. Surface pressures on each unit 
are then integrated by the Wave Proxy code to 

give form drag forces which include buoyancy 
effects and are, therefore, significantly larger 
than viscous drag forces. Hydrodynamic viscous 
forces arise from integrating the viscous stresses. 
However, since obtaining a detailed boundary 
layer flow description requires significantly 
larger computational efforts, in this work the 
viscous forces are approximated with the semi-
empirical Morison equation:

Figure 4. Concrete armour unit layers with different packing density, placed on rock underlayer; Color 
represents the index of each unit, from 1-242. Left: loose pack with packing density of 0.603, Right: tight 

pack with designed packing density of 0.625.

Figure 5. 100 year design storm to be simulated with the Wave Proxy: presented as pressure (kPa) versus 
time (s) at a permanently submerged cell inside the armour layer near the centre of the model.  

1

where  is the fluid density, V is the volume of 
the body, Ca is the added mass coefficient, Cd 
is the drag coefficient, u is the fluid velocity, v 
is the solid velocity (equal to zero in the CFD 
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code). In this study, we only consider the drag 
force FD which is the third term on the right hand 
side of the Morison equation. We recognise the 
importance of the inertia term of the Morison’s 
equation. We have in fact implemented this 
term and have obtained interesting results which 
suggest that in certain cases the inertial force can 
exceed the drag force magnitude. However, this 
effect is not that predictable, especially if units 
move. Inertia force can even be acting in opposite 
directions to drag force. Until we can thoroughly 
investigate the fuller complexity of both terms, 
we make the assumption that the drag term 
generally is the dominating term for stability 
prediction (Eq. 2). Similarly, simplifying the real 
pressure distribution leading to the hydrodynamic 
force may mask wave slamming and impulsive 
forces, which may be of importance locally 
despite their short duration. In the near future, 
we will implement the inertia force calculation 
and evaluate the effect of it along more localized 
effects on the stability of the breakwater. 

The hydrodynamic forces are computed and 
updated every 0.1s, as forcing source terms. The 
resultant forces and unit motions are obtained for 
the duration of the wave forcing inputs applied. 
For this work, 1 hour irregular wave sea states for 
the design storm (50- and 100-year return periods) 
are simulated with IH2VOF, but any other NWT 
able to simulate porous media flow and store the 
pressures and velocities in the required format 
could also be applied.

2

Figure 6. Total water pressure on 
CORE-LOCTM armour units (a,b), Velocities 

during wave run-up and (c) run-down (d). 

a

b

c

d
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Figure 7. Numerical wave tank simulation of armour movement on a tightly packed CORE-LOCTM 

structure (PD 0.625). Comparison of total displacement vectors after one-hour 50 year recurrence 
interval storm; left: experiment results from CHL’s report, right: numerical results of wave proxy.

Figure 8. Numerical wave tank simulation of armour movement on a tightly packed CORE-LOCTM 

structure (PD 0.625). Comparison of total displacement vectors after one-hour 100 year recurrence 
interval storm; left: experiment results from CHL’s report, right: numerical results of wave proxy.

For this work, a 45m wide, 28m high numerical 
section of a breakwater structure with 242 units 
in 20 rows of 5m3 CORE-LOCTM units were 
placed on a 4H:3V slope with a typical toe and 
underlayer. Using the Coastal and Hydraulics 
Laboratory - US Army Corps of Engineers 
(CHL) recommendations, two armour unit layers 
with different packing density, 0.603 and 0.625, 
were built (see Figure 4). In CHL’s report, the 
centroid of each armour unit and packing density 
of the armour layers before and after the storm 
are provided. However, the orientation and the 

contact forces are unknown. Therefore, it is 
very difficult to match the displacements of 
each armour unit. Instead, general patterns are 
discussed next.
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3.1 Wave structure interaction
A sea state roughly equivalent to a 100-year 
design storm for the 5m3 CORE-LOCTM structure 
was modelled with the wave proxy.  The 100 year 
design storm was characterised by Hs = 7m and 
Tp = 11 seconds and was simulated for a duration 
of 60 minutes. The pressure time history from 
IH2VOF for a permanently submerged cell, from 
which the water surface elevation arriving at the 
structure can be deduced, is shown in Figure 5. 
The influence of the 100 year storm wave action 
on a loosely packed structure is shown in Figure 6. 
The total pressure (shown in Figure 6a and Figure 

Figure 9. Evolution of the total displacement of all CORE-LOCTM units in a tightly packed structure (PD 
0.625) with time.

Figure 10. Numerical wave tank simulation of armour movement on a loosely packed CORE-LOCTM 

structure (PD 0.603). Comparison of total displacement vectors after one-hour 50 year recurrence 
interval storm; left: experiment results from CHL’s report, right: numerical results of wave proxy.

6b) includes hydrostatic and non-hydrostatic 
pressures, thus the pressure varies to the depth of 
the units in the armour unit layer. Displacement 
velocities of CORE-LOCTM armour units during 
regular wave action are shown in Figure 6c, and 
velocities during run-down are shown in Figure 
6d. It clearly shows that the units are dragged 
down the slope during the wave run-down phase.
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3.2 Effect of pack density of the 
breakwater armour layer
3.2.1 Tightly packed structure, Packing 

density (PD)=0.625
Figures 7-9 show the behaviour of the tightly 
packed structure under 50 and 100 year return 
period sea states. The packing density, 0.625, 
is slightly higher than the design value (0.624) 
indicated for 5m3 CORE-LOCTM (CLI online 

Figure 11. Numerical wave tank simulation of armour movement on a loosely packed CORE-LOCTM 
structure (PD 0.603). Comparison of total displacement vectors after one-hour 100 year recurrence inter-

val storm; left: experiment results from CHL’s report, right: numerical results of wave proxy.

Figure 12. Evolution of the total displacement of all CORE-LOCTM units in a loosely packed structure 
(PD 0.603) against time.

document). The structure is fairly stable, and 
the maximum displacement is in the range of 
0.6-0.8 Dn for both sea states. The results are 
in good agreement with CHL’s report (Figures 
7,8). The numerical method calculates not 
only the displacement distribution but also the 
total displacement which is cumulative in any 
direction for all CORE-LOCTM units. Figure 9 
shows the evolution of the total displacement 
in the tightly packed CORE-LOCTM structure 
with time. Under the 50 year return-period sea 
state, the structure is unstable in the beginning of 
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the storm, but is quickly stabilised after 600s. A 
similar behaviour is found for the structure under 
the 100 year return-period sea state. It is worth 
mentioning that the structures are newly-built 
and not shaken by the waves. The structure has 
the ability to change the positions of units and 
adapt to the designed wave conditions after the 
impact of the first 100-150 waves (mean period 
of ~12s).

3.2.2 Loosely packed structure, Packing 
density (PD=0.603)
Figures 10-12 show the behaviour of a loosely 
packed structure (PD=0.603) under 50/100 year 
return-period sea states. As the packing density 
is well below the design value (0.624), it is 
understandable that nearly 50% of the CORE-
LOCTM units have moved above 0.2-0.4 Dn, 
the maximum displacement is in the range of 
1.2 -1.4 Dn for both sea states. The results also 
qualitatively agree with CHL’s report. It is also 
found that under the 50 year return-period sea 
state the structure still has a big jump in total 
average displacement after 2800 seconds. The 
evolution of displacement over the storm appears 
on average to follow a power law form but 
expressed in terms of major event steps. 
Given that the sea states are simulated using 
CFD prior to FDEM, there exists the potential 
to examine which wave group events lead to 
significant simultaneous multiple movements of 
units and also the subsequent rocking behaviour 
that is often observed and that can have important 
structural implications.

4 CONCLUSIONS
In this paper, a new and fast wave proxy approach 
for wave-structure interaction is presented. The 
workflow of the wave proxy is illustrated. These 
preliminary results show the wave action loads 
derived from CFD modelling with the IH2VOF 
and olaFlow models, coupled to the FDEM solver 
SOLIDITY_R via the wave proxy. The inertia 
forces, although assumed here to be of secondary 
importance compared to the form drag forces, 
may also prove to be key for the hydrodynamic 
interaction and for realistic armour damage 
assessment. Therefore, further research will 

focus on evaluating both the role of the inertia 
force together with the most optimal and realistic 
drag coefficient used with the Morison equation 
approach. This future work will include validation 
with directly measured forces on CORE-LOCTM 
units through experimental work performed at 
the University of Ottawa, Canada.
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The coastal area is a critical environment primarily for economic and social activities. However,
these activities may, at the same time, yield several benefits while also having devastating effects 
on natural habitats. While the use of High-Performance Computing (HPC) for precise and accurate 
air quality forecasts is a common issue, similar services devoted to marine pollution in coastal areas 
remain a challenge. This paper presents Water quality Community Model Plus Plus (WaComM++), 
a Lagrangian model dedicated to simulating marine pollutants transport and diffusion processes, 
leveraging a parallelization schema enabling the users to run it on heterogeneous parallel architectures. 
We presented the model in a framework of a real-world application for pollutants forecasts in the Gulf 
of Naples (Campania, Italy).
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1 INTRODUCTION
Human activities are concentrated in the 
coastal area, which is, at the same time, one of 
the most vulnerable (Anfuso et al. 2021) and 
most critical environments for economic and 
social development. These activities can have 
devastating effects due to i) overexploitation of 
resources; ii) more or less irreversible damage 
due to pollution; iii) depletion of biodiversity 
(Lindeboom 2002). While the meteo-marine 
forecasts services (Di Luccio et al. 2018) have 
now reached spatial and temporal resolutions 
unthinkable until a few decades ago (Benassai 
& Ascione 2006), and the tools for the analysis 
of what-if scenarios are already available 
to decision-makers to the forecasting or 
reconstruction of events, similar services devoted 
to marine pollution in coastal areas (Montella et 
al. 2016a, Di Luccio et al. 2019) are still an open 
issue.
Data availability as initial and boundary 
conditions for numerical models was the main 
limitation in the past. However, today the 
affordable availability of computational resources 
could be the limiting factor.
Facing the pollutants like oil spill and organic 
matter as Lagrangian inert tracers floating in a 
computational domain set the need to simulate 
the movement of several particles. In this 
scenario, the computing problem is characterized 
by a magnitude of millions or billions of particles 
mapped at resolutions in the range of hundreds
of meters to tens of meters (Hunter 1987).
The lack of availability of dedicated on-
premises High-Performance Computing (HPC) 
resources can be mitigated by leveraging public 
cloud services (Li et al. 2011). In this scenario, 
heterogeneous computing based on various 
accelerators as, but not limited to, general-purpose 
GPUs arose, making the cost per core compatible 
with decision-makers budgets. Nevertheless, 
applications have to be designed (or re-designed) 
in order to combine different parallel paradigms 
and the corresponding computing frameworks 
enforcing the hierarchical parallelization 
approach (Álvarez-Farré et al. 2021).
This paper presents Water quality Community 
Model Plus Plus (WaComM++), a Lagrangian 
model dedicated to simulating marine pollutants 

transport and diffusion processes. WaComM++ 
is a model component of the operational model 
chain at the Center for Monitoring and Modelling 
Marine and Atmosphere applications (CMMMA1) 
of the University of Naples “Parthenope”, based 
on the DagOnStar2 workflow engine (Montella et 
al. 2018, Sánchez-Gallegos et al. 2019).
The WaComM++ system can be used in different 
ways: (i) an ex-ante decision-support tool, 
for example to aid in the selection of the best 
suitable areas for farming activity deployment; 
(ii) an ex-post simulation tool for improving the 
management of offshore activities.
WaComM++ supports three levels of hierarchical 
parallelization: (i) the distributed memory 
enforced by the use of the Message Passing 
Interface (MPI) library (Walker & Dongarra 
1996); (ii) the shared memory paradigm to 
leverage on the modern multicore architectures 
thanks to the OpenMP library (OpenMP 
Architecture Review Board 2015); (iii) the multi-
GPU computing implemented with the NVIDIA 
CUDA toolkit (Rustico et al. 2012).
In this study, we present the parallelization of 
WaComM++ using each level individually and a 
combination of them.
The rest of the paper is organized as follows: 
Section 2 is about research products related to 
this paper.
Section 3 provides an overview of the Lagrangian 
approach. Section 4 is devoted to the description 
of the design and the implementation of the 
parallel schema, while Section 5 details the 
configured actual case application and the overall 
workflow. Finally, discussion, conclusions, and 
the future research directions are in Section 6. 

1 https://meteo.uniparthenope.it
2 http://github.com/dagonstar
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2 RELATED WORK
The physical transport in the ocean is characterized 
by a large number of multiscale dynamical 
features. Advection and diffusion processes 
have been intensively studied using Lagrangian 
instruments (Davis 1991, Rossby 2007) or, 
more recently, the trajectory pair dispersion 
approach (Corrado et al. 2017). Another work 
studies the phytoplankton dynamics in coastal 
areas integrating the ecological information with 
the land-based remote observations of surface 
circulation (Cianelli et al. 2017), also utilized to 
improve search and rescue and oil spill response 
(Bellomo et al. 2015). Lagrangian particles 
models in atmospheric and marine environments 
have been proposed to study the turbulent 
dispersion of pollutants. This kind of approach 
has been used in both inhomogeneous and non-
stationary flow scenarios (Monti & Leuzzi 2010). 
Many authors proposed their parameterization
for standard stochastic models of single-particle 
dispersion in a two-dimensional turbulence where 
coherent vortices play a significant role (Pasquero 
et al. 2001, Periáñez 2020). As suggested in 
another work, there are large community-based 
Lagrangian codes (Van Sebille et al. 2018) such 
as the LAgrangian SEa MODel (LASEMOD),
which can simulate the dispersion of a passive 
pollutant emitted from a stationary point source in 
the aquatic environment (Monti & Leuzzi 2010), 
and the “Probably A Really Computationally 
Efficient Lagrangian Simulator” (PARCELS) 
(Delandmeter & Van Sebille 2019), recently 
developed in the framework of the OceanParcels 
project for computing Lagrangian particle 
trajectories of passive and active particulates 
such as plankton (Dämmer et al. 2020), plastic 
(Van der Mheen et al. 2020), and fish (Schilling 
et al. 2020). Among others, the single-particle 
Lagrangian Assessment for Marine Pollution 3 
Dimensional model (LAMP3D) has been used 
to simulate the dispersion of pollutants released 
from a marine fish farm (Doglioli et al. 2004). 
The same approach was used then for the 
design of a decision-making tool to evaluate the 
concentration of the pollutants in the proximity 
of mussel farms. Born as an evolution of the 
Lagrangian Assessment for Marine Pollution 
3D (LAMP3D), WaComM uses old hierarchical 

and heterogeneous parallelization techniques, 
the predecessor of the present WaComM++. 
WaComM has been developed matching the 
hierarchical parallelization design requirements 
and tested in Intel X86 64 and IBM P8 multi-core 
environments and integrated with the FACE-
IT Galaxy workflow (Montella et al. 2016b). 
Lagrangian models aim to compute the position 
changes of many particles fluctuating in a fluid in 
a typical practical application. However, because 
the problem size varies during the simulation 
run, the bottleneck controls the total execution 
time, which, when too long, limits the use of this 
approach in an operational fashion. Many authors 
explain the use of GPUs (Laccetti et al. 2013, 
Laccetti et al. 2019) to accelerate the Lagrangian 
model. One example presents the performance of 
the FLEXPART model using the global memory 
of Nvidia CUDA-enabled GPUs, evidencing that 
the use of a Tesla C1060 processor can improve 
the execution speed about ten times. (Zeng et al. 
2010). More recently, the Lagrangian dispersion 
in the atmosphere has been simulated, presenting 
the performance of FlexOcl (Harvey et al. 2014).
FlexOcl is an OpenCL/C++ version of FLEXCPP 
(GPU-accelerated version of the FLEXPART 
simulator) on different hardware platforms from 
different vendors and evidencing equivalent or 
better performance compared to its counterpart 
CUDA implementation.
 

3 LAGRANGIAN DISPERSION MODEL
The spatial and temporal evolution of pollutants in 
a fluid environment (just like any fluid property) 
can be described following two approaches: the 
Eulerian one, at a fixed point, and the Lagrangian 
one, or particle-following (Batchelor C. & 
Batchelor G. 2000). The choice of either one 
depends on several constraints, as well as on the 
desired kind of output: the Eulerian models provide 
concentration maps, while Lagrangian one, ones 
produce particle trajectories (Buffoni et al. 1997). 
In principle, the two approaches are equivalent, to 
the extent that the Eulerian tracer concentration is 
proportional to the probability of finding tracer 
particles in a given position at a given time 
(Csanady 1973). However, the full equivalence 
would require having a virtually infinite set 
of (Eulerian and Lagrangian) data. However, 
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the Lagrangian approach is more suitable for 
transport studies since dispersion properties can 
be obtained from single-particle (Taylor 1921) or 
multiple-particle statistics (Ottino 1989). Recent 
results of different dispersion regimes based on 
Lagrangian measurements have been observed 
in the ocean (Corrado et al. 2017). Moreover, 
Eulerian regular flow fields may exhibit irregular 
Lagrangian properties, resulting in an enhanced 
dispersion not detectable by Eulerian methods. 
Finally, the particle-tracking models may be 
more computationally efficient because the 
computational cost refers only to the region 
where
the particles are located, unlike the concentration 
model. Due to the nature of the Lagrangian model, 
its speed of calculation can be improved using 
parallel computing techniques. In WaComM++ 
the motion of a particle follows the equation:

3 LAGRANGIAN DISPERSION MODEL

The spatial and temporal evolution of pollutants in a fluid environment (just like any fluid property) can be
described following two approaches: the Eulerian, at a fixed point, and the Lagrangian, or particle-following
(Batchelor C. & Batchelor G. 2000). The choice of either one depends on several constraints, as well as on
the desired kind of output: the Eulerian models provide concentration maps, while Lagrangian ones produce
particle trajectories (Buffoni et al. 1997). In principle, the two approaches are equivalent, to the extent that the
Eulerian tracer concentration is proportional to the probability of finding tracer particles in a given position
at a given time (Csanady 1973). However, the full equivalence would require having a virtually infinite set of
(Eulerian and Lagrangian) data. However, the Lagrangian approach is more suitable for transport studies since
dispersion properties can be obtained from single-particle (Taylor 1921) or multiple-particle statistics (Ottino
1989). Recent results of different dispersion regimes based on Lagrangian measurements has been observed
in the ocean (Corrado et al. 2017). Moreover, Eulerian regular flow fields may exhibit irregular Lagrangian
properties, resulting in enhanced dispersion not detectable by Eulerian methods. Finally, the particle-tracking
models may be more computationally efficient because the computational cost refers only to the region where
the particles are located, unlike the concentration model. Due to the nature of the Lagrangian model, its speed
of calculation can be improved using parallel computing techniques. In WaComM++ the motion of a particle
follows the equation:

dp
dt

= u (1)

(where p = (xp, yp, zp) is the three-dimensional particle position (Garcıa-Martınez & Flores-Tovar 1999)), with
appropriate horizontal and vertical boundary treatment when particles attain the coast (in the horizontal) or the
bottom (in the vertical), i.e. when stranding or sedimentation occurs.

Phenomenologically, the instantaneous velocity u(p, t) can be thought of as the sum of two components, an
advective mean flow U(p(t), t) and a diffusive stochastic component u′(p(t), t) (Zannetti 1990). Rybalko et al.
(Rybalko et al. 2012), provided that a scale separation exists between these two contributions ((e.g., (Holloway
1989, Zambianchi & Griffa 1994, Falco & Zambianchi 2011)). U represents the velocity field provided by the
model, and u′ is a parametrization of the unresolved subgrid-scale processes.

In our model, particles are supposed to be passive, i.e., their presence does not affect the circulation dynam-
ics, but specific properties can be assigned to every particle as the time of decay and sedimentation velocity.
At the current state of development, WaComM++ deals exclusively with the hypothesis of non-inertial particle
motion. The particle position, at the time t1+∆t, s obtained by integrating Eq. 1 with the timestep ∆t= t2− t1:

p(t1 +∆t) = p(t1) +
∫ t1+∆t

t1
u(p(t), t)dt (2)

The displacement at the nth step is thus computed as

pn+1 − pn = Un(∆t) + ρn (3)

In our case, the mean flow portion U of u is the model velocity field linearly interpolated in space and
time at p = (xp(t), yp(t), zp(t)), while ρ is a random displacement (Pearson 1905, Allen 1982) from a normal
distribution with zero mean and standard deviation σ =

√
2K∆t, where K is the diffusivity which appears in

the Eulerian diffusion equation, i.e. the asymptotic dispersion parameter based on single-particle statistics (for
a thorough discussion on the equivalence between the two approaches in this context see (Zambianchi & Griffa
1994)). For each grid point, the σ value is set to decrease with depth as:

σ(zn) = σ(0)
(
1 +

zn
H

)
(4)

where zn is the vertical coordinate of the particle and H is the local bathymetry value.
It is worth mentioning that this model complies with the criteria defined by (Thomson 1987) for the selection
of random-walk models of dispersion in turbulent flows: the well-mixed condition; the small-time behavior of
the velocity distribution of particles from a point source; the requirement of compatibility with the Eulerian
equations; forward and reverse diffusion; the small-timescale limit.

(where p = (xp, yp, zp) is the three-dimensional 
particle position (Garcıa-Martınez & Flores-
Tovar 1999)), with appropriate horizontal and 
vertical boundary treatment when particles attain 
the coast (in the horizontal) or the bottom (in the 
vertical), i.e. when stranding or sedimentation 
occurs.
Phenomenologically, the instantaneous velocity 
u(p, t) can be thought of as the sum of two 
components, an advective mean flow U(p(t), t) 
and a diffusive stochastic component u′(p(t), 
t) (Zannetti 1990). Rybalko et al. (Rybalko 
et al. 2012), provided that a scale separation 
exists between these two contributions ((e.g., 
(Holloway 1989, Zambianchi & Griffa 1994, 
Falco & Zambianchi 2011)). U represents the 
velocity field provided by the model, and u′ is a 
parametrization of the unresolved subgrid-scale 
processes.
In our model, particles are supposed to be passive, 
i.e., their presence does not affect the circulation 
dynamics, but specific properties can be assigned 
to every particle as the time of decay and the 
sedimentation velocity.
At the current state of development, WaComM++ 

deals exclusively with the hypothesis of non-
inertial particle motion. The particle position, at 
the time t1 +Δt, s obtained by integrating Eq. 1 
with the timestep Δt = t2 −t1:

3 LAGRANGIAN DISPERSION MODEL

The spatial and temporal evolution of pollutants in a fluid environment (just like any fluid property) can be
described following two approaches: the Eulerian, at a fixed point, and the Lagrangian, or particle-following
(Batchelor C. & Batchelor G. 2000). The choice of either one depends on several constraints, as well as on
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(where p = (xp, yp, zp) is the three-dimensional particle position (Garcıa-Martınez & Flores-Tovar 1999)), with
appropriate horizontal and vertical boundary treatment when particles attain the coast (in the horizontal) or the
bottom (in the vertical), i.e. when stranding or sedimentation occurs.

Phenomenologically, the instantaneous velocity u(p, t) can be thought of as the sum of two components, an
advective mean flow U(p(t), t) and a diffusive stochastic component u′(p(t), t) (Zannetti 1990). Rybalko et al.
(Rybalko et al. 2012), provided that a scale separation exists between these two contributions ((e.g., (Holloway
1989, Zambianchi & Griffa 1994, Falco & Zambianchi 2011)). U represents the velocity field provided by the
model, and u′ is a parametrization of the unresolved subgrid-scale processes.

In our model, particles are supposed to be passive, i.e., their presence does not affect the circulation dynam-
ics, but specific properties can be assigned to every particle as the time of decay and sedimentation velocity.
At the current state of development, WaComM++ deals exclusively with the hypothesis of non-inertial particle
motion. The particle position, at the time t1+∆t, s obtained by integrating Eq. 1 with the timestep ∆t= t2− t1:
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The displacement at the nth step is thus computed as

pn+1 − pn = Un(∆t) + ρn (3)

In our case, the mean flow portion U of u is the model velocity field linearly interpolated in space and
time at p = (xp(t), yp(t), zp(t)), while ρ is a random displacement (Pearson 1905, Allen 1982) from a normal
distribution with zero mean and standard deviation σ =

√
2K∆t, where K is the diffusivity which appears in

the Eulerian diffusion equation, i.e. the asymptotic dispersion parameter based on single-particle statistics (for
a thorough discussion on the equivalence between the two approaches in this context see (Zambianchi & Griffa
1994)). For each grid point, the σ value is set to decrease with depth as:

σ(zn) = σ(0)
(
1 +

zn
H

)
(4)

where zn is the vertical coordinate of the particle and H is the local bathymetry value.
It is worth mentioning that this model complies with the criteria defined by (Thomson 1987) for the selection
of random-walk models of dispersion in turbulent flows: the well-mixed condition; the small-time behavior of
the velocity distribution of particles from a point source; the requirement of compatibility with the Eulerian
equations; forward and reverse diffusion; the small-timescale limit.
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4 ARCHITECTURE AND
PARALLELIZATION SCHEMA
WaComM++ uses a particle-based Lagrangian 
approach relying on a tridimensional ocean 
dynamics field produced by a coupled Eulerian 
ocean model (Doglioli et al. 2004, Di Luccio et 
al. 2017, Montella et al. 2016b).
WaComM++ has been designed with hierarchical 
parallelism in mind. Nevertheless, some 
requirements have been strongly driven by the 
transport and diffusion Lagrangian model, for 
example, the need for data exchange using standard 
and well-known formats. TheWaComM++ 
overall structure design is shown in Fig. 1.
The ocean state, adapted by the 
OceanModelAdapter component to be used 
for the transport and diffusion computation, is 
described by the variables u, v, w (the horizontal 
and the vertical components of the sea current
velocity vector), zeta (the sea surface height), 
and AKT (vertical diffusivity for the temperature) 
at a given time T in K, J, I position. The overall 
computation is performed over three nested 
cycles:

• Ocean state outer cycle: for each time-
referenced dataset (typically 1-hour data), 

a WaComM component is instanced. It is 
also responsible for managing new emitted 
particles (sources) and “dead” particles, 
respectively adding/removing them from the 
workflow.

• Particles outer cycle: it assigns the particles 
to process using ocean data. It manages 
computational data and HPC operations.

• Particles inner cycle: it moves the particles 
within the considered time slice applying the 
Lagrangian transport and diffusion equations 
integrated on a given time step.

The outer and the inner cycles are characterized 
by strongly time-dependent iteration because 
the ocean dynamics are provided as domain 
conditions. However, the particles outer cycle 
has been parallelized using a hierarchical 
approach because each particle’s movement 
is independent of the others. Therefore, the 
OceanModelAdapter component prepares and 
adapts data coming from ocean simulations or 
forecasts to the data structures managed by the 
transport and diffusion model. This kind of data 
is managed as multidimensional matrices usually 
stored in NetCDF files. Although most parts 
of environmental models use the NetCDF CF 
Conventions and Metadata3, some processing is 
needed to prepare the ocean state forWaComM++. 

Figure 1. WaComM++ components design and I/O data flow schema.
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The Source component implements the sea 
pollutant emission generator. Each emission 
source is defined by its position (latitude, 
longitude, and depth), the number of Lagrangian 
particles spilled out per hour, and the time interval 
of the emission. We designed WaComM++ using 
an Object-Oriented approach (Fig. 1) applied 
to the physics equation solver embedded in 
the Particle component. First, each particle is 
moved using the algorithm implemented in the 
Particle component This component represents 
a Lagrangian particle characterized by its 3D 
position, timestamp of generation, age, and 
health. The Particles component is composed 
of the Particle components, and its duty deals 
with particle-related I/O operations as the state 
persistence among two simulations (restarting).
The WaComMPlusPlus component aggregates 
OceanModelAdapter, Sources, and Particles. 
This component manages the ocean state outer 
cycle providing, for each time-related dataset, 
theWaComM component with the momentum (u, 
v, and w components of the current sea vector), 
the variation of the sea surface height (zeta), and
the vertical turbulent diffusion (AKT). The 
actual particle movement is encapsulated in the 
Particle component. TheWaComM component 
encapsulates the particles outer cycle of the 
transport and diffusion model (Montella et al. 
2016b, Di Luccio et al. 2017).
For each step of the ocean state outer cycle, for 
each particle processed by the particles outer 
cycle, the particle inner cycle begins considering 
the particle n in its initial position stored in Dn. 
For each time step t, the particle is checked 
versus its health condition (Doglioli et al. 2004) 
and versus the closure constraints, as is the 
behaviour at the surface, at the bottom, and on the 
shore; eventually the current position becomes 
stored in Dn.
If the particle is still alive, the new position is 
computed performing two leaps (moves):

• Deterministic leap: it is driven by the ocean 
status (u, v,w, zeta,AKT)t at the given time step 
t computed interpolating (u, v,w, zeta,AKT)T 
on space and time

• Random leap: a stochastic component is 
added to the deterministic leap.

The new particle position is, again, checked 
versus the closure constraints. Finally, the 
particle is aged by the time step interval. Because 
the particles move independently from the others, 
therefore no interactions in terms of computation 
are required between them: the particle inner  
cycle can be considered as one of many in a 
many-task parallel paradigm (Diaz et al. 2012).
Our goal was to produce a multi-choice parallel 
framework, which can be used for the most 
common parallel architecture to achieve the 
best performance according to the HPC system 
available. The implemented parallelization 
scheme is based on different parallel sub-schemes, 
which can also be combinable with each other, 
providing a hierarchical parallelization schema.
Fig. 2 represents the proposed parallelization 
schema, the data flow, and the active software 
components, using or not multi-GPU acceleration. 
A standard paradigm in High-Performance 
Computing is domain decomposition.
The whole problem size (the number of moving 
particles in the case of Lagrangian modeling) is 
dived in lots and distributed to several executors. 
Each executor is an instance of a computer 
program (process) having in charge of computing 
the partition of the problem in its duty. Due to 
CPUs being composed of more computing cores, 
each process can decompose its part of the problem 
to each computing core running concurrently 
(threads). While the threads belonging to the 
same process share the same memory, processes 
communicate with each other by exchanging data 
messages. The general-purpose GPUs (Graphics 
Processing Units) are a relatively recent element 
in HPC architecture: designed to perform high-
speed computation in real-time interactive 
graphics (i.e., games, scientific visualization, 
etc.), are used to accelerate the math computation 
in a performance and power consumption 
effective way. The problem size in charge of each 
thread can be decomposed again and distributed 
on each available GPU. As demonstrated later in 
the paper, the complete availability of the three 
levels of hierarchical problem decomposition 
makes the overall computing performance 
remarkable as the problem size increases 

3 https://cfconventions.org
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consistently. In details, considering a shared and 
distributed memory scenario with at least one 
GPU device enabled, np represents the number 
of available processors, nt the number of threads 
used on each processor, and ng the number of 
GPU devices on each processor. 
Assuming P0,P1, ...,Pnp as a homogeneous set 
of heterogeneous computational resources, 
analysing Fig. 2, in P0 the processor-level 
behavior is detailed and in P1 how the computation 
is concurrently performed on nt threads and ng 
GPUs.
The domain decomposition is performed by P0 
dividing the particles at the ocean state time T in 
subsets sized as Δ0,Δ1, ...,Δnp. The subsets are 
distributed to each processor Pp. Each processor 
Pp has its local particles data pD. For each 
processor Pp, the local particles dataset is divided 
in subsets sized as Δ0,Δ1, ...,Δnt and assigned 
at each thread 

Figure 3: Block diagram of the configured use case (a). The atmospheric model WRF, the hydrodynamic model ROMS, and the
Lagrangian model WacomM++ are involved in the framework of CMMMA service at the University of Naples “Parthenope”.

size increases consistently. In detalis, considering a shared and distributed memory scenario with at least one
GPU device enabled, np represents the number of available processors, nt the number of threads used on each
processor, and ng the number of GPU devices on each processor. Assuming P0, P1, ..., Pnp as a homogeneous
set of heterogeneous computational resources, analysing Fig. 2, in P0 is detailed the processor-level behavior
and in P1 how the computation is concurrently performed on nt threads and ng GPUs.

The domain decomposition is performed by P0 dividing the particles at the ocean state time T in subsets
sized as ∆0,∆1, ...,∆np. The subsets are distributed to each processor Pp. Each processor Pp has its local
particles data pD. For each processor Pp, the local particles dataset is divided in subsets sized as ∆0,∆1, ...,∆nt
and assigned at each thread t ∈ [0, nt].For each thread Tt, if there is no GPU device available , an algorithm
is executed sequentially for each local thread particle data tDn ∈ pDt Otherwise, if at least one GPU device
is available, for each thread Tt, the local particles dataset is, again, split in subsets sized as ∆0,∆1, ...,∆ng
and assigned to each GPU g ∈ [0, ng], working with CUDA Multi-threading , then ocean state, seafloor depth
and particles data are copied from host to the GPU. P0 cycle ends gathering updated particles data from each
processor and removing dead particles using the approach described in Doglioli et al. (Doglioli et al. 2004).
The parallelization schema (Fig. 2) enables the final user to choose any combination of the following execution
modes:

• Single run: the single process P0, calling the procedure move solves sequentially the problem for all
particles of its domain DT .

• Distributed memory run on np processes: each process Pp, p ∈ [0, np], calling the procedure move , solves
the problem for all particles of its sub-domain pD.

• Shared memory runs on nt threads: using the shared distribution paradigm, a sub-domain of date tD is
assigned at each thread of the multi-core environment. Each thread for t ∈ [0, T ], works on a sub-set tD,
calling the procedure move.

• Heterogeneous Single/Multiple GPUs run: each thread t splits its domain tD in a sub-domain of data gD
assigned to each GPU of the environment. Each GPU for g ∈ [0,G] works on the subset gD.

Our hierarchical implementation expects that the last active hierarchical level processes particles at the
current development stage.

5 REAL CASE APPLICATION AND PERFORMANCE EVALUATION

We present a real-world use case application of WaComM++ as a scientific workflow component to simulate
tracers’ sea dispersion (Fig. 3). The numerical results were compared with the lagrangian data collected with
a drifter buoy (FIg. 4)in the framework of ABBaCo Project, founded by the Italian Ministry of University and
Research - FISR in agreement with the Stazione Zoologica “A. Dohrn” (Castagno et al. 2020). As mentioned
above, this workflow is operational at CMMMA.

The above-mentioned scientific workflow starting point is the Weather Research, and Forecasting (WRF)
model, a mesoscale numerical weather prediction system designed for both atmospheric research and opera-
tional forecasting applications (Di Luccio et al. 2020b, Di Luccio et al. 2020c). Our implementation is based
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PERFORMANCE EVALUATION

We present a real-world use case application of 
WaComM++ as a scientific workflow component 
to simulate tracers’ sea dispersion (Fig. 3). 
The numerical results were compared with the 
Lagrangian data collected with a drifter buoy 
(Fig. 4) in the framework of the ABBaCo Project, 
founded by the Italian Ministry of University and 
Research - FISR in agreement with the Stazione 
Zoologica “A. Dohrn” (Castagno et al. 2020). As 
mentioned above, this workflow is operational at 
CMMMA.
The above-mentioned scientific workflow starting 
point is the Weather Research, and Forecasting 
(WRF) model, a mesoscale numerical weather 
prediction system designed for both atmospheric 
research and operational forecasting applications 
(Di Luccio et al. 2020b, Di Luccio et al. 2020c). 
Our implementation is based on a three telescopic 
two-way nested computational domain designed 
to reach the ground resolution of 1 Km in southern 
Italy. In contrast, 5 Km is the resolution in Italy 
and surrounding seas, and 25 Km on the Euro-
Mediterranean area. WRF atmospheric initial and 
boundary conditions were provided by Global 
Forecast System (GFS), a weather forecast model 
on the entire globe produced by the National 
Centers for Environmental Prediction (NCEP), at 
a 0.50° horizontal resolution.
WRF model results are made available hourly 
as initial conditions (atmospheric forcing) to the 
Regional Ocean Model System (ROMS) coupled 
model. The ROMS configuration provides the 
sole grid domain covering, at the horizontal 
resolution of about 160 m, the geographic area 
between the southern Lazio Region and the 
northern Calabria Region (Italy).
ROMS initial and boundary conditions were 
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Figure 2. WaComM++ hierarchical parallelization schema using GPU paradigm.

Figure 3. Block diagram of the configured use case (a). The atmospheric model WRF, the hydrodynamic 
model ROMS, and the Lagrangian model WacomM++ are involved in the framework of the CMMMA 

service at the University of Naples “Parthenope”.
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provided in the framework of the Copernicus 
project4 with the horizontal grid resolution equal 
to 1/24° and 141 unavely spaced vertical levels.
The three-dimensional predictions of sea 
currents, water temperature, water salinity, 
and sea surface height are stored and used to 
force the WaComM++ coupled model. WRF-
ROMS-WaComM++ hourly workflow results 
are stored and made available online, enriched 
with diagnostics (i,e. cloud fraction, 2 m relative 
humidity, updraft helicity), for science and 
engineering applications.

In this application, we consider a problem size 
consisting of a total of 20K particles spilled out 
by a single coastal source located in the Gulf 

of Pozzuoli (Campania, Italy), simulating the 
movements of a drifter buoy without the use 
of an ad-hoc configured restart file. The total 
simulation time is 4 hours.
As mentioned before, we compared the 
numerical results with a drifter path (Castagno 
et al. 2020) released in point Ad (40.808380 N, 
14.152580 E) at 08:48 UTC and rescued in Bd 
(40.807620 N, 14.158720 E at 11:18 of 1st April 
2019. Figure 4 shows the course of the drifter 
(blue) and the course of the particles simulated 
using WaComM++ mode (red). As evinced from 
the figures, the path of the simulated particles is 
consistent with the Eastern direction followed by 
the drifter buoy.

Figure 4. Wacomm++ lagrangian particles (red) and drifter buoy (blue) movement (West to East) under 
the sea state characterized by ROMS surface currents coming from SW (oriented vectors).

(a) Simulation at time 09:00 UTC (b) Simulation at time 10:00 UTC

(c) Simulation at time 11:00 UTC (d) Simulation at time 12:00 UTC
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Figure 5. Particles Inner Cycle results compa-
ring between WaComM and WaComM++.

To test the WaComM++ performance, we set up a 
testbed experiment using one computing node of 
the purpleJeans5 HPC system equipped with two 
Intel(R) Xeon(R) Gold 5218 CPU @ 2.30GHz 
(16 cores each) and 4 NVidia Tesla V100-SXM2-
32GB (5120 CUDA cores each). We tested 
WaComM++ in an actual test case application 
involving all the I/O data flow (Fig. 1), and we 
compared results with WaComM, sharing the 
same configuration.
The same simulation was also performed on the 
old WaComM software and then computed using 
diverse WaComM++ configurations to compare 
and discuss results. Although WaComM and 
WaComM++ are two different types of software, 
we chose a complete sequential configuration 
without any form of parallelization to define a 
baseline. Then we extended the evaluation by 
considering the following configurations: i) a 
configuration using all available threads (32) 
on the same computing node; ii) a configuration 
using all the available threads (32) and all 
available GPU accelerators on a single computing 
node (4). From the tests carried out, as shown
in Fig.5, a clear improvement of the new software 
is evident, especially using shared and distributed 
memory and GPUs. In particular, the sequential 
configuration of both types of  software brings an 
improvement of about 22%.
Furthermore, while using shared memory, there 
is an improvement making the situation about 19 
times better, and, finally, using all the computing 

power provided by a single purpleJeans node, a 
750 times better result is obtained. It should be 
further emphasized that these results are achieved 
by comparing the Particles Inner Cycle, which 
is the portion of software that deals exclusively 
with simulating the movement of particles using 
a Lagrangian model.

6 DISCUSSION AND CONCLUSION
This paper presented WaComM++, a hierarchical 
heterogeneous Lagrangian model for marine 
pollutants transport and diffusion.
Although WaComM++ shares with its previous 
incarnation, WaComM, the same physics 
approach, it has been wholly redesigned 
leveraging three levels of parallelism.
It works with MPI distributed memory, OpenMP 
shared memory and GPU CUDA acceleration 
without any limitation regarding which 
parallelization technology must be used. This 
feature makes WaComM++ ideal for real-world 
operational applications where the availability 
of a dedicated high-end supercomputer is not the 
usual scenario.
As with all ongoing projects, WaComM++ is 
worthy of possible improvements Firstly, the 
particle motion can be improved by considering 
the wave-induced currents that have an essential 
effect on the particle trajectory, particularly 
when the particle source is located nearshore. 
Moreover, the physical model can be improved
considering other particle features and behavior 
as, but not limited to, the flotation and the sinking. 
The emission model can be improved with more 
refined control over the emission rate. Finally, a 
different algorithm for particle concentration on 
Eulerian grids could produce higher resolution 
results at the exact computational costs. 
Crowdsourced marine data could significantly 
improve the model results by leveraging more 
detailed bathymetry (Montella et al. 2019, Di 
Luccio et al. 2020a).
The current parallelization scheme is based 
on using computational resources available 
locally. However, even if this implies obtaining 
exceptional performance, future research goals 
can move towards cloud computing and towards 
all those computational resources available on-
demand which offer a certain kind of malleability.

4 https://doi.org/10.25423/CMCC/MEDSEA ANALYSIS 
FORECAST PHY_006_013_EAS6
5 https://rcf.uniparthenope.it
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WaComM++ is available as open-source and can 
be considered mature enough for production6.
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The coastal zone is characterised by its high dynamism, which reflects on the shoreline position, 
indicating coastal erosion, stability or accretion. Predicting shoreline evolution is not only hampered by 
limitations of the modelling capacities but also by the intrinsic uncertainty of the future wave climate. 
The use of past wave series may not represent the future wave climate and therefore an envelope of 
shoreline positions should be considered, instead of a single one. The use of wave chronology analysis 
is a useful tool for obtaining these shorelines. This paper introduces a new method for synthesizing 
wave series randomly and for assessing the impact on long-term shoreline modelling, using a classical 
one-line modelling approach. This study was applied to Vagueira beach (Portugal), characterised by a 
strong dynamism. These results are compared with those obtained using rearranged wave series. Wave 
series synthetic construction methods that allow for this analysis are based on a multivariate statistical 
analysis of past wave series. For a long-term analysis, random synthetic series of wave height, period 
and direction are generated. The method considers the random generation of wave parameters respecting 
their statistical interdependence (height vs period and height vs direction). The shorelines resulting from 
the wave chronology analysis from several realizations of probable wave sequences are quite similar 
in areas far from the defence structures but have a great variability close to them. This phenomenon 
was reported in previous studies and can be justified by the physical processes that occur close to the 
structures that are not captured by the models.
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1 INTRODUCTION
Sandy beaches have a dynamic nature being 
mostly shaped by sea waves that induce sediment 
transport, representing about 31% of the world’s 
coastal areas (Luijendijk et al., 2018). The coastal 
morphology evolution presents a complex 
behaviour due to non-linear interactions between 
drivers, such as the prevailing currents and the 
wave orbital velocity, and the sediment response, 
such as the sediment transport function. These 
non-linearities influence the ability to predict the 
shoreline evolution in the medium (several weeks 
to few months) to long term (years to several 
decades) scales (Southgate, 1995). 
Due to anthropogenic (e.g., coastal occupation 
and construction of dams, retaining sediments) 
or natural (e.g., natural extinction of sediment 
sources) effects, sandy beaches can enter into 
sediment unbalance and suffer from erosion 
problems, affecting the socio-economic value of 
the area and, conceivably, endangering people 
and goods (Mentashi et al., 2018, Vousdoukas, 
2020). These problems can be aggravated by 
rising sea levels and climate change. Looking 
ahead to sandy beaches’ coastline predictions for 
years 2050 and 2100, Vousdoukas et al. (2020) 
show a general erosive trend with average values 
of retreat in the order of tens of meters for the 2050 
horizon (from -78.1 to -1.1 m for a greenhouse gas 
Representative Concentration Pathway (RCP) of 
4.5, and -98.1 to 0.3 m for RCP 8.5 (IPCC 2013)) 
to hundreds of meters for the 2100 horizon  
(-164.2 to -14.8 m and -240 to -35.3 m for RCP 
4.5 and RCP 8.5, respectively). To mitigate the 
erosion problems, coastal planning measures 
must be taken. The use of numerical models for 
predicting shoreline behaviour in the future is a 
widely used practice.
The one-line model has for the past few decades 
been frequently chosen for modelling the 
shoreline evolution for long-term forecasts (tens 
of years), capable of incorporating the entire 
shoreline of a sedimentary cell (up to tens of 

kilometres) (Hanson and Kraus, 1989). This 
model is applicable if there is a good knowledge 
of the local morphodynamic mechanisms (e.g., 
sediment transport, and boundary conditions) and 
of the wave regime (Hanson et al., 2003). The 
one-line shoreline model main assumptions are: 
1) the longshore sediment transport carried out by 
wave action is the main modelling agent, where 
cross-shore currents, wind and tidal transports 
are not considered; 2) the total sediment transport 
rate occurs within the beach profile and is defined 
by the properties of breaking waves; 3) the 
shoreline is the line that describes the changes 
in the beach plan, being considered a fixed point 
in the profile; 4) the beach profile maintains its 
shape throughout the simulation, advancing and 
receding its position with the sediment transport 
variations (Hanson and Kraus, 1989). These 
assumptions imply a thorough characterization 
of the study area and the existence of long-term 
morphological data (e.g. shoreline position, grain 
size, beach profiles) and wave climate data, to 
achieve an adequate calibration and validation 
of the model. The exclusion of other physical 
processes that influence shoreline evolution, as 
well as the non-updating of the beach profiles, 
rewards faster computing, and less error 
accumulation in long-term runs, compared to 
process-based models. However, as in all types 
of forecasts, considering past data (e.g. wave 
regime series) as a reliable representation of the 
future entails some uncertainties.
Wave chronology (or wave event sequencing) 
is defined by Hanson et al. (2003) as “the effect 
on coastal morphology of different sequences 
of waves with the same overall statistical 
properties”. In other words, it is the outcome 
morphology that results from different wave 
sequence scenarios. Although the future wave 
time series (or wave sequence) is unknown, its 
statistical properties can be assumed, with some 
accuracy, from the analysis of the past long-term 
datasets, resulting from both in-situ wave buoys 
and validated hindcast data. The wave chronology 
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analysis method allows the calculation of an 
envelope of possible future shoreline positions, 
rather than the usual single (one shoreline) output 
(e.g. Southgate, 1995). The wave chronology 
effects cannot be validated since in nature a given 
morphology is only shaped by the exact wave 
sequence that occurred. Numerical modelling is 
a good alternative to wave chronology analysis, 
however, it can be time-consuming with high 
computational costs.
Due to the randomness of the wave conditions, 
the shoreline prediction accuracy is affected 
by the future wave climate. To quantify this 
uncertainty, the influence of the wave chronology 
on shoreline evolution is tested. 
The purpose of this analysis is to create a procedure 
that allows the generation of several probable 
wave time series scenarios leading to several 
shoreline positions. By applying the existing 
methods (see section 2) and improving their 
gaps, such as the generation of long-term wave 
series with statistically dependent parameters, 
it was possible to evaluate various synthesizing 
wave series methods and their impact on long-
term shoreline simulations. 
Vagueira beach in Portugal was chosen to test this 
method, an area with high anthropogenic pressure, 
suffering from serious erosive problems, where 
several coastal protection interventions were 
carried out, including both hard coastal defences 
and artificial sand nourishments (Sancho, et al, 
2020).
The influence of each method on the long-term 
shoreline evolution was tested considering 
rearranged wave series and synthetic storm 
episodes, within the Litmod (Vicente and 
Clímaco, 2003) one-line model framework. 
The Monte-Carlo approach was also tested 
making 100 shoreline simulations with the best-
performing wave series synthesis method.

2 WAVE CHRONOLOGY STATE OF 
THE ART

There are essentially three methods to create 
a synthetic wave series: 1) using the past wave 
climate conditions with the highest probability 
of occurrence; 2) rearranging the past real wave 
time-series order; 3) generating a random wave-

sequence synthetic series from wave parameters’ 
statistical distributions.
Le Méhauté and Soldate (1983) assessed a 
method, based on the occurrence frequency of 
wave height (Hs), wave period (T) and wave 
direction (Dir) sets, for shoreline evolution 
outputs and proposed “ground rules” for its 
application on prediction methods. This study 
was performed on a sheltered beach (Miami 
beach) with a dominant wave direction for two 
years. The five most frequent Hs, T, and Dir sets 
were chosen to build an input wave series. The 
main conclusion drawn from this study was the 
importance of the wave sequence (even in the 
medium-term) and the advantage in applying this 
method for predicting the position of the future 
shoreline as it has associated an uncertainty 
measure.
Hanson and Kraus (1987) performed a sensitivity 
analysis of the GENESIS one-line shoreline 
model to varying wave conditions. They 
produced, from a basic wave series, different 
series where the order of the waves was changed 
using random criteria such as sorting wave height 
or simply shuffling the records, keeping unvaried 
the total wave energy characteristic of the series. 
The results of these simulations proved to be 
sensitive to wave chronology and mainly to the 
wave direction parameter.
Vrijling and Meyer (1992) applied the one-line 
model to perform Monte-Carlo simulations of 
the shoreline position near a port. The authors 
stressed that the existence of a correlation 
between coastal variables influences the results 
considerably.
Southgate (1995) approached the wave 
chronology impact on medium-term shoreline 
evolution using synthetic wave series generated 
from a rearranged real wave series. The following 
guidelines were suggested: 1) the wave sequences 
taken from the original series must be of similar 
length and; 2) the start and end of the segments 
must not contain a storm event, being the divisions 
made ideally in low wave height segments. 
The number of segments does not significantly 
change the outcome, suggesting 24 rearranged 
wave data series as the minimum simulations for 
a viable chronological analysis. This approach 
is restricted to the existing sequences within 
each division and may reduce the variability of 
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oceanographic events.
Dong and Chen (1999) included random 
temporal variability in a Monte-Carlo study 
adapting the one-line model to account for cross-
shore sediment exchanges. Later, Dong and 
Chen (2001), using the same model, analysed 
the chronology effect on critical shoreline 
erosion statistics. They concluded that as the 
evolution of the coastline is intrinsically non-
linear, cumulative, and time-dependent, the 
chronology of the input was found to have some 
influence on the predictions of critical erosion; 
but that influence was relatively weak. Their 
results showed that the shoreline evolution was 
primarily a wave-climate-dependent process for 
both short and long terms.
More recently, Wang and Reeve (2010) and 
Reeve et al. (2014) randomly generated 
wave series using a statistical distribution of 
oceanographic parameters (Hs, T and Dir). Both 
works considered these parameters to have a 
statistically independent behaviour. Thus, the 
generated wave series statistical behaviour was 
compromised, not representing the original wave 
parameters’ dependencies or correlations. The 
authors conducted a large number of long-term 
shoreline evolution simulations in the presence of 
breakwaters (Wang and Reeve, 2010) and groins 
(Reeve et al., 2014). The Monte-Carlo approach 
was used to achieve large quantities of inputs to 
obtain several results. This method application 
improved the shoreline response analysis to 
different wave conditions. The computational 
cost and time consumption involved in the model 
make its application challenging.
Sena (2010) analyzed the wave chronology 
effect on long-term shoreline evolution 
simulations using the Le Méhauté and Soldate 
(1983) and Hanson (1987) methods. The author 
found that the long-term shoreline position is 
sensitive to the use of different synthetic wave 
series, especially in the vicinity of protective 
structures such as groins, and emphasized that 
the use of random wave series constructed from 
representative waves is preferable to the use 
of only representative waves, considering the 
characteristics of the study site (at the Portuguese 
northwest coast).

3 STUDY SITE FRAMEWORK
The present study area is located south of 
the Aveiro Lagoon inlet, along the northwest 
Portuguese coast, where several other studies 
have been conducted (e.g., Simões et al., 2013; 
Baptista et al., 2014). A 5.5 km region at Vagueira 
beach was chosen (Fig. 1). 
Vagueira beach suffers from chronic erosion 
problems due to sediment supply reduction mainly 
as a consequence of the existence of several 
coastal structures which for years obstructed 
the littoral transport, being the jetties of the Ria 
de Aveiro the main contributors (Oliveira et 
al., 1982). Located on a sandspit between the 
Aveiro lagoon and the Atlantic Ocean, its high 
anthropogenic occupation near the shoreline 
contributes to complex coastal management. 
The Portuguese Environment Agency (A.P.A.) 
is currently studying the viability of placing a 
multifunctional submerged detached breakwater 
in front of Vagueira Beach town (Sancho et al., 
2020).
A hindcast offshore wave series is used for the 
20-year period from 01/01/1998 to 31/12/2017 
(every 6 hours), from the ECMWF WAM forecast

Figure 1. a) Portuguese coast; b) Domain 
location; c) Offshore and nearshore points. 

Basemap from ESRI © (2020).
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model (Janssen et al., 2002). This wave series 
was propagated until the 12-meter depth contour 
(Chart Datum) using the SWAN model (Booij et 
al., 1997), henceforth referred to as nearshore 
wave series. 

Figure 2. Wave regime offshore Vagueira 
beach in the period 1979 to 2018, sampled 
every 6 hours, ECMWF data. a) Wind rose 

with wave direction and significant wave 
height (Adapted from Freire et al., 2020); b) 
Frequency of occurrence of significant wave 

height; c) Frequency of occurrence of the peak 
period.

The offshore wave regime at Vagueira beach is, 
on average, characterized by a 2 m significant 
wave height, an 11.1 s peak period and a 291.5° 
mean wave direction (Freire et al., 2020) (Figure 
2). At 12 m of depth nearshore, the significant 
wave height is on average 1.8 m, the peak wave 
period varies from 3.5 s to 20.3 s, averaging 10.9 
s, and the most frequent wave direction varies 
from 270° to 330° (Freire et al., 2020).

4 METHODOLOGY
4.1 Shoreline model
Litmod is an one-line model for shoreline 
evolution that is based on two main assumptions  
(Vicente and Clímaco, 2003): 1) the beach profile 
does not change during erosion and accretion 
processes and, thus, the shoreline movement is 
simulated by the beach profile (from the closure 
depth to the berm crest height) moving parallel to 
itself; and 2) the longitudinal sediment transport 
is the determining factor in the evolution of the 
coast. 
The Litmod model was applied to Vagueira 
beach, over a 7.5 km stretch discretized into 20 
m cells, for a simulation period of 20 years with 
a time step of 1.2 hours. The Kamphuis (1991) 
sediment transport formula was used. According 
to Oliveira et al. (2020), values of 11 m MSL 
for closure depth, 4.5 m MSL for berm height 
and a 0.37 mm median sediment diameter were 
assumed. The initial shoreline corresponds to 
2018 extracted from an orthophotomap with 
a 25 cm precision available by the Portuguese 
Territory Autority (DGT), using as shoreline 
indicator the dry-wet line.

4.2 Wave chronology and
Monte-Carlo method
Several methods of producing synthetic wave 
series were tested, from the works of Le 
Méhauté and Soldate (1983), Hanson (1987), 
Southgate (1995) and Wang and Reeve (2010). 
The influence of each method on the long-term 
shoreline evolution was tested considering 
rearranged wave series and synthetic wave series. 
The Monte-Carlo approach is also tested with 100 
shoreline simulations with the best-performing 
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wave series synthesis method.
The wave chronology analysis based on synthetic 
wave climates would allow the creation of 
several (hypothetical, but plausible because they 
have the same statistical wave series behaviour) 
wave condition scenarios that lead to different 
shoreline positions. The result would be not a 
single shoreline, but a statistically representative 
shoreline of all scenarios generated (such as the 
mean shoreline position of all outcomes), and the 
associated uncertainty or space envelope. 
The wave parameters’ (e.g. wave height) 
statistics, from an annual or multi-annual series 
of daily averaged values, can be described by 
statistical distribution functions if the sample 
size is large enough to allow the construction of 
a histogram with statistical representativeness. 
The statistical distributions used in this study are 
presented below. 
The two and three-parameter Weibull distribution 
(W (x), equation 1) can be applied, for instance, 
to the wave height parameter (W (H))

where for the two-parameter equation,

and the three-parameter equation,

In the above, μ is the sample mean,  is the scale 
calibration parameter and  is the shape calibration 
parameter that can be calculated from the 
Maximum Likelihood Estimate method (MLE) 
(Muraleedharan et al., 2007).
Other distributions, such as the lognormal 
(LN(H), equation 4, and the logistic (Lg(H), 
equation 5), can also present a good fit to the 
wave parameters’ frequency of occurrence, due 
to their skewed behaviour (Raqab et al., 2010).

1

4

5

2

3

The use of independent statistical distributions of 
wave parameters for random extraction can lead 
to unrealistic wave parameters’ combinations. 
The univariate analysis does not respect certain 
nature-observed correlations and events (such 
as offshore waves breaking due to excessive 
steepness), where there is a clear and almost 
universal relationship between wave height and 
wave period, and often a location-dependent 
relationship between wave height and wave 
direction (Holthuijsen, 2007).

4.3 Synthesizing the wave series
Initially, a multivariate exploratory analysis of 
the hindcast data was performed to describe the 
wave regime (Figure 3). The analysis included 
a simple univariate statistical description of the 
significant wave height (Hs), peak period (Tp) 
and mean wave direction (Dir), as well as the 
relationships between them (Hs vs. Tp and Hs vs. 
Dir). The latter allowed to find the Hs dependent 
statistical distributions of Tp and Dir.
Two synthetic wave series methods were assessed: 
1) rearrangement of the 20-year order of the 
original wave series and 2) random generation 
from the Hs, Tp (as a function of Hs) and Dir (as 
a function of Hs) statistical distributions. 
For the first method, thirty wave time series were 
generated from the rearrangement of the years’ 
order in the original nearshore wave series. A 
complete wave series with the rearranged annual 
order was constructed by randomly choosing the 
sequence in which the years appear in the series. 
The absence of inter-annual storms was verified 
(as recommended by Southgate, 1995). These 
wave series were then used to simulate the 20-
year shoreline evolution for the Vagueira beach 
coastal stretch.
In the second method, to generate synthetic wave 
series, the following steps were taken: 
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1. Hs bins with a 0.5 m range were created and, 
for each Hs bin, a statistical distribution for Tp 
and another for Dir was adjusted. Being Dir a 
circular parameter (0° to 360°) and considering 
that the study case faces approximately the 
280° wave direction, it was added 360° to 
all values below 90° so that their distribution 
function is as continuous as possible. 

2. The best fit two and three-parameter 
distribution functions were searched. The 
Weibull distribution yielded the best fit Tp 
(2-parameter distribution for the offshore 
series and 3-parameter distribution for 
the nearshore series), while for Dir it 
was the logistic distribution (2-parameter 
distribution). Using the location and scale (or 

shape, location and scale for the 3-parameter 
Weibull) parameters corresponding to the 
best fit distributions for each Hs bin, a simple 
linear regression model for Tp and a 2nd order 
polynomial regression model for Dir allowed 
to relate them with Hs. For the nearshore Tp, a 
3rd-order polynomial regression presented a 
better fit for the 3-parameter Hs dependency, 
and for the nearshore Dir the choice of the 2nd-
order regression was maintained, changing 
only the values of the regression curve. 

Figure 4 shows the Hs-distribution from the 
synthetic wave series as well as the Hs-Tp and 
Hs-Dir scatter plots, allowing to conclude that the 
original data is well represented by the synthetic 
data.

Figure 3. 20-year offshore wave series.
a) Significant wave height (Hs), with 
3-parameter lognormal distribution 

histogram; b) Hs and Tp relation scatter plot; 
c) Hs and Dir relation scatter plot.

Figure 4. 230 Offshore synthetic wave series 
of 20 years each. a) Significant wave height 

(Hs), with 3-parameter lognormal distribution 
histogram; b) Hs and Tp relation scatter plot; 

c) Hs and Dir relation scatter plot.
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Figure 5. 20 years of shoreline evolution simulation using 30 series with rearranged real waves.
Longitudinal distance (in meters) in the x-axis and cross-shore distance (in meters) in the vertical axis.

Eixo vertical: cross-shore distance (m).

Figure 6. 20 years of shoreline evolution simulation using 30 series with synthetic waves series.
Longitudinal distance (in meters) in the x-axis and cross-shore distance (in meters) in the vertical axis.

Figure 7. Rearranged (dark grey) and synthetic (light grey) shoreline position simulated variability 
and mean (dashed lines) compared with the simulated reference line with original wave series (black). 
Longitudinal distance (in meters) in the x-axis and cross-shore distance (in meters) in the vertical axis.

5 RESULTS 
5.1 Rearranged 1998-2017 wave 
time series
Figure 5 presents a close-up view of the domain 
area of interest of the final shoreline positions 
(after 20 years) of 30 simulations using 
rearranged wave series, as well as the reference 
simulation (black) which corresponds to the 20-
year simulation using the original (1998-2017) 
wave series. The figure further shows the mean 
line obtained by averaging the positions of the 

30 simulations (broad dashed), and the 95% (dot-
dash) and 5% (dashed) percentiles. 
One first notices that the original wave sequence 
originates a shoreline position near the ensemble 
extreme positions. Secondly, the rearranged wave 
series simulations present a large variability near 
the coastal protection structures. The physical 
processes that occur near the defence structures 
are complex and their description in models of 
reduced complexity are not described properly, 
which may be one of the explanations for the 
high variability of the shoreline position near the 
structures. Away from the coastal structures, the 
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simulated shoreline positions are quite close to 
each other, which is in agreement with Sena’s 
(2010) conclusions.
Regarding the initial shoreline position, the full 
set of simulations shows a general erosive trend 
of the study area.
The longitudinal sediment transport was 
calculated for three positions (or cross-sections) 
throughout the domain (at x=6500, 10000 
and 13000 m). At those locations, the annual 
computed longitudinal sediment transport ranges 
between 650,000 and 700,000 m3/year. At each 
position, the ensemble median sediment flux is 
slightly lower than that found for the reference 
simulation. This may explain why the reference 
shoreline position lies near the 5% percentile line 
in some areas of the domain.

5.2 Synthesized wave series from 
the statistical distribution of the 
1998-2017 series
Using the parameters and statistical distributions 
determined in section 4.3 for the wave height, 
period and direction, thirty nearshore wave series 
were synthesized, each of a 20-year duration. Each 
wave series led to the corresponding shoreline 
evolution simulation (Figure 6). The shoreline 
positions from this method show a decrease in 
variability, compared to that computed in the 
rearranged waves simulations (Figure 7). This is 
particularly evident near the coastal structures. 
Also, the reference situation continues to show 
a position near the extremities (5% and 95% 
percentiles) of the envelope (Figure 6). 
For these simulations, the computed ensemble 
sediment transport fluxes, at the above referred 
three positions, ranges also between 650,000 and 
700,000 m3/year, but shows a larger dispersion 
than the previous results.

6 DISCUSSION
The results from both wave time series 
generation methods show plausible individual 
shoreline evolution simulations and final (20-
year) positions. For each method, the final 
shoreline positions lie within an envelope 
capturing the variability and unpredictability of 

the time sequence. This variability, mainly in 
the vicinity of the coastal defence structures, has 
been described in the literature (e.g. Sena, 2010). 
The calculated annual net alongshore sediment 
transport rate variation is within less than 5% of 
the reference sediment transport rate (from the 
original time series).
Using the statistical distributions that presented 
the best fit for the wave parameters, the shoreline 

Figure 8. Shoreline position histograms for 
the south (a), middle (b) and north (c) points 
in the domain. The black line represents the 

initial shoreline position and the evolution can 
be either accretionary (value concentration to 

the right) or erosive (value concentration to 
the left). The Normal distribution was

adjusted to each histogram.
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position envelope showed a decreased variability 
compared to that of the rearranged wave series. 
However, the maximum distance between the 
envelopes of those simulations is 17 m (see the 
northern stretch, near the seawall, in Figure 
7), whereas the distance between the mean 
lines has a maximum of 3.7 meters. For the 
model reliability at this scale, these values are 
considered negligible. Hence, the benefit of using 
the Monte-Carlo approach is the possibility of its 
application to an infinite number of simulations 
with little effort, it is only necessary to use the 
statistical distributions determined for each wave 
parameter to limit the values to the data-inferred 
range.
One further advantage of the Monte-Carlo method 
is its ability to accommodate climate change 
scenarios. That is, one can incorporate climate 
change predicted tendencies and relations into the 
statistical distributions of the wave parameters, 
and thus obtain corresponding synthesised wave 
series.
Additionally, the inclusion of synthetic storm 
events was tested (Teixeira-Canelas, 2021), using 
for the synthesis of the storm events the same 
method used for the synthesis of the wave series. 
These events were randomly distributed by the 
wave time series, respecting the frequency of 
occurrence and duration of the observed storms. 
In the shoreline simulations, it was found that 
adding the storms did not change the model 
output (the 20-year shoreline) considerably. 
Nevertheless, the storminess inclusion can 
impact in the order of 5% the predicted net annual 
sediment transport rates.
Finally, using the Monte-Carlo approach, the 
synthetic wave series generation was selected 
to perform 100 shoreline position simulations 
to obtain shoreline position histograms along 
with the domain (see examples in Figure 8). 
With the 100 shoreline simulations it is possible 
to construct histograms for each domain point 
with the occurrence probability of the shoreline 
position relative to the baseline. In each sub-
figure, the shoreline positions to the right of the 
initial position are indicative of accretion, where 
the opposite occurs for those at the left. So, in the 
present case, the ensemble mean positions show 
an erosive trend at the south and middle cross-
sections and an accretive trend at the north point. 

This kind of chart indicates the uncertainty in 
the shoreline position related to the wave series 
and helps to better understand it at various points 
throughout the domain and to assist coastal 
management decisions.

7 CONCLUSIONS
Wave chronology analysis is a tool to obtain a 
probabilistic envelope of possible shoreline 
positions rather than a deterministic result, to 
attempt to accommodate the future wave time-
sequence unpredictability. Here, this methodology 
was used assuming that the future wave climate 
retains the statistical characteristics of the recent 
past one, and thus no other effects, such as climate 
changes, are addressed in this analysis. However, 
the method opens the possibility for including 
that effect.
Due to the predicted large shoreline position 
variability near coastal defence structures, it 
is considered that wave chronology analysis is 
especially important to understand the long-term 
impact of these structures.
Generating random wave series from statistical 
distributions that respect the interdependencies 
of the wave parameters has proven to be the 
most effective way in synthesizing wave series 
for this type of analysis.  Due to their ease of 
creation, synthetic random wave series can be 
produced with the desired temporal range without 
depending on the existence of datasets other than 
for statistical analysis. However, the use of real 
rearranged wave series also showed consistent 
results, with a higher variability of the shoreline 
position near the structures, which can be used 
for the understanding of the influence of coastal 
defence works in the long term.
Comparing the results obtained with 30 versus 
100 simulations of the shoreline position, it 
can be concluded that thirty simulations are 
recommended as a minimum to get a shoreline 
position envelope and about one-hundred 
simulations are necessary to obtain shoreline 
position distribution curves (possibly, one at each 
cell in the domain). It is advised to systematically 
use wave chronology analysis in future studies, 
and it is suggested to automate the whole process 
of synthetic random wave series production, the 
model set up and output organization, to make 
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this method more practical for users.
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Performance of a nourished 
sand beach in the upper Gulf 
of Thailand
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Wide sand beaches in Thailand are renowned for attracting many tourists. Pattaya, located near Bangkok 
in the upper Gulf of Thailand, ranked the 15th in the Global Destination Cities Index 2019, but its beach 
almost disappeared. Pattaya beach is microtidal with an average tidal range of 1.5 m. The average 
significant wave height is 0.2 m, and the wave energy is low. The beach was widened by placing 130 
m3/m of medium sand along the shoreline length of 2.8 km between two terminal groins constructed 
in 2018. The bathymetry and topography were measured in 2019, 2020, and 2021. The placed sand in 
the water depth, less than 2 m, was reduced by 14% after one year, but the reduction rate was halved 
after two years. The beach next to the updrift groin may have reached equilibrium, whereas erosion 
continued for the rest of the nourished beach. The bathymetry in the water depth of 2-4 m may have 
become stable seaward of the equilibrium beach but was accreting seaward of the eroding beach. Profile 
changes seaward of a closure depth based on wave breaking were noticeable on this nourishment beach 
during 2019-2021.

ABSTRACT

https://studiumeditore.it/riviste/coastal-and-offshore-science-and-engineering/
https://doi.org/10.53256/COSE_220204

Beach nourishment, sediment transport, terminal groin, erosion, Thailand

KEYWORDS

Coastal and Offshore Science and Engineering  
 Year I – Volume 2 (2022) – ISSN 2785-797246



1 INTRODUCTION
Beach erosion is a chronic problem in Thailand. 
Coastal structures were built to reduce beach 
erosion but did not restore wide beaches desired 
for seaside resorts. Ritphring et al. (2018) 
compiled a database of beach characteristics, 
including sediment diameter and beach slope. 
Most sediment diameters range between 0.2-
0.5 mm. The average beach slope is 0.1, and the 
average beach width above the mean sea level is 
35 m. Seawalls and revetments were reported to 
protect 10% of Thailand’s sandy coastlines. The 
first major beach nourishment in Thailand was 
carried out at Pattaya (Fig. 1), the famous resort 
located near Bangkok on the coast of the Gulf 
of Thailand. The length of the upper (northern) 
square area is about 100 km, and the average 
water depth is 15 m (Sojisuporn et al. 2013). 
In the following, the beach nourishment project 
in 2018 is explained concisely. The analysis on 
the bathymetry and topography is conducted to 
understand the evolution process of the nourished 
beach and the sand volume changes. The ultimate 
goal is to prolong the retention of the placed sand 
for the benefit of the tourist industry as well as 
from the coastal protection point of view.

2 PATTAYA BEACH
Satellite images of Pattaya beach have been 
available since 2005 (Google Earth Pro, 
TerraMetrics and Maxar Technologies). The 

Figure 1. Pattaya beach location in Thailand 
(ArcGIS Pro).

Figure 2. Pattaya beach (Google Earth Pro, 
TerraMetrics and Maxar Technologies)

 starting from Jan 4, 2005, up to Aug 9, 2021. 

dry beach width in the satellite images was very 
narrow even in 2005. This study deals with the 
interval of 2019-2021. Fig. 2 shows satellite 
images from January 4, 2005 (well before the 2018 
beach nourishment) up to August 9, 2021 (more 
than two years after the beach nourishment.)

2005/01/04 (pre-nourishment)

2019/11/25 (post-nourishment)

2021/08/09 (post-nourishment after more than two years)

After a dredged sand placement, the bathymetry 
and topography were surveyed in February 
2019, February 2020, and January 2021. The 
borrow site with medium sand of 0.3-0.4 mm 
median diameter was found 20 km from Pattaya 
beach. The sand was dredged and transported 
to a booster pump station ship. The transferred 
sand was pumped through pipelines on Pattaya 
beach along the curved shoreline of 2.8 km of 
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length between the terminal groins (60 m long) 
at the south and north (left and right in Fig. 2) 
ends. The placed sand volume was 363,000 m3, 
corresponding to the cross-sectional area increase 
of 130 m2. The beach width above the mean sea 
level was 57 m. The foreshore slope was 0.1, 
placing sand down to the existing seabed of 1-2 
m under water. Terminal groins were constructed 
in 2018. Six photos in Fig. 3 (a)-(f) show the 
transformation of Pattaya beach during 2019-
2021 after the sand placement.
Intermittent tide gauge data at Ao Udom 
(Marine Department, 2018), located 20 km 
north of Pattaya, were used to estimate water 
level variations relative to the mean sea level. 
The mean high and low water levels were 0.67 
m and -0.83 m, respectively. The mean higher 
high-water level was 1.07 m, and the highest 
high-water level, including storm surges, was 

(a) After the 
nourishment 

(February 2019)

(c) North terminal 
groin (February 

2020)

(e) After two years             
(January 2021)

(b) After one year                
(February 2020)

(d) North terminal 
groin (January 

2021)

(f) South terminal 
groin (January 

2021)

Figure 3. Pattaya beach during 2019-2021 
after the sand placement.

Figure 4. Depth contours in meters surveyed 
in February 2019, February 2020, and 

January 2021.

1.79 m. Waves at Pattaya were estimated using 
the empirical formula in the Coastal Engineering 
Manual (USACE 2003), and wind data at Pattaya 
Meteorological Station located 2.4 km south 
of Pattaya during 1981-2009. The formula was 
calibrated using wave buoy data during February-
November, 1997. The average significant wave 
height and peak period were 0.2 m and 1.3 s, 
respectively. The maximum wave height and 
period were 2.1 m and 7.1 s, respectively. The 
predominant wave direction was from the south-
southwest.
Fig. 4 shows the depth contours of 0-7 m at 
Pattaya beach in February 2019, February 2020, 
and January 2021, after the nourishment where 
the north is rightward in this figure. The beach 
profiles were examined along 30 cross-shore 
lines (L1-L30), where five lines are shown for 
simplicity.

In Fig. 4, L1 is immediately north of the south 
groin constructed to reduce local southward 
longshore sand transport observed at L1. 
Considering the predominant wave direction 
from the south-southwest, waves are diffracted 
around the cape south of Pattaya. The diffracted 
waves cause southward sand transport in the 
sheltered zone where a harbor was located (see 
Fig. 2). L30 is immediately south of the north 
groin constructed to reduce northward longshore 
sand transport. The sand placement affected the 
depth contours of 0-2 m between L1-L30 before 
the 2019 survey. The depth contours of 2-4 m 
were relatively stationary during 2019-2021, 
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Figure 5. Beach profiles in 2019, 2020, and 
2021 along Line L13 with offshore accretion 

and Line L26 with offshore erosion during 
2019-2020.

except the sand bars being observed between 
L15-L20 as a result of beach fill erosion. L20 
separates the north and south zones with different 
bathymetric changes.  L13 and L26 are located in 
the middle of L1-L20 and L21-L30, respectively.

Fig. 5 shows the beach profiles along with L13 
and L26 in 2019, 2020, and 2021. The elevation 
is relative to the mean sea level. The offshore 
distance is from the survey reference point 
located 10 m seaward of the vertical wall with 
its crest elevation of 3 m. The nourished berm 
elevation was increased from 2.2 m to 2.8 m in 
front of the wall. The beach profile evolution 
diverged at the offshore distance of approximately 
100 m for L1-L30. The seaward limit was set at 
the offshore distance of 700 m of limited bottom 
elevation changes. The offshore distance of 100 
m is used to separate the landward and seaward

zones of different profile evolution patterns. The 
placed sand was eroded during 2019-2021. The 
water depth at this separation point decreased 
from about 2 m at L1 to 1 m at L30 because of 
the northward decrease of the beach slope in 
Fig. 4. The seaward zone is accretional for L13 
and erosional for L26. The pronounced erosion 

in the seaward zone of L26 was not expected 
for the microtidal beach of medium sand in an 
environment of low wave energy.

3 DATA ANALYSIS 
The beach profile data for L1-L30 are analyzed 
to explain the bathymetric changes during 2019-
2021 in Fig. 4 and 5. The bottom elevation Zb (x, 
t) relative to the mean sea level is presented as a 
function of the offshore distance x at a given time 
t. The beach profile area change ∆A is calculated 
separately for the landward and seaward zones 
from February 2019 to February 2020 (1.0 year) 
and February 2020 to January 2021 (nearly 1.0 
year).
 

3.1 Beach profile area change
To interpret the beach profile area change ∆A for 
the 30 lines (L1 – L30), the area changes ∆A are 
separated into the area changes in the landward 
zone of the sand placement ∆AL and the area 
changes in the seaward zone (offshore of the sand 
placement) ∆AS. As mentioned previously, the 
offshore distance of 100 m is used to separate the 
landward and seaward zones of different profile 
evolution patterns. Thus, the beach profile area 
change calculated separately for the landward 
and seaward zones is examined using x = 100 m 
as the boundary of the two zones for the profiles 
Zb (x, t) with t = 2019, 2020 2021. 

For the landward zone area change ∆AL, the 
difference between Zb(x) in 2020 and Zb(x) in 
2019 is integrated from x = -10 m to x = 100 m to 
obtain ∆AL during 2019-2020. Zb(x) in 2021 and 
Zb(x) in 2020 are used to calculate ∆AL during 
2020-2021. For the seaward zone area change 
∆AS, the calculation procedure is the same except 
that the integration with respect to x is in the 
range of x = 100-700 m.

In Tab. 1, the bottom elevation Zb at x = 100 m 
and the beach profile area change ∆AL and ∆AS 
for L1 – L30 are summarized.
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Zb (m) at x = 100 m
(water depth)

Area (m2) 
changes

(2019 - 2020)

Area (m2) 
changes

(2020 - 2021)
2019 2020 2021 ∆AL ∆AS ∆AL ∆AS

L1 2.89 2.33 2.35 146.08 261.61 8.74 24.48

L2 2.10 2.35 2.14 -26.22 30.79 -15.12 68.43

L3 2.25 2.19 2.14 -31.33 -17.94 -8.01 77.38

L4 1.95 2.22 2.09 -30.52 -19.21 -27.50 66.80

L5 1.98 2.21 2.10 -20.08 -29.00 -19.36 85.29

L6 1.75 2.25 2.05 -45.65 -57.07 -21.09 95.75

L7 2.04 2.18 2.03 -25.95 -11.72 1.66 82.86

L8 1.97 2.14 1.96 -41.17 34.33 -9.09 98.58

L9 1.95 2.20 1.96 -45.32 60.25 -25.76 99.25

L10 2.08 2.04 1.89 40.02 64.95 -29.47 79.72

L11 2.13 2.02 1.91 -11.60 50.06 -18.13 62.84

L12 2.08 1.89 1.97 -9.10 57.90 -0.79 63.65

L13 1.88 2.10 1.96 -57.41 26.14 -27.14 27.19

L14 1.82 2.19 2.02 8.35 6.32 -21.19 -31.65

L15 1.77 1.99 1.78 -49.99 41.22 -34.37 -11.82

L16 1.87 1.98 2.05 -60.02 57.13 -19.17 -7.38

L17 1.84 1.95 1.64 -44.14 16.40 -7.83 13.78

L18 1.83 1.81 1.81 24.53 79.06 31.83 -12.57

L19 1.95 1.63 1.90 35.09 94.73 -29.50 -17.58

L20 2.02 1.75 1.95 12.64 -6.10 -25.59 10.79

L21 1.61 1.87 1.54 -20.83 -62.88 -9.17 10.84

L22 1.29 1.53 1.36 -40.75 -174.01 10.86 -73.66

L23 1.50 1.46 1.58 -15.24 -135.90 -7.75 -5.53

L24 1.41 1.28 1.29 -10.60 -121.97 -2.43 10.15

L25 1.44 1.22 1.22 15.04 -187.79 2.89 45.51

L26 1.25 1.30 1.17 -23.55 -214.94 4.90 46.13

L27 1.31 1.15 1.07 -25.28 -207.70 -1.08 60.28

L28 1.19 1.13 0.97 -29.17 -201.07 -4.21 30.03

L29 1.20 1.19 1.07 -31.05 -68.50 -20.03 -13.31

L30 0.99 1.08 0.27 -35.60 -77.60 -0.13 -29.39

Table 1. Bottom elevation Zb at x = 100 m and 
area changes ∆AL and ∆AS for L1 - L30

3.2 Alongshore length along 
Pattaya beach
The alongshore distance from L1 is calculated 
for each of the 30 cross-shore lines whose 
alongshore spacing decreases offshore as shown 
in Fig. 6. The area between L1-L30 is separated 
into 29 segments in the landward and seaward 
zones. The alongshore segment length in the 
landward (seaward) zone is calculated as the area 
per segment divided by the cross-shore distance 
of 110 m (600 m) in the landward (seaward) 

zone. The alongshore distance from L1 is the 
cumulative segment length from the first segment 
between L1 and L2. The alongshore distance 
from L1 to L30 is 2660 m and 2280 m in the 
landward and seaward zones, respectively.

Figure 6. Horizontal areas between 
cross-shore lines and along x = 100 m 

separating landward and seaward zones.

Figure 7. Bottom elevation Zb at x = 100 m 
along L1–L30 during 2019–2021.

Fig. 7 shows the alongshore increase of the 
bottom elevation Zb at x = 100 m from the 
south to the north in 2019, 2020, and 2021. The 
temporal change of Zb at x = 100 m was relatively 
small except at L1 and L30 next to the south 
and north groins in Fig. 4. The separation of the 
landward and seaward zones at x = 100 m may be 
reasonable in the view of Fig. 7.

3.3 Alongshore variation of erosion 
and accretion
Cross-sectional area changes ∆A in the landward 
and seaward zones (sand volume change per unit 
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2019-2020 2020-2021

Landward

Seaward

Figure 8. Beach profile area changes ∆A in 
landward and seaward zones along L1–L30 

during 2019–2020 and 2020–2021.

Figure 9. Comparison between landward ∆A 
during 2019–2020 and 2020-2021 with a 
small ∆A for L21-L30 during 2020-2021.

alongshore length) at Line J (J=1-30) are used to 
examine the alongshore variation of sand loss or 
gain per unit length (m3/m). The area change ∆A 
is plotted as a function of the alongshore distance 
of Line J, which is the sum of the “landward” 
segment alongshore length for Segments 1 to (J-
1). The following symbols are used for plotting.

The four different values of ∆A in the two zones 
and during the two intervals are plotted for each 
of the 30 cross-shore lines in Fig. 8 as a function 
of the landward alongshore distance from L1. 
It is noted that the beach profile area changes 
from 2015 (before the nourishment) to 2019 
were presented by Laksanalamai and Kobayashi 
(2021). The area increased in the landward zone 
during 2015-2019 was approximately 130 m2.

No sand was placed along L1 during 2015-2019 
because sand accretion was expected north of the 
south groin. The area changes in the landward 
and seaward zones along L1 were largely positive 
(accretion) during 2019-2020 and became small, 
indicating the deposited sand along L1 next to 
the south groin may have reached equilibrium. 
The  The area changes ∆A in the landward zone 
during 2019-2020 were negative (erosion) except 
for L1, 10, 14, 18-20, and 25 (Tab. 1) where 
sand accretion occurred. The area changes in the 
landward zone during 2020-2021 were mostly 

negative (erosion) and varied alongshore as 
explained subsequently. The area changes in the 
seaward zone during 2019-2020 were mostly 
positive for L2-L19 and negative for L20-L30. 
Later on, during 2020-2021, ∆A in the seaward 
zone remained accretional for L2-L13 but 
became slightly erosional for L14-L19. The area 
changes in the seaward zone for L21-L30 became 
accretional except for L22, 23, 29, 30 with slight 
erosion.

3.4 Trends of different area 
changes
The area changes ∆A listed in Tab. 1 and plotted 
in Fig. 8 are explained to understand the trends of 
the bathymetric changes. L1 is excluded because 
the profile L1 may have reached equilibrium. Fig. 
9 compares the area changes in the landward 
zone during 2019-2020 and 2020-2021. The 
negative value of ∆A implies the erosion of the 
sand placed in the landward zone before 2019. 
The range of ∆A = (-60)-40 m2 during 2019-
2020 was reduced to ∆A = (-34)-32 m2 during 
2020-2021. The range reduction was more 
apparent for L21-L30. The average ∆A during 
2020-2021 was -16 m2 for L2-L20 and -2.6 
m2 for L21-L30. Considering the predominant 
wave direction from the south-southwest and the 
north terminal groin constructed to reduce the 
northward sediment transport, the landward zone 
for L21-L30 may be approaching equilibrium, 
which explains the lower reduction rate two years 
after the nourishment.
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Sand placed in the landward zone may be 
eroded and transported to the seaward zone or 
the downdrift direction (Figlus and Kobayashi 
2008). Fig. 10 compares the area changes in the 
landward and seaward zones during 2020-2021.

Figure 10. Comparison between seaward ∆A 
and landward ∆A during 2020–2021.

Figure 11. Comparison between seaward ∆A 
during 2019–2020 and 2020-2021.

The correlation between the landward and 
seaward area changes was practically zero during 
2020-2021 as was the case with the duration of 
2019-2020 (Laksanalamai and Kobayashi 2021). 
The range of ∆A = (-74)-99 m2 in the seaward 
zone for 2020-2021 was definitely larger than the 
corresponding range in the landward zone. The 
wider range in the seaward zone persisted even 
for L21-L30. The area changes in the landward 
and seaward zones apparently were not related 
on this nourished beach exposed to small waves 
with the average significant wave height of 0.2 
m.
Fig. 11 compares the area changes in the seaward 
zone during 2019-2020 and 2020-2021. The 
range of ∆A in the seaward zone during 2019-
2020 was (-57)-95 m2 with the average = 25 m2 
for L2-L20 and (-215)-(-63) m2 with the average 
= -145 m2 for L21-L30. The area changes were 
clearly different in the two alongshore zones. 
The range of ∆A during 2020-2021 was (-32)-
99 m2 for L2-L20 and (-74)-60 m2 for L21-L30. 
The range of ∆A for L2-L20 was similar between 
2019-2020 and 2020-2021. The area changes 
for L21-L30 were very erosional for 2019-2020 
but became more balanced between erosion and 
accretion for 2020-2021. The cause of the drastic 
change in the seaward zone between L21-L30 
from 2019-2020 to 2020-2021 is uncertain but 
might be related to tidal currents. Offshore tidal 
currents were measured in 1993. Flood and ebb 
tidal currents were in the range of 0.3-0.5 m/s. 

The numerical prediction of sand transport by 
waves and currents is beyond the scope of this 
study.

3.5 Sand volume changes 
Sand volume changes (∆V) for each of the 29 
segments are calculated using the alongshore 
length of each segment (Fig. 6) and the beach 
profile area change along each cross-shore line 
(Tab. 1). Sand volume changes in the landward 
and seaward zones between L1-L20 and L20-L30 
are presented in Fig. 12. Three points represent 
all the cross-shore lines at the offshore distance of  
-10, 100, and 700 m. The curved line of -10 m 
corresponds to the vertical wall with its crest 
elevation of 3 m. The curved line of 100 m 
separating the landward and seaward zones 
terminates near the head of the north groin. The 
curved line of 700 m is the seaward boundary of 
noticeable bottom elevation changes in this study, 
but the bottom elevation changed somewhat 
outside the study area (Fig. 4). The data for 2015-
2019 presented by Laksanalamai and Kobayashi 
(2021) are included in Fig. 12 to interpret the 
sand volume changes during 2015-2021.

Fig. 12 presents the measured sand volume 
changes concisely. The sand placement in the 
landward zone before the 2019 survey increased 
the sand volume by 257K (1K=1,000 m3) and 
105K between L1-L20 and L20-L30, respectively. 
The negative values in the parentheses and 
brackets indicate the lost sand volumes during 
2019-2020 and 2020-2021. The total lost volume 
was 49K (13.5% of 362K) during 2019-2020 and 
27K during 2020-2021. The destination of the 
lost sand was searched in the survey data. The 
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Figure 12. Sand volume changes in landward 
and seaward zones during 2015–2019 in 

comparison with those changes (in parenthe-
ses) during 2019–2020, and (brackets) during 
2020-2021, where points (solid circles) along 

each of L1–L30 are located at the offshore 
distances of -10, 100, and 700 m.

lost sand could have been transported northward 
by waves from the southwest and deposited 
behind the north groin and north of L30 (Fig. 3d). 
However, the sand volume change in this area was 
-7K during 2019-2020. This area was essentially 
full because of the sand placement in 2018. The 
sand loss between L1-L20 was 27K during 2019-
2020 and decreased slightly to 23K during 2020-
2021. On the other hand, the sand loss between 
L21-L30 decreased from 22K during 2019-2020 
to 4K during 2020-2021, possibly because of the 
nourished profile approaching equilibrium (Fig. 
5). The erosion trend in the landward zone in Fig. 9 
was continuing between L1-L20 but diminishing 
between L21-L30.

In the seaward zone, the deposited sand volume 
between L1-L20 was similar during 2015-2019, 
2019-2020, 2020-2021 with the sand volume 
increase of 50K, 54K, and 52K, respectively. 
The eroded sand volume between L20-L30 
was relatively high during 2015-2019 and 
2019-2020 with the erosion volume of 139K 
and 107K, respectively. During 2020-2021, 
however, the erosion changed to a negligible 
sand volume increase of 2K (deposition). The 
persistent accretion trend between L1-L20 and 
the diminishing erosion trend between L21-L30 
are apparent in Fig. 11. The profile area changes 
in the landward and seaward zones of a nourished 
beach are expected to be correlated because of 
cross-shore sand transport (Figlus and Kobayashi 

2008). Fig. 10 suggests little correlation 
between the two zones during 2020-2021 as 
was the case during 2019-2020 (Laksanalamai 
and Kobayashi 2021). The destination of the 
eroded sand from the nourished landward 
zone is uncertain at present. The source of the 
deposited sand in the seaward zone between 
L1-L20 is unknown.

4 CONCLUSIONS
The performance of the first major beach 
nourishment project in Thailand was assessed 
using the bathymetry and topography survey 
data after the nourishment. The nourished berm 
with the foreshore slope of 0.1 was eroded 
under low wave energy. No sand accretion 
was found behind a terminal groin filled with 
sand. Morphological changes associated with 
breaking waves and wave-induced currents 
were subdued or absent in the low wave energy 
environment. The destination of the sand eroded 
from the nourished foreshore was uncertain. 
In the seaward zone outside the surf zone, 
bathymetric changes were affected little by the 
foreshore erosion. Measurements of currents, 
waves, and sand transport are required to trace 
the fate of the nourished sand on the foreshore 
and to clarify the causes of the bathymetric 
changes in the seaward zone. The bathymetry 
and topography survey should be continued to 
improve the design of beach nourishment in an 
environment of low wave energy and limited 
availability of sand.
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A cross-shore numerical model and laboratory data have been integrated to predict the erosion processes 
of consolidated sand dunes under irregular breaking waves. The complicated interactions of waves and 
consolidated sand have been simplified and incorporated into an existing cross-shore numerical model. 
Natural sand is moved by turbulence generated by wave energy dissipation caused by wave breaking and 
bottom friction. The addition of a consolidating material injected into the sand limits the movement of 
the sand particles, increasing the resistance and, consequently, reducing the erosion rate. For the limited 
erosion case, the resistance parameter of the consolidated sand has been estimated analytically. The 
erosion model, incorporated into the cross-shore numerical model, has been calibrated with laboratory 
observations on a small-scale model consisting of a horizontal consolidated sand bottom under non-
breaking regular and irregular waves. The calibrated model has been used to simulate the erosion process 
on a small-scale beach-dune system under breaking irregular waves. The computed profile elevation 
changes have been found to be consistent with laboratory observations. The results of the numerical 
simulations confirm the increase in resistance due to the addition of the consolidating material injected 
into the sand. The numerical model may be used to quantify the benefit of reinforcement a vulnerable 
sand dune against storms.
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1 INTRODUCTION
Coastal erosion phenomena at many coastal sites 
are caused by natural effects largely intensified due 
to human activities. The integration of traditional 
and innovative techniques, based on natural 
processes to create a resilient system, appears to 
be one of the most promising methods for coastal 
defense (Foti et al., 2020). Coastal dunes are 
recognized for their capabilities to prevent coastal 
flooding during wave storms (D’Alessandro and 
Tomasicchio, 2016; Tomasicchio et al., 2011). 
A number of laboratory experiments have been 
conducted for the investigation and verification 
of different techniques aiming at coastal dune 
erosion reduction (e.g., Kobayashi et al. (2013); 
Leone et al. (2021)). Available experimental 
data are used to integrate existing numerical 
models for cross-shore morphodynamics of the 
beach-dune system and extend their applications. 
Sediment transport models are used in order to 
gain insight into the medium- and long-term 
changes of a coastal system. However, sediment 
transport modelling is challenging essentially 
because no dynamic equation is available to 
describe the movement of a large number of 
sediment particles. Moreover, transport modeling 
of sediment mixture containing both loose and 
consolidated sand is not established yet because 
the consolidated sand is eroded slowly in 
comparison to the erosion process of loose sand. 
As a consequence, sediment transport models 
are essentially empirical and dependent on 
reliable experimental data. Nairn and Southgate 
(1993) developed, and validated with laboratory 
data, a numerical model to reproduce offshore 
bar formation on a thin sand layer overlaying a 
cohesive till substrate. Kobayashi and Weitzner 
(2015) developed a dike erosion model to predict 
the temporal and cross-shore variations of vertical 
erosion depth on the seaward clay slope with or 
without a turf cover. The dike erosion model was 
incorporated in the cross-shore numerical model 
CSHORE (Kobayashi, 2016). Kobayashi and 
Zhu (2020) used the dike erosion model to predict 
the erosion of a consolidated cohesive bottom 
containing cohesionless sediment and compute 
till profile evolutions for durations of 100–200h.
In the present study, CSHORE has been extended 
to predict the erosion of consolidated sand 

using the model of a consolidated cohesive 
bottom containing cohesionless sediment. The 
extended CSHORE has been compared with the 
laboratory data obtained by Leone et al. (2021). 
The calibrated CSHORE has then been used 
to compute profile evolutions of a beach-dune 
system with consolidated sand. In the following, 
the experiments are briefly described. The 
extended numerical model and comparison with 
laboratory observations are discussed in detail.

2 EXPERIMENTS
Physical model tests have been conducted in 
the 2D wave flume at the EUMER lab, Campus 
Ecotekne (Lecce, IT). The flume is 45 m long, 
1.5 m wide, and 2 m deep equipped with a 
single paddle wave generator and an active 
wave absorption system. The experiments have 
been focused on the verification of an innovative 
and environmental-friendly technique for the 
consolidation of coastal sand dunes using a mineral 
colloidal silica-based grout (D’Alessandro et al., 
2020). The experimental campaign is described 
in detail in Leone et al. (2021). The additive to 
consolidate the sand consists of a nature-based 
and non-toxic aqueous suspension with dispersed 
nanometric particles of colloidal silica (Todaro, 
2021). Before injecting nanosilica into the sand, 
an activator, i.e., a solution of sodium chloride (10 
NaCl in water), has been added to the suspension, 
inducing the mixture to become a gel. Then, the 
dispersion of the nanosilica-based grout has 
been carried out by a pressure pulverizer at 20 
C, penetrating into the surface layer of the sand. 
The amount of the grout has been calculated so 
as to achieve a homogeneous consolidated sand 
layer of about 5 cm. After spraying the grout 
and after the completion of the gelling time, a 
homogeneous consolidation of the sand has been 
observed. The result consisted of a pore-filling 
process and an increase in cohesion of the sand; 
nevertheless, the nanosilica-based material did 
not interfere with germination or seedling growth 
because permeability has been ensured. 
The sediment used in the experiments is well-
sorted fine sand with a median diameter d50 of 
0.245 mm; the measured density of sediment 
grains, ρs, and the porosity, ε, of the sand are 2.6 
g/cm3 and 0.4, respectively.
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2.1 Horizontal Bed Experiments
The first part of the experimental campaign 
has been carried out on a horizontal seabed, 
where the bottom shear stress at the surface of 
the consolidated sand has been estimated using 
existing wave boundary layer models. In the 
wave flume, two concrete blocks with a triangular 
geometry and 1/3 slope (Figure 1) have been 
positioned at a distance of 2 m from each other. 
The blocks are 0.3 m high, 0.9 m long, and as wide 
as the width of the flume. The 2-m gap between 
the blocks has been filled with sand. One wave 
gauge (WG1) has been located near the wave 
generator and three wave gauges (WG2–WG4) 
have been used to evaluate the wave conditions 
over the horizontal seabed and to separate 
incident and reflected waves in the wave flume 
(Figure 1). The bed profile has been observed 
with a laser profiler for an extension of 1.5 m on 
the seabed to avoid the edge effects due to the 
slopes; the area on which the nanosilica has been 
sprayed is marked with the yellow line in Figure 
1. The bottom profile measurement corresponds 
to the origin of the onshore coordinate x and the 
water level defines the origin along the vertical 
axis z. Six regular and six irregular non-breaking 
wave tests have been conducted. Table 1 lists 
the incident wave characteristics on Horizontal 
bottom with Consolidated sand (HC1-12 tests) 
used in the present study. The listed tests are 
defined by water depth at the sand bottom, h, 
wave height, H, wave period, T, and duration, d. 
For irregular waves, H and T are replaced by the 
root-mean-square wave height, Hrms, calculated 
as Hrms=Hm0 / √2 with Hm0 = significant wave 
height and peak period, Tp.

Figure 1: Side view of the experimental setup 
of Horizontal Consolidated (HC) bottom tests

2.2 Dune Erosion Experiments
In the second part of the experimental campaign, 
a beach-dune system model has been considered; 
the cross-shore beach-dune profile has a length 
of 6.9 m. The beach has a slope of 1/10 on an 
extension of 5.2 m and a slope of 1/50 on an 
extension of 0.2 m. The seaward slope of the dune 
is 1/1.5 on an extension of 0.5 m. The dune crest 
length is 0.5 m and the dune height above the toe 
is 0.35 m. Six wave gauges (WG1-WG6) have 
been used to measure the free surface elevation in 
the wave shoaling zone. A side view of the beach-
dune system as built with the instrumentation is 
shown in Figure 2. The origin along the onshore 
coordinate x is taken at WG1 and the water level 
defines the origin along the vertical axis z. In 
Table 2, values of the onshore coordinate x (m) 
and water depth h (m) below the still water level, 
SWL, at each of the six WGs are listed. 

Test
name

Wave
type

h
[m]

H/Hrms
[m]

T/Tp
[s]

d
[s]

HC1 Regular 0.40 0.118 1.00 180

HC2 Regular 0.40 0.141 1.20 216

HC3 Regular 0.50 0.160 1.80 324

HC4 Regular 0.50 0.227 2.00 360

HC5 Regular 0.60 0.209 1.80 324

HC6 Regular 0.60 0.231 2.19 396

HC7 Irregular 0.40 0.069 1.48 8145

HC8 Irregular 0.40 0.085 1.80 2574

HC9 Irregular 0.50 0.108 2.02 2460

HC10 Irregular 0.50 0.134 2.46 1752

HC11 Irregular 0.60 0.133 2.15 1606

HC12 Irregular 0.60 0.150 2.42 1752

Table 1: Regular and irregular wave characte-
ristics for HC1-12

The cross-shore profile of the beach-dune system 
has been measured with the laser profiler in the 
zone of noticeable profile changes x = 11.0 m – 
12.5 m (1.5 m onshore distance) with a spatial 
resolution of sampling interval Δx = 0.002 m. Seven 
wave conditions have been considered in water 
depth of 0.53 m. Tables 3 and 4 list the irregular 
incident wave characteristics on the beach-dune 
system defined by Hrms and Tp. Starting from time 
t = 0, the initial profile has been exposed to four 
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Test name Run H/Hrms [m] T/Tp [s] d [s]

DN1 1 0.071 1.17 252
DN1 2 0.074 1.14 506
DN1 3 0.069 1.19 859
DN1 4 0.069 1.19 1217
DN2 1 0.082 1.56 309
DN2 2 0.081 1.56 617
DN2 3 0.081 1.57 1056
DN2 4 0.081 1.54 1496
DN3 1 0.083 1.99 384
DN3 2 0.083 1.99 768
DN3 3 0.083 2.16 1322
DN3 4 0.083 2.27 1874
DN4 1 0.087 2.49 427
DN4 2 0.087 2.45 862
DN4 3 0.086 2.55 1485
DN4 4 0.086 2.53 2116
DN5 1 0.110 1.23 271
DN5 2 0.109 1.23 542
DN5 3 0.106 1.19 926
DN5 4 0.107 1.19 1313
DN6 1 0.133 1.52 318
DN6 2 0.133 1.52 636
DN6 3 0.130 1.52 1087
DN6 4 0.129 1.54 1539
DN7 1 0.133 1.99 392
DN7 2 0.133 1.99 776
DN7 3 0.131 2.27 1334
DN7 4 0.131 2.27 1890

WG WG1 WG2 WG3 WG4 WG5 WG6

x [m] 0 0.4 0.9 7.0 7.3 7.7

h [m] 0.53 0.53 0.52 0.44 0.41 0.38

Table 3: Irregular wave characteristics in 
water depth of 0.53 m for DN1-7 with 4 runs

Table 2: Onshore coordinate x and water 
depth h below SWL at WG1-WG6 for dune 

erosion experiments

runs composed of 230, 230, 330, and 330 waves, 
respectively. Tests DN1-7 (Dune Natural) refer to 
a condition of sand without nanosilica and tests 
DC1-7 (Dune Consolidated) refer to a condition 
with nanosilica. The nanosilica-based grout has 
been sprayed in tests DC1-7 from the toe up to the 
crest of the dune to evaluate the increase of the 
erosion resistance exclusively on the dune face 
(yellow line in Figure 2).

3 NUMERICAL MODEL
The cross-shore model CSHORE was developed 
initially to predict the cross-shore transformation 
under irregular nonlinear waves (Johnson 
and Kobayashi, 1999). The present version of 

CSHORE includes various capabilities added for 
the last 20 years. Theoretical aspects are reported 
in detail in the CSHORE manual (Johnson et al., 
2012) and the later updates are summarized in 
Kobayashi (2016). The components of CSHORE 
for normally incident waves and alongshore 
uniformity include: a combined wave and current 
model based on time-averaged continuity, 
momentum, wave energy or action, and roller 
energy equations; a sediment transport model 
for bed load and suspended load coupled with 
the bottom sediment continuity equation. In the 
present numerical study, the input data include 
the measured incident wave characteristics from 
wave probes and the sand bottom elevation zb 
from the bed profiler system.

3.1 Sediment Transport
The cross-shore suspended sediment transport 
rate qs is expressed as:

where ax = empirical suspended load parameter 
with a typical value of ax = 0.2 on a gentle slope; 
Ū = cross-shore return (undertow) current; 
Vs = suspended sediment volume per unit 
horizontal area caused by wave breaking and 
bottom friction. The cross-shore bedload transport 
rate qb is expressed as:

where b = empirical bedload parameter with a 
typical value of 0.002; Pb = sediment movement 
probability; g = gravitational acceleration;
s = sediment specific gravity; σU = standard 
deviation of the oscillatory depth-averaged 
velocity U; Gs = bottom slope function for the 
bed load, where Gs = 1 on the horizontal bottom.

1

2
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3.2 Sediment Transport
In the present study, the nanosilica-based grout of 
a finite thickness is modeled like a consolidated 
cohesive bottom containing cohesionless 
sediment (Kobayashi and Zhu, 2020). The 
unknown variables are the upper elevation zp 

Figure 2: Side view of the experimental setup of Natural and Consolidated Dune (DN and DC) tests

Figure 3: Loose sand upper elevation zb and 
consolidated sand upper elevation zp

Test name Run H/Hrms [m] T/Tp [s] d [s]

DC1 1 0.074 1.17 252
DC1 2 0.074 1.20 505
DC1 3 0.071 1.19 855
DC1 4 0.071 1.19 1209
DC2 1 0.082 1.56 311
DC2 2 0.082 1.56 618
DC2 3 0.081 1.57 1053
DC2 4 0.081 1.53 1487
DC3 1 0.086 1.99 369
DC3 2 0.086 2.02 738
DC3 3 0.085 2.21 1266
DC3 4 0.085 2.21 1796
DC4 1 0.088 2.42 429
DC4 2 0.087 2.42 863
DC4 3 0.086 2.47 1485
DC4 4 0.086 2.47 2106
DC5 1 0.107 1.23 274
DC5 2 0.107 1.23 544
DC5 3 0.105 1.19 926
DC5 4 0.103 1.19 1310
DC6 1 0.143 1.53 321
DC6 2 0.143 1.53 641
DC6 3 0.139 1.54 1095
DC6 4 0.138 1.56 1549
DC7 1 0.147 1.99 389
DC7 2 0.147 1.99 773
DC7 3 0.147 1.99 1321
DC7 4 0.141 1.99 1869

Table 4: Irregular wave characteristics in 
water depth of 0.53 m for DC1-7 with 4 runs

3

(t, x) of the consolidated sand layer protecting 
underneath loose sand and the upper elevation zb 
(t, x) of loose sand released after the erosion of 
the consolidated sand layer. The loose sand layer 
thickness hp (t, x) on the consolidated layer is 
given by:

where zb (t, x) and zp (t, x) vary with time t and 
onshore coordinate x. In Figure 3, the unknown 
variables zb and zp are sketched for HC (Figure 
1) and DC (Figure 2) tests involving consolidated 
sand by nanosilica-based grout. At the beginning 
of each test (time t = 0) there is no loose sand and 
zb = zp. After the wave attack (time t = d), a loose 
sand layer is formed and zb > zp and hp > 0.

zb=z p

zp

zb

t = 0 t = d
hp
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The abrasive or protective effect of loose sand 
released from eroded consolidated sand is 
considered empirically through the dimensionless 
function F in terms of the sand movement 
probability Pb and sand layer thickness hp:

 

where Ca = abrasion coefficient; Cp = protection 
coefficient; h* = normalized sand layer thickness 
relative to the median sand diameter d50. 
Kobayashi and Zhu (2020) calibrated Ca = 2 and 
Cp = 0.5 for glacial till. The temporal and cross-
shore variations of vertical erosion depth E(t ,x) 
is related to the consolidated sand surface erosion 
as:

Assuming zp = zb, hp = 0 in Eq.(3) at t = 0, whereas 
E = 0 at t = 0 in Eq.(5).

3.3 Consolidated Sand Erosion
The consolidated sand layer is characterized by 
the erosion resistance parameter Rc expressed in 
m2 / s2. The erosion work rate is represented by 
the product of the resistance force and the vertical 
erosion rate as:

where ρRc is the resistance force of the 
consolidated sand layer per unit horizontal 
area, ρ is the fluid density and D is the energy 
dissipation rate per unit horizontal area required 
for this erosion work (Kobayashi and Weitzner, 
2015). The consolidated sand is expressed by the 
resistance parameter Rc and sand volume fraction 
fc. The loose sand released from the consolidated 
sand is represented by the median diameter d50, 
porosity np, fall velocity wf and specific gravity 
s. The loose sand is transported as bed load and 
suspended load [Eqs.(1) and (2)]. The energy 

dissipation rate D is related to the turbulence 
generated by wave energy dissipation as:

where DB and Df are the rates of wave energy 
dissipation per unit horizontal area due to wave 
breaking and bottom friction, respectively; eB 
and ef are the efficiencies for wave breaking and 
bottom friction, respectively; Gd is a function of 
the bottom slope Sb (Gd = 1 for Sb = 0), introduced 
to increase erosion on a steep dike slope.
eB = 0.0002 and ef = 0.01 were calibrated by 
Kobayashi and Weitzner (2015). By substituting 
Eq.(7) into Eq.(6) and including Eq.(4) for the 
effect of abrasion or protection of the released 
loose sand on the consolidated sand layer, the 
consolidated sand erosion model is summarized 
as:

The conservation equation of loose sand volume 
per unit horizontal area on the consolidated sand 
surface is expressed as:

where np = the porosity of loose sand taken as 
0.4; qb and qs are the cross-shore bed load and 
suspended load transport rates per unit width 
given by Eq.(1) and Eq.(2); fc is the sand volume 
per unit volume of consolidated sand in the range 
of 0 ≤ fc< (1 - np) = 0.6. 
For natural wet sand containing 9.2% clay (Zhu 
and Kobayashi, 2021), the upper and lower limits 
of Rc have been estimated as:
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4 COMPARISON WITH EXPERIMENTS 
4.1 Calibration of Rc with the 
Horizontal Bed Experiment
The estimate of Rc has been performed using 
observations from the horizontal bed experiment 
and analytical solutions. In HC tests with non-
breaking waves and a horizontal bed, DB = 0 
and Gd = 1 in Eq.(8). The initial condition of no 
loose sand on the consolidated sand layer (hp = 
0) implies F = 1 (no abrasion, no protection) in 
Eq.(4). Eq.(8) can be simplified as:

CSHORE assumes the Gaussian distribution 
of the depth-averaged horizontal velocity u for 
random waves (Kobayashi et al., 2007) with ū 
= mean related to wave-induced currents and 
σu = standard deviation related to oscillatory 
wave velocity. The time-averaged wave energy 
dissipation rate Df is expressed in terms of ū and 
σu as:

where fb is the bottom friction factor. Function 
G3 can be estimated as  
assuming ū = 0 for the horizontal bed experiment. 
For regular waves, the time-dependent wave 
velocity can be expressed as u(t) = Uw cos(ωt) 
and σu=Uw / √2 and G3=(8√2) / (8π)=1.2. 
Integrating Eq.(11) with Eq.(12) from t = 0 to 
t =d:

where E is the erosion depth at t = d and σu is 
constant during t = 0 - d. Velocities have not 
been measured during the HC tests. One way 
to estimate σu is to assume linear wave theory 
locally. For linear progressive waves with no 
setup (  =0) and no mean velocity (ū = 0), the 

11

14

15

12

13

standard deviation σu of the depth-averaged 
velocity can be expressed as a function of the free 
surface standard deviation ση (Kobayashi, 2016):

The standard deviation ση is estimated as ση=H/√8 
for regular wave height H. For irregular waves, 
ση=Hrms / √8 with Hrms = root mean square wave 
height.
For the regular wave tests HC1-6 with a horizontal 
bed, the standard deviation σu may be expressed 
using the horizontal velocity Uw above the bottom 
boundary layer instead of Eq.(14) for the depth-
averaged velocity:

where T=2π/ω is the wave period, ω is the angular 
frequency, and k is the wave number. In Table 5, 
σu and Rc E in Eq.(13) are listed together with the 
wave characteristics for regular wave tests with 
consolidated sand. The test duration d is 180-396 
s. The difference of σu is less than 30% except 
for HC1, which reaches 50% because of the small 
wave period. The depth-averaged σu in Eq.(14) is 
larger than the near-bed σu in Eq.(15) as expected.
The calibration of Rc for HC1-6 is performed by 
comparing the calculated erosion E using σu= 
Cση / h for both regular and irregular waves. The 
observed erosion Eo may have been 1 mm or less 
because the consolidated sand appeared intact. In 
Figure 4, E for regular waves with Rc = 0.1, 1 
and 10 m2 / s2 is compared with Eo = 10-3 m. The 
calculated E using Rc E in Table 5 is less than 10-3 
m (1 mm) for Rc = 1 m2 / s2 or larger for regular 
waves.

10-6 10-3 1

10-3

1

10-6 10-3 1

10-3

1

10-6 10-3 1

10-3

1

10-6 10-3 1

10-3

1

10-6 10-3 1

10-3

1

10-6 10-3 1

10-3

1

HC1-6

Rc = 0.1

HC1-6

Rc = 1

HC1-6

Rc = 10

HC7-12

Rc = 0.1

HC7-12

Rc = 1

HC7-12

Rc = 10

Figure 4: E for regular waves for Rc = 0.1, 1 
and 10 m2 ⁄ s2  in comparison with Eo=10-3 m
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In Table 6, σu= Cση / h and Rc E are listed together 
with the wave characteristics for irregular wave 
tests. The test duration d is 1752-8145 s. In Figure 
5, E for irregular waves is compared with Eo = 
10-3 m in the same way as in Figure 4.
The comparison between Eo and E values in 
Figures 4 and 5 indicates that Rc is of the order 
of 1 m2 / s2 for the consolidated sand used 
in this study. In the following computations, 
Rc  = 1 m2  / s2 will be used as the erosion resistance 
parameter.

Figure 5:  E for irregular waves for Rc = 0.1, 
1 and 10 m2 ⁄ s2  in comparison with Eo=10-3 m
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4.2 Incident Wave Characteristics
The wave characteristics used as input in the 
CSHORE computations are summarized in Tables 
1, 3 and 4, assuming Hrms=Hm0 / √2 for irregular 
waves. Incident wave conditions for each test are 
specified at the seaward boundary location at x=0 
in Figures 1 and 2. The bottom elevation change 
and erosion depth of the consolidated sand are 
computed in the computation domain 0 ≤ x ≤ 
xm (xm = 1.5 m in Figure 1 and xm = 12.5 m in 
Figure 2) for the duration of 0 ≤ t ≤ d where the 
test duration d has been about one hour for DN 
and DC tests.

4.3 Comparison with HC Tests
Calculations for the horizontal bed with a 
consolidated sand case (HC1-12) have been 
conducted assuming zb = zp at t = 0 and 
using standard values of input parameters 
and  fc = 0.599 in Eq.(9). For the HC tests, the 
computational domain has been restricted to the 
area in which bed profiles have been observed 
with the laser profiler. The origin of the domain 
corresponds to the up-wave boundary of the 
observation area extending 1.5 m landward along 

the x-axis as shown in Figure 1. Figure 6 shows 
the computed H or Hrms, hp / d50 and E at the end 
of the test duration (t = d) for x = 0 - 1.5 m for 
HC5 (regular wave) and HC10 (irregular wave). 
The wave height decreases landward because 
of the bottom friction. The loose sand thickness 
hp normalized by the median sand diameter d50 
increases landward because of onshore loose 
sand transport on the consolidated sand. The 
deposited sand (hp > d50) reduces the consolidated 
sand erosion. As a result, E decreases landward. 
Figure 7 summarizes hp / d50 and E for HC1-6 
(regular waves) and HC7-12 (irregular waves). 
The maximum computed erosion in HC tests is 
less than about 2 mm, consistent with Figures 4 
and 5.

4.4 Cross-Shore Wave Transforma- 
tion on a Sloping Beach
For the beach-dune system in the DN and DC 
tests, the initial profiles with a spatial resolution of 
sampling interval Δx = 0.002 m (as acquired from 
the bed profiler system) have been smoothed to 
Δx = 0.01 m to reduce measurement fluctuations 
of about 1 mm. The smoothing did not change 
the beach and dune profile specified as the initial 
profile for the CSHORE computations.
The hydrodynamics in the surf zone and the 
associated sediment transport depend on the 
process of wave breaking. The crudest assumption 
is that the ratio of wave height and still water 
depth is constant throughout the surf zone, Hm0 (x) 
/ h(x) = γ, where γ is the breaker ratio parameter. 
In CSHORE, the parameter γ is used to estimate 
the local depth-limited wave height required for 
the rate DB of breaking wave energy dissipation. 
In the present study, a typical value of γ = 0.7 
has been increased to obtain a better agreement. 
In Figures 8 and 9, the measured and computed 
values of Hm0 and the mean free surface elevation 
 for all runs of tests DN3 and DN5 are compared 

for γ = 0.7, 0.8 and 0.9. The origin of x = 0 and 
the locations of the six wave gauges are shown in 
Figure 2. The two tests chosen for the calibration 
of γ have a different hydrodynamic behavior due 
to different wave conditions: DN3 is characterized 
by a larger wave period and a lower wave height 
than DN5 (Table 3). 
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h
[m]

H/Hrms
[m]

T/Tp
[s]

d
[s]

σu 
[m/s]

Rc E 
[m3/s3]

σu 
[m/s]

Rc E 
[m3/s3]

HC1 0.40 0.118 1.00 180 0.057 3.07E-06 0.118 2.66E-05

HC2 0.40 0.141 1.20 216 0.106 2.33E-05 0.160 7.95E-05

HC3 0.50 0.160 1.80 324 0.154 1.07E-04 0.185 1.85E-04

HC4 0.50 0.227 2.00 360 0.235 4.21E-04 0.271 6.43E-04

HC5 0.60 0.209 1.80 324 0.169 1.42E-04 0.214 2.85E-04

HC6 0.60 0.231 2.19 396 0.219 3.75E-04 0.252 5.70E-04

Table 5: σu and Rc E for regular wave tests HC1-6

h
[m]

Hrms
[m]

Tp
[s]

d
[s]

σu 
[m/s]

Rc E 
[m3/s3]

HC7 0.40 0.069 1.48 8145 0.086 6.26E-04

HC8 0.40 0.085 1.80 2574 0.113 4.50E-04

HC9 0.50 0.108 2.02 2460 0.129 6.40E-04

HC10 0.50 0.134 2.46 1752 0.166 9.68E-04

HC11 0.60 0.133 2.15 1606 0.144 5.74E-04

HC12 0.60 0.150 2.42 1752 0.166 9.65E-04

Table 6: σu and Rc E for irregular wave tests 
HC7-12

In the DN3 test computations, wave breaking 
occurs between x = 9 m and x = 10 m, the increase 
of γ shifts wave breaking and wave height decay 
farther landward. In the shoaling zone, where 
WG4-6 have been placed (Figure 2), Hm0 is little 
affected by changes in γ, therefore the agreement 
is similar for γ = 0.7 - 0.9. In the DN5 test, γ = 0.7 
underestimates the wave height: for this reason, γ 
is taken as 0.9 in the present computations. The 
computed  is negative (wave setdown) in the 
wave breaking zone for γ = 0.7, 0.8 and 0.9 for test 
DN3 and slightly negative (wave setdown) for γ = 
0.8 and 0.9 for test DN5. The agreement appears 
to be good because the measurements have been 
limited to the zone with a negligible  (less than 1 
mm). It is noted that the profile measurement has 
been limited to the zone with x > 11 m.
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Figure 6: H or Hrms, hp/d50  and E at t=d for 
x=0-1.5 m for HC5 (regular wave) and HC10 

(irregular wave)
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Figure 7: hp/d50  and E at t=d for x=0-1.5 m 
for HC1-6 (regular waves) and HC7-12 

(irregular waves)

Figure 9: Comparison between measured and 
computed  along x-axis for DN3 and DN5 for 

breaker ratio parameter = 0.7, 0.8 and 0.9

Figure 8: Comparison between measured and 
computed Hm0 along x-axis for DN3 and DN5 

for breaker ratio parameter = 0.7, 0.8 and 
0.9(irregular waves)

4.5 Comparison with Natural Sand 
Dune DN Tests
For a steep dune as in Figure 2, the bottom 
slope function Gs in Eq.(2) exceeds the upper 
limit of 10 in the form of | Gs |≤ 10 as default 
in CSHORE. A calibration for DN tests has 
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been carried out with respect to the upper limit 
Gs(GSLMAX) using standard values of the bed 
load parameter (BLP), suspended load parameter 
(SLP), suspension efficiency ef due to bottom 
friction (EFFF) and suspension efficiency eb 
due to wave breaking (EFFB) listed in Table 
7; GSLMAX has been increased up to 150 to 
increase the erosion of the dune slope (1/1.5). 
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The degree of agreement between the computed 
and measured profiles is quantified through 
the calculation of the Root Mean Square Error 
(RMSE) and the Brier Skill Score (BSS). The 
BSS compares model performance to a baseline 
prediction (most commonly “no change”), with 
a value of 1 representing the perfect agreement 
of the model predictions with observational data 
(Sutherland et al., 2004). The BSS applied to the 
prediction of beach erosion during a wave attack 
can be presented as:
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where zo is the cross-shore bed elevation observed 
post-wave attack, zm is the final modelled bed 
level and zb is the initial (i.e., pre-wave attack) 
bed elevation. It is noted that the BSS becomes 
unreliable for tests with little bed elevation 
changes (zo  zb). For the evaluation of the RMSE 
and BSS, the entire computation domain has been 
considered. Table 7 summarizes all the input 
parameters and the characteristics of sand.

Figure 10 shows the comparison between 
measured and computed profiles of DN6 and 
DN7 as a function of GSLMAX together with the 
calculated RMSE and BSS. Table 8 lists the results 
for all computations of DN tests. The selection of 
GSLMAX is performed by evaluating the sum of 
RMSE and BSS. GSLMAX = 100 minimizes the 
RMSE and maximizes the BSS. 

Table 7: CSHORE input parameters

Category Parameters Value Description

Wave transformation

Δx 0.01 m Cross-shore nodal spacing

γ 0.9 Breaker ratio parameter

fb 0.015 Sand bottom friction factor

Sediment transport

0.63 Sediment limiting slope

BLP 0.002 Bed load parameter

SLP 0.2 Suspended load parameter

EFFF 0.01 Suspension efficiency due to bottom friction

EFFB 0.005 Suspension efficiency due to wave breaking

Sand in experiments

d50 0.24 mm Median sand diameter

f 3.4 cm/s Fall velocity

s 2.6 Specific gravity

np 0.4 Porosity of sand
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Figure 10: Measured and computed profiles of 
DN3 and DN7 for GSLMAX = 10, 30, 60, 100 

and 150
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4.6 Comparison with Consolidated 
Sand Dune DC 330 Tests
In beach-dune system tests with consolidated sand 
(DC1-7), computations have been performed with 
different bottom characteristics along the cross-
shore distance in terms of Rc and fc to reproduce 
the experimental conditions in the DC tests. In 
Figure 11, a sketch of numerical domain division 
is shown; from x = 0 to x = 11.9 m, values of  Rc 
= 1000 m2 / s2  and  fc = 0 are assumed, for the 
fixed bottom elevation and practically no erosion 
(Kobayashi and Weitzner, 2015). A layer of loose 
sand is placed over the fixed bottom from x = 6.5 
m up to x = 11.9 m to reproduce the experimental 
setup in Figure 2. Values of Rc = 1 m2 / s2 and 
fc = 0.599 are assumed on the dune face from 
x = 11.9 m up to the crest at  x = 12.5 m where 
the nanosilica-based grout has been injected. 
Use is made of the standard values of BLP, SLP, 
EFFB and EFFF (Table 7) and the calibrated 
value of GSLMAX = 100 for DN tests. The 
calibrated value of Rc  (1 m2 / s2) for HC1-12 tests 
is evaluated for DC tests in the range of  Rc = 
0.1-10 m2 / s2. Figure 12 shows the comparison 
between the measured and computed profiles of 
DC5 and DC6 tests for Rc = 0.1, 1 and 10 m2 / s2  

Rc = 1000
fc = 0

Rc = 1000
fc = 0

Rc = 1
fc = 0.599

zb = zp

zb = zp

zb zp

Rc = 1000
fc = 0

together with the obtained RMSE and BSS. Table 
9 summarizes the results in terms of RMSE and 
BBS for all computations of DC tests. The profile 
changes are relatively small for DC1-7 and BSS 
defined by Eq.(16) may not be a good indicator 
for the degree of agreement. It is worth noting 
that in DC1 the difference between the 3 values 
of Rc is negligible. For DC2-5, Rc = 1 m2 / s2 or  
Rc = 10 m2 / s2 yields reasonable agreements. 
In tests DC6 and DC7, the consolidated 
sand has been eroded at time t = d and  
Rc = 0.1 m2 / s2  produces a slight dune erosion 
and a better agreement.

Figure 11: Sketch of numerical domain
division for DC1-7 at t = 0

RMSE [m] BSS [-]

GSLMAX 10 30 60 100 150 GSLMAX 10 30 60 100 150

DN1 0.012 0.011 0.010 0.009 0.010 DN1 0.00 0.04 0.08 0.12 0.11

DN2 0.017 0.016 0.015 0.010 0.013 DN2 -0.23 -0.14 -0.03 0.09 0.08

DN3 0.026 0.024 0.022 0.021 0.021 DN3 0.13 0.23 0.36 0.43 0.41

DN4 0.055 0.053 0.052 0.045 0.048 DN4 0.06 0.12 0.17 0.23 0.22

DN5 0.012 0.011 0.010 0.009 0.010 DN5 0.05 0.07 0.08 0.09 0.10

DN6 0.019 0.015 0.012 0.012 0.012 DN6 0.25 0.43 0.55 0.56 0.53

DN7 0.032 0.027 0.026 0.026 0.026 DN7 0.39 0.53 0.56 0.58 0.53

Sum 0.172 0.157 0.148 0.133 0.140 Sum 0.65 1.27 1.77 2.11 1.98

Table 8: RMSE (m) and BSS for DN tests as a function of GSLMAX
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5 CONCLUSIONS
The cross-shore numerical model CSHORE has 
been extended to incorporate the erosion process 
of a consolidated sand layer with a finite thickness 
above the loose sand. Observations from the 
small-scale experiments on the horizontal bottom 
of consolidated sand under regular and irregular 

Figure 11: Sketch of numerical domain
division for DC1-7 at t = 0
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Figure 12: Measured and computed profiles of 
DC5 and DC6 as a function of

Rc = 0.1, 1 and 10 m2 / s2

RMSE [m] BSS [-1]

Rc 0.1 1 10 Rc 0.1 1 10

DC1 0.011 0.010 0.010 DC1 -0.30 -0.28 -0.30

DC2 0.014 0.012 0.013 DC2 -0.66 -0.41 -0.41

DC3 0.023 0.021 0.022 DC3 -0.83 -0.41 -0.42

DC4 0.028 0.026 0.027 DC4 -0.17 0.20 0.16

DC5 0.018 0.012 0.015 DC5 -0.71 -0.61 -0.62

DC6 0.019 0.020 0.024 DC6 -0.42 -0.55 -1.08

DC7 0.022 0.026 0.027 DC7 -1.30 -2.02 -2.12

Sum 0.135 0.128 0.139 Sum -4.40 -4.09 -4.80

non-breaking waves have been used to estimate 
analytically the erosion resistance parameter Rc 
for the limited erosion case of the consolidated 
sand. The numerical model has been used to 
examine the process of the consolidated sand 
erosion, transport and deposition of the horizontal 
bottom (HC tests). A value of Rc = 1 m2 / s2 
has predicted erosion rates consistent with the 
experimental observations. Then, computations 
of irregular wave transformation and dune erosion 
for DN tests under irregular breaking waves have 
been carried out for the beach profile with a dune. 
The beaker ratio parameter used to estimate the 
local depth-limited wave height required for the 
rate of breaking wave energy dissipation has 
been increased by about 30 % to reproduce the 
measured wave height variation. In addition, the 
bottom slope function used in the estimation of 
cross-shore bed load transport rates has exceeded 
the upper limit of 10 as default in CSHORE; 
therefore, a calibration based on the statistical 
error estimation methods has been performed, 
resulting in the upper limit increase by a factor of 
10 for the steep (1/1.5) slope of the dune whose 
toe is above the SWL.
After reaching a fair agreement with natural sand 
dune DN tests, computations have been carried 
out for the consolidated sand dune DC tests 
using Rc = 1 m2 / s2, calibrated for the horizontal 
tests, and Rc = 0.1 m2 / s2 and Rc = 10 m2 / s2. 
For five tests with practically no erosion under 
wave action lasting about one hour, use of Rc = 
1 m2 / s2 gives results in fair agreement with the 
observed data. On the other hand, for two tests 
with noticeable erosion, Rc = 0.1 m2 / s2 produces 
a slight erosion of the consolidated sand on the 
dune face. The detailed cross-shore variation 
of dune erosion has been difficult to reproduce 
consistently. Furthermore, the strength of the 
consolidated sand has not been measured for 
HC and DC tests. The erosion resistance of the 
consolidated sand might have varied somewhat 
for the horizontal bed and steep dune tests. A 
further calibration of CSHORE has to be done 
with field data for this purpose. A method has 
to be developed for quantifying the erosion 
resistance of sand reinforced by nanosilica-based 
grout at a field site.
Use of nanosilica can be assumed as a nature-
based solution to reinforce vulnerable sand dunes 

Table 9: RMSE (m) and BSS for DC tests as a 
function of Rc (m2 / s2)
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that will be exposed to future sea level rise and 
storm intensification.
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Mapping and classification of ports may be of great help to define effective development strategies based 
on the concept of “intelligent, green and integrated port”, within the frame of sustainable development. 
To this end, classification tools and knowledge of the initial situation are crucial points needed, just 
as an example, to boost the maritime and short-sea connectivity by promoting the creation of regional 
touristic port network, capable of implementing a smart, green, and integrated transport system. This 
work deals with the mapping and classification of ports and marinas. A possible methodology to define 
a priority matrix intervention rank is proposed and applied to all the harbors in the Puglia region, as a 
case study. The collected open data aim to describe several aspects: the services, the urban planning 
whereby the port is thought, the facilities and structures, the connection with multi-modal local transport. 
The mapping activity has been performed within the frame of the AI-SMART project funded by the 
European Regional Development Fund that aims to implement and develop a common port network 
in the Adriatic-Ionian area. The case study served to highlight the feasibility and applicability of the 
proposed method to a real case.
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1 INTRODUCTION
One benefit in considering ports and marinas 
from the perspective of sustainability is that it 
highlights the relationship between the port and 
the neighbour urban region, hence it promotes 
the sustainable development of ports as part of a 
whole (Wakeman 1996). 
Though no universally accepted definition exists, 
theWorld Commission on Economic Development 
(WCED) suggested, in the Brundtland Report, 
that sustainable development “meets the needs 
of the present without compromising the ability 
of future generations to meet their own needs 
(WCED, 1987).” (Ahn et al. 2002). 
From the tourism perspective, some researchers, 
since the first years of ’90s, (e.g., Bramwell 
and Lane 1993) have broadened the meaning 
of sustainable development into a concept that 
implies the long-term viability of good quality 
natural and human resources. 
McCool and Martin (1994) suggest that managing 
for sustainability requires: “(i) a technical 
planning system that addresses problems and 
forces explicit decision making, and (ii) a public 
involvement process that is oriented toward 
consensus building.” 
The modal shift from road transport to short-
sea and inland waterway transport implies 
that a network of multi-modal logistical nodes 
is established in the hinterland of seaports, 
which are the main gateways to the hinterland 
(Dooms and Macharis 2003). Such a kind of 
sustainable development, intimately related to 
the development of ports, urban, rural and natural 
areas, cannot be implemented without a clear big 
picture of the state of the art and an objective 
tool that the stakeholder can use to define and 
ultimately implement a long-term strategy. 
This paper aims to propose a methodology that, 
based on the results of a specific mapping, allows 
to define an ordered ranking of ports and marinas 
that can inform stakeholder in the definition of the 
long-term development strategy. The method is 

then applied to the whole set of harbors deployed 
along the coast of the Puglia Region (Italy) 
facing the Southern part of the Adriatic Sea and 
the Eastern part of the Jonian Sea. The results 
of the mapping activities have been then used to 
develop a Decision Supporting System aimed to 
foster a long-term strategy involving the harbors 
development along with the development of the 
hinterland, at the regional scale.
Section 2 illustrates the methodology approach. 
Section 3 describes how it has been applied to the 
Puglia Region ports, as a case study. Concluding 
remarks close the paper.

2 THE METHODOLOGY APPROACH
2.1 Aims and scopes
This paper aims to propose an objective method 
for the mapping and classification of regional 
ports, regardless of the standard classification 
based on the economic and maritime traffic. Just 
as an example, based on the regulation of the ports 
according to the Italian law (L. 28/01/94 n° 84) the 
national ports classification relies on the strategic 
relevance on the national security as well as the 
operational capacity, intended as commercial, 
industrial, fishery-related, and touristic. This 
approach does not take into account the role of 
the port in terms of strategic potentiality as an 
active tool for future developments. Then, the 
proposed method intends to integrate and broaden 
the “conventional” administrative classification 
accomplishing the objectives of both EUSAIR 
(Cugusi and Stocchiero 2016) and the 2030 
European strategies for intelligent growth (EC 
2019) that promotes and boosts natural and 
landscape resources of the hinterland within 
the frame of the concept of “Do Not Significant 
Harm” (DNSH). 
In this regard, the aim to create and promote 
maritime transport as a short-range inter-modal 
and sustainable mode of transport, traveling, and 
exchanging seems to be an appropriate action 
to reach the goal of sustainable development of 
ports and marinas, especially with the European 
Agenda 2030 goals that valorize the industry, 
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innovation and infrastructure, sustainable cities 
and communities as well as climate action and 
preservation of life below water. The proposed 
classification method can be regarded as an 
activity of evaluating the efficiency and the 
potentiality of the regional ports network in order 
to implement and integrate the standard land 
transport of touristic passengers with maritime 
and multi-modal international routes. The 
proposed classification method can be viewed as 
a general tool, based on some features the method 
must comply to:

- objectiveness;
- repeatability;
- flexibility;
- clearness.

The ranking has to be performed in order to 
clearly and rationally assess the performance of 
the given port: the obtained score in the ranking 
has to be assessed unequivocally and not by the 
comparison among the ports. In other words, the 
proposed method is not comparative. In order 
to achieve a dynamical rearrangement, each 
port has to be easily re-classified and the review 
and update of the port classification have to be 
favored. In the end, the considered parameters in 
the classification need to be defined definitively 
in order to define a clear long-term development 
strategy. Hence, the classification aims to 
objectively assess, given the long-term strategy, 
the priority of interventions that a specific port 
would need to achieve better performances 
according to the adopted strategy. The strategy 
has to be planned and defined according to 
the regional strategy that the Public Authority 
pursues. It must then represent a useful tool for 
both the ports managers and Public Authority 
to plan a targeted goal for the services growth 
and increase. In fact, the proposed classification 
method, along with the mapping activities 
needed to “feed” the method, is functional to 
have a big picture of the situation regarding the 
state of the art at the regional scale of the ports, 
and, moreover, it is useful to eventually furnish 
the port stakeholder with information that is the 
basis of the evaluation of the touristic willingness 
of the port and exposing critical situations that 
might be ignored.

2.2 The Rationale
This section is aimed to illustrate the general idea 
behind the proposed methodology. Each step is 
then deepened in the following subsections. 
The classification relies on the decision-making 
matrix, that summarizes the score of each port and 
categorizes it according to clear criteria. Actually, 
the proposed methodology is an exemplification 
of a multi-criteria decision making method (e.g. 
Triantaphyllou 2000) developed in the frame 
of the fuzzy logic (e.g. Baas and Kwakernaak 
1977) using the weighted scoring approach (e.g. 
Ulrich 2003). In decision making, many aspects 
are to be considered, each with varying degrees 
of importance (e.g. Baas and Kwakernaak 
1977). Different fields of application of similar 
approaches can be mentioned, computer sciences 
among the others (e.g. Jadhav and Sonar 2009), 
project management (e.g. Henriksen and Traynor 
1999; Krawiec 1984), medicine and health (e.g. 
Lee et al. 2017, Hashmi et al. 2020). 
The early stage in the method is to monitor and 
evaluate the efficiency of the existing structures 
and facilities (multi-modal terrestrial transports 
and services) that the ports (sometimes also 
referred to as harbors hereinafter) are capable 
to guarantee. The mapping stage regards all 
the ports included in the classification activity. 
It can be exploited at different spatial scales, 
i.e. at administrative regions, provinces, or 
Port Authority system scales. The first step to 
accomplish is to quantify the potentiality of 
the port. This can be done only if the exiting 
services in and around the port, structures, 
maintenance, and urban planning strategies in 
place are surveyed. Then, the identification and 
classification of intervention needs are necessary 
to define a long-term plan of action, including 
both the Public Authorities and the stakeholders. 
An effective and feasible way to map the state of 
the art can be based on surveys by parameters, 
that are summarized by means of indicators. 
Basically, the indicators could be summarized 
in two groups: the accessibility to the port and 
the operability within it. The former refers to the 
services for the incoming users and passengers 
that transit through the port, the latter stands for 
the potentiality of the port in terms of touristic 
development. Each of them has been assigned 
with a maximum score that represents the weight 
the actual score has to be normalized with. The 
maximum value represents  the importance of the 
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strategy adopted by the manager: the higher the 
maximum score, the more the index contributes 
to the port performances, so does its importance. 
Indeed, the long-term strategy hidden in the 
maximum score selection is the keystone of the 
methodology. Different strategies scenarios can 
be adopted to rank the ports, and the comparison 
of them can be performed in order to help the 
decision-making phase to adopt the best long-
term strategy according to the given purposes at 
the regional scale approach. 
The conceptual phases of the method can be 
summarized as follows: 

- collecting the data;
- clustering of the data (indicators);
- normalization and homogenization of 
indicators;
- weighted measure of port potential and 
accessibility (according to long-term 
development strategy);
- categorization according to pre-defined classes.

To elucidate and explicate the process behind 
the aforementioned items, the scheme in Fig. 
1 illustrates the crucial steps of the method, as 
detailed in the following subsections.
As it can be deducted by Fig. 1, the methodology 
has been split into three different conceptual 
phases. Subsection 2.3 refers to the first step 
to be performed i.e. the mapping (in the red 
shaded box in Fig 1). Subsection 2.4 explains the 
classification criteria and in the end, subsection 
2.5 clarifies the last stage of the classification.

M
ap

pi
ng

 • Selection of the ports

• Definition of the accessibility indicators
• Definition of the potenziality indicators

Cr
ite

ria
as

sig
na

tio
n

• Collection of the data

• Homogenization of the data

• Definition of a certain scenario

• Definition of a the weight for each indicator
according to the selected scenario

Cl
as

sif
ic

at
io

n • Definition of the number of the classes 

• Definition of the classes limit

• Definition of the rules of classification

• Calculation of  the scores for each port

Figure 1: Scheme of the rational of the
proposed classification method. 

2.3 The mapping
Once the ports implied in the classification have 
been selected, the data need to be collected (Fig. 
1, red box).
Fifty indicators have been chosen to describe the 
characteristics and the services of each port. They 
can be identified by four groups:

- port services and characteristics 
(Tab. 1 and Tab. 2);
- connections (Tab. 3);
- urban and territory planning (Tab. 4);
- port operability (Tab. 5).

Tables 1, 2, 3, 4, and 5 summarize all the 
considered indicators. For each group, the 
indicators to be mapped are briefly described. 
The abbreviations are useful to identify the 
indicators: the lowercase letter at the beginning 
of each indicator stands for the data type, whether 
it is boolean “b” or numerical values (either “f” as 
float or “i” as integer).
In addition to this general grouping, for the 
purpose of the ranking of the ports, the defined 
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indicators need to be divided into the two groups 
of accessibility and potentiality. The first aims 
to synthetically represent all the services and 
structures that allow an easy use of the port for 
incoming users. The latter group of characteristics 
refers to the capability of the port to enhance 

Table 1: List of the indicators representing the 
services within the port.

Table 3: List of the indicators representing the 
multi-modal connection services in the 

neighborhood of the ports.

Table 5: List of the indicators describing the 
port operability.

Table 4: List of the indicators representing the 
characteristic of the port for boats 

accessibility.

Table 2: List of the indicators representing the 
services in the neighborhood of the ports.

Typology Description Abbreviation

Port
services

Sanitary facilities bSI

Docks lighting bIB
Equipment for the 

disabled people bAD

Electricity on quay bEB

Showers iSH

Guarding bG
Availability of drinking 

water on quay bAP

Non-drinking water 
available on quay bANP

Slipway bSA

Crane iGR

Travel lift bTL

Fire-fighting service bSAI

Weather service bSM

Fuel on quay bCB

Waste collection bRR

Typology Description Abbreviation

Connections

Number of parking places iPA

Numbers of caravans parking 
places iACR

Number of boats for rent iNB

Connection with
local public transport fLO

Connection with
suburban public transport fPO

Connection with
national and regional cycleway 

plan
iPD[1]

Connection with
rail transport service bRAPB

Connection with
air transport service bTPU

Connection with
public utility services bTPE

Typology Description Abbreviation

Port
operability

Marine-Weather Climate bCM

Exposure of mouths bEI

Annual average operativity fOMANN

Average winter operativity fOMI

Average spring operativity fOMP

Average summer operativity fOME

Average autumn operativity fOMA

Bathymetric surveys bRB

Internal agitation bAI

Maintance projects bPROG

Siltation issues fINS

Dredging activity bDR

Maintance need bMAN

Typology Description Abbreviation

Services

Maximum
mooring length bCNR

Maximum
water depth at the berths bSTF

Number of berths bSTA

Automatic sensing system
of available berths bSPU

Typology Description Abbreviation

Port services
in the neighborhood

Motorboat repair yard bCRB

Sailing boat repair yard bCRV

Scuba tanks recharge bRBS

Electronic accessories bAE

Fuel stations bSC

Electrical repairs bRE

Commercial services bSCOMM

Number of beds
(hotel accommodation) iRA

Number of beds
extra-hotel 

accommodation
iREA
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potential tourism attractiveness. Data categorized 
in the first four groups (Tab. 1, Tab. 2, Tab. 3, 
Tab. 4) have been selected as representative of 
the “Accessibility Data”, while the indicators in 
the last group (Tab. 5) represent the “Potentiality 
Data”. 
Once the indicators have been selected, the 
collection of the requested data can be performed 
in several ways. Nevertheless, the feasibility of 
the mapping and the dynamical essence of the 
classification method proposed herein required 
that the data can be rearranged, modified, and 
updated. This open approach requires that the 
data should be available, transparent and shared, 
according to the basic principles of the Open 
Science and Open Data (Vicente-Saez and 
Martinez-Fuentes 2018). If so, it is possible also 
to share the results of the mapping activities and 
to keep them updated thanks to the update and 
modification of stakeholders and Public Authority 
long-term strategy.

2.4 The criteria and the long-term 
regional strategy: the weights
Taking a look at the indicators, a different 
nature of the data arises, i.e. some indicators 
are boolean (1-0 whether the service is present 
or not), other, on the other hand, are numerical 
values (either integers or floats). This underlies 
an inhomogeneity among the two types. For this 
reason, the data need to be re-mapped. Regarding 
the  boolean data, the values switch between 0 and 
1. The floats or integers need to be normalized by 
the formula:

Typology Description Abbreviation

Services

Maximum
mooring length bCNR

Maximum
water depth at the berths bSTF

Number of berths bSTA
Automatic sensing system

of available berths bSPU
Table 4: List of the indicators representing the characteristic of the port for boats accessibility.

Typology Description Abbreviation

Port operability

Marine-Weather Climate bCM
Exposure of mouths bEI

Annual average operativity fOMANN
Average winter operativity fOMI
Average spring operativity fOMP

Average summer operativity fOME
Average autumn operativity fOMA

Bathymetric surveys bRB
Internal agitation bAI

Maintance projects bPROG
Siltation issues fINS

Dredging activity bDR
Maintance need bMAN

Table 5: List of the indicators describing the port operability.

services and structures that allow an easy use of the port for incoming users. The latter group of characteristics
refers to the capability of the port to enhance potential tourism attractiveness. Data categorized in the first four
groups (Tab. 1, Tab. 2, Tab. 3, Tab. 4) have been selected as representative of the “Accessibility Data”, while the
indicators in the last group (Tab. 5) represent the “Potentiality Data”.

Once the indicators have been selected, the collection of the requested data can be performed in several
ways. Nevertheless, the feasibility of the mapping and the dynamical essence of the classification method herein
proposed required that in each moment the data can be rearranged, modified, and updated. This open approach
requires that the data should be available, transparent and shared, according to the basic principles of the Open
Science and Open Data (Vicente-Saez and Martinez-Fuentes 2018). If so, it is possible also to share the results
of the mapping activities and to keep them updated thanks to the update and modification of stakeholders and
Public Authority.

2.4 The criteria and the long-term regional strategy: the weights

Taking a look at the indicators, a different nature of the data arises, i.e. some indicators are boolean (1-0 whether
the service is present or not), other, on the other hand, are numerical values (either integers or floats). This
underlies an inhomogeneity among the two types. For this reason, the data need to be re-mapped. Regarding the
boolean data, the values switch between 0 and 1. The floats or integers need to be normalized by the formula:

X∗
ij =

x∗
ij − x∗

imin

x∗
imax − x∗

imin

(1)

where X∗
ij is the normalized value of the i-th indicator related to the j-th port, x∗

ij is the original numerical
value, x∗

imin and x∗
imax are respectively the minimum and the maximum value of the i-th indicator among all

the considered ports. It should be noted that a different kind of normalization can rely on the estimation of
the quantiles of the Empirical Cumulative Distribution Function (ECDF) of the mapped indicators. While this
rationale perfectly works in normalizing the data, on the other hand, it hides a kind of comparison among the
values related to each port (i.e. the quantiles of a given port are influenced by the values mapped for the others),
hence the methods would become a comparative analysis.

Referring to the green box in Fig. 1, having homogenized the data, the following step to accomplish is the
definition of the criteria, according to which the weight of each indicator has to be unequivocally assessed.
Thus, it is possible to define objectively the indicators which, if improved, can lead to an increased ranking of a
specific port. It is worth to stress the central role in the classification process of this phase. The choice of weights
that defines a scenario is intended, then, as the quantitative implementation of the regional development strategy.
Hence, identifying the strategic indicators means supporting the definition of a scenario of development. Indeed,
each indicator can have different importance, depending on the policy of development and investments.

where X*ij is the normalized value of the i-th 
indicator related to the j-th port, x*ij is the 
original numerical value, x*imin min and x*imax 
are respectively the minimum and the maximum 
value of the i-th indicator among all the considered 
ports. It should be noted that a different kind 
of normalization can rely on the estimation 
of the quantiles of the Empirical Cumulative 

1

Distribution Function (ECDF) of the mapped 
indicators. While this rationale perfectly works in 
normalizing the data, on the other hand, it hides 
a kind of comparison among the values related 
to each port (i.e. the quantiles of a given port are 
influenced by the values mapped for the others), 
hence the methods would become a comparative 
analysis. 
Referring to the green box in Fig. 1, having 
homogenized the data, the following step to 
accomplish is the definition of the criteria, 
according to which the weight of each indicator 
has to be unequivocally assessed. Thus, it is 
possible to define objectively the indicators 
which, if improved, can lead to an increased 
ranking of a specific port. It is worth to stress 
the central role in the classification process of 
this phase. The choice of weights that defines 
a scenario is intended, then, as the quantitative 
implementation of the regional development 
strategy. Hence, identifying the strategic 
indicators means supporting the definition of a 
scenario of development. Indeed, each indicator 
can have different importance, depending on the 
policy of development and investments. 
This importance is quantified on the basis of 
a series of weights which, in general, can be 
defined according to the Likert scale (Joshi et al. 
2015), an approach widely used in psychology. 
In accordance with the Likert scale, values from 
1 to 5 have to be assigned to each indicator. 
The lowest value indicates the worst desirable 
condition while the maximum value indicates 
the most favorable condition. In this contest, the 
proposed scale of ranking is:

1. not important;
2. slightly important;
3. moderately important;
4. important;
5. very important.

In order, each coefficient expresses the 
correspondent weight used to obtain a weighted 
average for standardized indicators. Just as an 
example, if an indicator is “moderately important” 
its weight will be equal to 3. 
At this point, the weight of each indicator has 
been assessed. It is possible to evaluate, then, 
how each port lies in the ranking. It is achieved 

Coastal and Offshore Science and Engineering  
 Year I – Volume 2 (2022) – ISSN 2785-7972 77Coastal and Offshore Science and Engineering  

 Year I – Volume 2 (2022) – ISSN 2785-7972



by considering the two aspects, “Accessibility” 
and “Potentiality”, separately. For each group 
of information, as described in subsection 2.3, 
the score of the j-th port can be estimated by a 
weighted mean as

This importance is quantified on the basis of a series of weights which, in general, can be defined according
to the Likert scale (Joshi et al. 2015), an approach widely used in psychology. In accordance with the Likert
scale, values from 1 to 5 have to be assigned to each indicator. The lowest value indicates the worst desirable
condition while the maximum value indicates the most favorable condition. In this contest, the proposed scale
of ranking is:

1. not important;

2. slightly important;

3. moderately important;

4. important;

5. very important.

In order, each coefficient expresses the correspondent weight used to obtain a weighted average for stan-
dardized indicators. Just as an example, if an indicator is “moderately important” its weight will be equal to
3.

At this point, the weight of each indicator has been assessed. It is possible to evaluate, then, how each port
lies in the ranking. It is achieved by considering the two aspects “Accessibility” and “Potentiality” separately.
For each group of information, as described in subsection 2.3, the score of the j-th port can be estimated by a
weighted mean as

SC − ηj =

∑
iαijφij∑
iφij

(2)

Where the index i refers to the i-th indicator. η stands for “A” as “Accessibility” or “P” as “Potentiality”,
since the procedure has to be performed for the two groups. αi represents the potentiality or accessibility of the
normalized indicators, while φi are the weights assigned in the criteria definition phase, i.e. the maximum value
achievable for the i-th indicators according to the decided scenario. This procedure returns a couple of scores
that characterize each port. Thus, it is easy to evaluate which is the total score of the port considering at the
same time SC-A and SC-P in the matrix, according to the assigned grades.

2.5 The decision-making matrix and the classification

The last conceptual step (Fig. 1, blue box) is related to the choice of the rules whereby the gathered information
is sorted.

To accomplish the classification, a series of pre-defined classes has to be defined. Three ratings have been
proposed: A, B and C, from the best to the worst. Each rating has a range of validity in terms of scores (from 0
to 1, since the normalization). These ranges have to be defined according to the set standards (i.e. the decision-
making self-assessment of the actual situation). In general, let LA-n and LP-n be the limits of each classes
for the accessibility and potentiality data respectively, with n ∈ N,n ≤ M − 1 where M is the number of the
classes, it is valid that 0 < LA− n < 1 and 0 < LP − n < 1. If, as in this case, the number of classes M is 3,
then for instance 0 < LA− 1 < LA− 2 < 1.

The final classification can be summarized by the decision-making matrix, like the one represented in Fig.
2. The matrix whose dimensions are M ×M (M is the number of ratings) assumes different aspects according
to the grades assigned to each level. For the specific case of M = 3 it results to be a matrix 3x3, and the highest
score “A” can be achieved only if the score for each group of indicators (i.e. accessibility and potentiality)
exceeds the limits LA-2 and LP-2.

The definition of the matrix characteristics and rules is also useful, therefore, for the definition of objective
re-classification paths that can “inform” the development strategies in place. A port can enhance its ranking
by increasing one of the two types of requirements (accessibility or potentiality) or both. Obviously, all this
happens according to the scenario considered, i.e according to the selection of the importance of the indicators
that hides the long-term strategy.

Where the index i refers to the i-th indicator. 
η stands for “A” as “Accessibility” or “P” as 
“Potentiality”, since the procedure has to be 
performed for the two groups. αi represents the 
potentiality or accessibility of the normalized 
indicators, while φi are the weights assigned in 
the criteria definition phase, i.e. the maximum 
value achievable for the i-th indicators according 
to the decided scenario. This procedure returns a 
pair of scores that characterize each port. Thus, it 
is easy to evaluate which is the total score of the 
port considering at the same time SC-A and SC-P 
in the matrix, according to the assigned grades.

2.5 The decision-making matrix 
and the classification
The last conceptual step (Fig. 1, blue box) is 
related to the choice of the rules whereby the 
gathered information is sorted. To accomplish the 
classification, a series of pre-defined classes has 
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to be defined. Three ratings have been proposed: 
A, B and C, from the best to the worst. Each rating 
has a range of validity in terms of scores (from 
0 to 1, since the normalization). These ranges 
have to be defined according to the set standards 
(i.e. the decision-making self-assessment of the 
actual situation). In general, let LA-n and LP-n 
be the limits of each classes for the accessibility 
and potentiality data respectively, with n 

Figure 3: Block diagram of the configured use case (a). The atmospheric model WRF, the hydrodynamic model ROMS, and the
Lagrangian model WacomM++ are involved in the framework of CMMMA service at the University of Naples “Parthenope”.

size increases consistently. In detalis, considering a shared and distributed memory scenario with at least one
GPU device enabled, np represents the number of available processors, nt the number of threads used on each
processor, and ng the number of GPU devices on each processor. Assuming P0, P1, ..., Pnp as a homogeneous
set of heterogeneous computational resources, analysing Fig. 2, in P0 is detailed the processor-level behavior
and in P1 how the computation is concurrently performed on nt threads and ng GPUs.

The domain decomposition is performed by P0 dividing the particles at the ocean state time T in subsets
sized as ∆0,∆1, ...,∆np. The subsets are distributed to each processor Pp. Each processor Pp has its local
particles data pD. For each processor Pp, the local particles dataset is divided in subsets sized as ∆0,∆1, ...,∆nt
and assigned at each thread t ∈ [0, nt].For each thread Tt, if there is no GPU device available , an algorithm
is executed sequentially for each local thread particle data tDn ∈ pDt Otherwise, if at least one GPU device
is available, for each thread Tt, the local particles dataset is, again, split in subsets sized as ∆0,∆1, ...,∆ng
and assigned to each GPU g ∈ [0, ng], working with CUDA Multi-threading , then ocean state, seafloor depth
and particles data are copied from host to the GPU. P0 cycle ends gathering updated particles data from each
processor and removing dead particles using the approach described in Doglioli et al. (Doglioli et al. 2004).
The parallelization schema (Fig. 2) enables the final user to choose any combination of the following execution
modes:

• Single run: the single process P0, calling the procedure move solves sequentially the problem for all
particles of its domain DT .

• Distributed memory run on np processes: each process Pp, p ∈ [0, np], calling the procedure move , solves
the problem for all particles of its sub-domain pD.

• Shared memory runs on nt threads: using the shared distribution paradigm, a sub-domain of date tD is
assigned at each thread of the multi-core environment. Each thread for t ∈ [0, T ], works on a sub-set tD,
calling the procedure move.

• Heterogeneous Single/Multiple GPUs run: each thread t splits its domain tD in a sub-domain of data gD
assigned to each GPU of the environment. Each GPU for g ∈ [0,G] works on the subset gD.

Our hierarchical implementation expects that the last active hierarchical level processes particles at the
current development stage.

5 REAL CASE APPLICATION AND PERFORMANCE EVALUATION

We present a real-world use case application of WaComM++ as a scientific workflow component to simulate
tracers’ sea dispersion (Fig. 3). The numerical results were compared with the lagrangian data collected with
a drifter buoy (FIg. 4)in the framework of ABBaCo Project, founded by the Italian Ministry of University and
Research - FISR in agreement with the Stazione Zoologica “A. Dohrn” (Castagno et al. 2020). As mentioned
above, this workflow is operational at CMMMA.

The above-mentioned scientific workflow starting point is the Weather Research, and Forecasting (WRF)
model, a mesoscale numerical weather prediction system designed for both atmospheric research and opera-
tional forecasting applications (Di Luccio et al. 2020b, Di Luccio et al. 2020c). Our implementation is based

 N, n 
≤ M − 1 where M is the number of the classes, it 
is valid that 0 < LA − n < 1 and 0 < LP − n < 1. 
If, as in this case, the number of classes M is 3, 
then for instance 0 < LA−1 < LA−2 < 1. The final 
classification can be summarized by the decision-
making matrix, like the one represented in Fig. 2. 
The matrix whose dimensions are M × M (M is 
the number of ratings) assumes different aspects 
according to the rank assigned to each level. For 
the specific case of M = 3 it results to be a matrix 
3x3, and the highest score “A” can be achieved 
only if the score for each group of indicators (i.e. 
accessibility and potentiality) exceeds the limits 
LA-2 and LP-2. The definition of the matrix 
characteristics and rules is also useful, therefore, 
for the definition of objective re-classification 
paths that can “inform” the development 
strategies in place. A port can enhance its 
ranking by increasing one of the two types of 
requirements (accessibility or potentiality) or 
both. Obviously, all this happens according to the 
scenario considered, i.e according to the selection 
of the importance of the indicators that hides the 
long-term strategy.

3 APPLICATION AT THE PUGLIA 
REGION REPORTS

3.1 The data
The proposed method has been applied within 
the frame of the AI-SMART project, ranging 
from the Puglia Region (Italy) and Ionic Islands 
to Epirus and Western Greece Regions (Greece). 
In particular, the methodology presented in the 
previous section has been applied to the Puglia 
Region (South-East Italy). It has involved all 
the 65 ports and marinas (sometimes very small 
harbors with a single mooring and with very 
limited facilities) in the region (Fig. 3). They 
differ for their functionality, for their economical 
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Figure 2: The decision-making matrix
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and maritime relevance: there are ports that are 
nationally or regionally strategic and others, 
instead, that are mainly tourist oriented. Only 
for the purpose of presenting the ports, they have 
been grouped according to the Italian national 
law (L. 28/01/94 n° 84, art. 4) in Tabs. 6, 7, 8 
and 9. The group “Category 1” includes 7 ports of 
international relevance (Tab. 6), 8 ports of national 
relevance are counted in the group “Category 2” 
(Tab. 7), “Category 3” (Tab. 8) counts 28 ports 
classified as regionally relevant and the 18 left 
are out of the Italian law guideline and they are 
grouped in the category “Others” (Tab. 9). It is 
worth specifying that all the military ports have 
not been considered in this classification.

During the mapping stage, the 50 indicators 
presented in Tables 1, 2, 3, 4 and 5 have been 
evaluated.
For each indicator, the required information has 
been gathered by the following sources:

• open source information;
• satellite imagery;
• official information.

Table 6: Category 4. Ports of international 
relevance according

to the Italian law 84/94 art. 4.

Name
Bari - Porto Nuovo

Brindisi - Porto Interno
Brindisi - Porto Esterno

Taranto - Porto Mercantile
Taranto - Porto Industriale Esterno
Taranto - Porto Industriale Interno

Brindisi - Porto Medio

Table 7: Category 2. Ports of national
relevance according to the

Italian law 84/94 art. 4.

Name
Barletta

Manfredonia - Porto Industriale
Monopoli
Otranto
Molfetta

Gallipoli-Seno del Canneto
Manfredonia - Marina Cala delle Sirene

Gallipoli - Porto Mercantile

Table 8: Category 3. Ports of regional rele-
vance according to the

Italian law 84/94 art. 4.

Name
Savelletri

Gallipoli - Cala Fontanelle
I. S. Domino - Cala degli Schiavoni

Manfredonia - Porto Vecchio
Gallipoli - Darsena Fontanelle

Mola di Bari
Bari - Porto Vecchio

Vieste
Giovinazzo

Taranto - Taranto Yatch
Villanova di Ostuni

Polignano a Mare - Cala Ponte
Gallipoli - San Giorgio
S. Foca di Melendugno

Maruggio - Campomarino
Trani

I. S. Nicola - Porticciolo S. Nicola
Santa Maria di Leuca

Mattinata
Bisceglie

Gallipoli - Porto Gaio
Porto Cesareo

Marina del Gargano
Taranto - Lega Navale

Rodi Garganico
Torre San Giovanni d Ugento

Peschici
Taranto - Marina Taranto Molo Sant’Eligio

Table 9: Ports of minor economical relevance.

Name
Torre a Mare
Torre Canne

Santa Caterina di Nardo
Lido Gandoli

Tricase - Marina di Porto
Foce di Varano

Frigole - Lega Navale
Mon Reve
Torre Vado
Casalabate

San Cataldo
Foce del Capoiale

Palese
Torre Pali

Baia d’Argento - Porto Saguerra
Cala Portecchia

Cala San Giorgio
Marina di Andrano
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Specific interviews with Port Managers are 
ongoing in order to improve the reliability of the 
mapping activities.
It has to be stressed that the whole data have been 
collected by using public domain information (i.e. 
services, privates, and administration websites). 
When some data were not directly available they 
have been calculated or deducted from open 
data. For instance, the operability indicators have 
been calculated by the significant wave height 
duration curve obtained from the data extracted 
from the ERA5 dataset propagated at the coast. 
The operability indicators (seasonal and annual) 
have been collected by calculating the days when 
the significant wave height resulted to be lower 
than 1.5 m.

3.2 The ranking of the Puglia region 
ports
According to the rationale illustrated in Section 
2, it can be noted that the selection of weights 
to the individual indicators cannot be unique. It 
depends, among other things, on the development 
strategy that the stakeholders pursue. Therefore, 
with the aim of providing some examples of 
the results of applying the methodology, some 
scenarios have been defined. Each scenario gives 
more importance to some aspects than others. 
The considered scenarios are described as:

1. Touristic, Scenario 1 larger weights 
have been assigned to all the indicators 
whose prerogative is to encourage tourism 
(for example, hotel accommodation); 

2. Social, Scenario 2 larger weights have been 
assigned to all the indicators that stress the 
attention of the ports to social issues (e.g. the 
presence of utilities for wheelchair access); 

3. Marina, Scenario 3 larger weights have 
been assigned to all the indicators whose 
prerogative is to encourage the marina 
activities (e.g. the services and the maintenance 
of infrastructures able to host yachts); 

4. Urban Planning, Scenario 4 a major 
relevance is given to environmental, urban, 
and harbor planning.

The qualitative description of the considered 
scenarios is transferred into a quantitative point 
of view, by assigning the weights synthesized in 
Tables 10 and 11.
The three different scores (A, B and C) have been 
assigned by using equally divided classes, i.e. for 
both the data groups, the limits have been divided 
into 3 groups by the following ranges:

• from 0 to 0.33 (LA-1, LP-1); 

• from 0.33 (LA-1, LP-1) to 0.66 (LA-2, 
LP-2); 

• from 0.66 (LA-3, LP-3) to 1.00. 

The classification rules have been defined as: 

• Rank A: SC-A>LA-2 and SC-P>LP-2; 

• Rank B: SC-A≤LA-3 e SC-P>LP-3 or SC-
A>LA-1 e SC-P>LP-1 or SC-A>LA-2; 
e SC-P>0 

• Rank C: SC-A≤LA-2 e SC-P≤LP-3 or SC-
A>LA-2 and SC-P≤LP-1.

Figure 3: Maps of the mapped Puglia region 
ports.
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Table 10: Accessibility indicators weights 
according to different decision making 

scenarios.

Table 11: Potentiality indicators weights 
according to different decision making 

scenarios.

Indicators Sc. 1 Sc. 2 Sc. 3 Sc. 4
Sanitary facilities 2 3 4 1
Dock lighting 1 1 3 1
Equipment for the disabled
people 2 5 3 1

Electricity on quay 1 1 3 1
Showers 1 1 2 1
Guarding 1 1 4 1
Availability of drinking
water on quay 1 1 2 1

Non-drinking water
available on quay 1 1 2 1

Slipway 1 1 5 1
Crane 1 1 5 1
Travel lift 1 1 5 1
Fire-fighting service 2 2 5 1
Weather service 1 1 4 1
Fuel on quay 1 1 5 1
Waste collection 1 4 4 5
Boat repair yard 1 1 4 1
Sail repair yard 1 1 4 1
Scuba tanks recharge 1 1 2 1
Electronic accessories 1 1 3 1
Fuel stations 5 1 4 1
Electrical repairs 1 1 3 1
Commercial services 5 5 1 1
Number of beds (hotel
accommodation) 5 5 1 1

Number of beds extrahotel
accommodation 5 5 1 1

Number of parking
places 5 2 5 2

Numbers of caravans
parking places 5 1 4 1

Number of boats for rent 5 1 4 1
Connection with local
public transport 3 1 5 1

Connection with suburban
public transport 3 1 5 1

Connection with national
and regional cycleway
plan

5 1 5 1

Connection with rail
transport service 1 1 5 1

Connection with air
transport service 4 5 1 1

Connection with public
utility services 4 4 1 1

Maximum mooring
length 4 5 1 1

Maximum mooring water
depth 4 4 1 1

Number of berths 4 4 1 1
Automatic sensing system
of available berths 4 5 1 1

Indicators Sc. 1 Sc. 2 Sc. 3 Sc. 4
Marine-Weather Climate 1 1 1 1
Exposure of mouths 1 1 4 1
Annual average operativity 1 1 5 1
Average winter operativity 1 1 5 1
Average spring operativity 1 1 5 1
Average summer operativity 1 1 5 1
Average autumn operativity 1 1 5 1
Bathymetric surveys 1 1 3 5
Internal agitation 1 1 1 5
Maintance projects 1 1 3 4
Siltation issues 1 1 1 4
Dredging activity 1 1 3 5
Maintance need 1 1 3 5

3.3 Results and discussion
The mapping and classification activity results 
are presented in this section. First, the mapping 
of indicators led to basic statistics in order to 
describe the big picture of the actual situation 
within the Puglia region ports. It is worth recalling 
that the indicators have different features: some 
of them are boolean, others are numerical values. 
Figs. 4 and 5 show the percentange of ports of 
each category for which the boolean indicators 
have been mapped as true (in the abscissa), 
whose abbreviations are listed in Tabs. 1, 2, 3, 4 
and 5, for the accessibility and potentiality class 
respectively. For the sake of simplicity, the bar 
charts are grouped according to the categorization 
given by Italian law.
On the other hand, to gain some insight into the 
numeric indicators, basic descriptive statistics 
indexes have been calculated among the ports of 
each category, i.e. the minimum, maximum and 
mean values and the mean percentage deviation 
between the ports indicator and the mean value. 
They are listed in Tabs. 12 and 13.
In general, the minor ports (i.e. “Others”) present 
fewer services and also a number of services not 
present at all, in fact also the mean discrepancy 
in average is higher. As far as the potentiality 
numeric indicators are concerned, their variability 
is negligible, i.e. the mean discrepancy is zero in 
almost all the cases.
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Fig. 6 represents the decision-making matrix, one 
for each considered scenario (the panels refer to 
the correspondent scenario previously presented). 
The ports are plotted with different markers 
according to the category of the ports. The 
matrices show how scenarios 1 and 2 give very 
similar results. Different is the case for scenario 
3 but especially for scenario 4, which classifies 
2 ports in the A rank, but on the other hand, the 
majority of the remaining ports lay on the lower 
rank C.
The counting of the ports for each rank and for 
each scenario is resumed in Tab. 14. The results 
inspection highlights that the selection of the 
weights is meaningful in magnifying the effects 
of the long-term strategy.
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Figure 4: Accesibility of boolean mapped 
indicators for the Puglia region ports.

Figure 5: Potentiality of boolean mapped 
indicators for the Puglia region ports.

Table 12: Accesibility numerable mapped indicators for the Puglia region ports.

iRA iREA iPA iACR iNB fLO fPO

Cat.1

Mean 331 376.2 572.8 31.3 37.5 13.7
 Max 618 1089 1800 80 40 23
Min 0 0 0 0 0 8

Mean
dev. -29% -29% -29% -57% -71% 0%

Cat. 2

Mean 803.4 689.9 210.3 1204.8 32.2 7.0
 Max 1133 1755 372 3164 110 15
Min 0 0 0 0 0 0

Mean
dev. -38% 0% 0% -38% -13% 0%

Cat. 3

Mean 623.8 650.3 234.6 735.9 20.7 22.7 4.1
 Max 2572 2600 982 4972 50 70 8
Min 0 7 0 0 0 0 0

Mean
dev. -11% 0% -18% -57% -89% -4% -4%

Others

Mean 228.2 169.9 140.6 184 8.5 1.8
 Max 721 511 532 452 15 3
Min 0 0 0 0 0 0

Mean
dev. -44% -6% -11% -78% -28% -11%

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

CATEGORY 1 CATEGORY 2 CATEGORY 3 OTHERS

fOMANN fOMI fOMP fOME fOMA

Cat.1

Mean 0.96 0.94 0.98 0.99 0.94
 Max 0.97 0.94 0.99 1 0.95
Min 0.96 0.93 0.98 0.98 0.93

Mean
dev. 0% 0% 0% 0% 0%

Cat. 2

Mean 0.97 0.95 0.99 0.99 0.96
 Max 0.99 0.98 1 1 0.98
Min 0.96 0.93 0.98 0.98 0.93

Mean
dev. 0% 0% 0% 0% 0%

Cat. 3

Mean 0.97 0.946 0.99 0.99 0.95
 Max 0.99 0.98 1 1 0.98
Min 0.91 0.85 0.96 0.98 0.85

Mean
dev. 0% 0% 0% 0% 0%

Others

Mean 0.96 0.93 0.98 0.99 0.94
 Max 0.97 0.95 0.99 1 0.97
Min 0.92 0.86 0.96 0.98 0.85

Mean
dev. 0% 0% 0% 0% 0%

Table 13: Potentiality of numerical mapped 
indicators for the Puglia region ports.
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Figure 6: Decision-making matrix obtained 
from different scenarios: Sc.1 (panel 1), Sc.2 
(panel 2), Sc.3 (panel 3) and Sc.4 (panel 4).

4 CONCLUDING REMARKS
This paper aims to present a regional-scale 
classification of ports and marinas that can be 
used to implement a long-term development 
strategy. The classification is based on the 
mapping of ports and marinas in terms of users- 
and transport-services. Indeed, the early stage 
to be implemented in the methodology is the 
mapping of the services, by means of indicators 
that range over different aspects, i.e. port 
services and characteristics, connections, and 
operability features within the ports. The mapped 
(open) data are homogenized and related to pre-
defined ranking criteria. This aspect furnishes 
the method with a clear and objective strategy 
to be accomplished in order to obtain better 
performance on the services and infrastructure 
enhancement. In other words, the final goal of the 
classification is to give the Public Authority and 
the stakeholders a tool that can help the definition 
of long-term development strategy. The same 
classification can be also used to monitor the 

Table 14: The number of the ports ranked by the 
A, B and C rank for each considered scenario.

Sc. 1 Sc. 2 Sc. 3 Sc. 4
A 1 1 3 2
B 36 39 27 13
C 28 25 35 50
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effectiveness of the strategy. Indeed, the approach 
is flexible and the results of the classification can 
be updated once the services of a given port have 
been enhanced. The methodology leads to the 
construction of a decision-making matrix, that 
exemplifies the performance of the ports in terms 
of accessibility and potentiality, and that ranks 
them, according to given grades.

The keystone in the method is the choice of the 
weights given to the indicators whose values 
are related to. Indeed, the weights are directly 
related to the long-term strategy: the weights are 
the quantitative implementation of the regional 
development strategy. The general method is 
intended also to support the port manager in 
defining effective actions in accordance with the 
regional development strategy. The classification 
update of a given port can be successfully 
achieved by acting on different paths: it can 
be obtained acting first on the requirements of 
accessibility and then on those of potentiality, 
or vice versa. In both cases the importance of 
the choice of the values of the weights can be 
observed: the higher values suggest a strategy 
whose aims are to improve primarily the aspects 
the indexes describe (and whose modification can 
be pursued by individual ports in order to achieve 
an improvement in classification). 

To highlight its feasibility and applicability, 
the proposed method has been, then, applied 
to the Puglia region ports within the frame 
of the AI-SMART project. It results, for the 
different scenarios and for a three-ranks based 
classification (“A”, “B” and “C”, from the best 
to the worst), that in case of a touristic and social 
longterm strategy (i.e. when touristic and social 
indicators are considered as the most important), 
the probability (i.e. the relative frequency) of 
being classified as a “B” score port is the highest. 
For the marina and urban planning scenarios 
(i.e. when indicators related to marina activities 
and urban planning are considered as the most 
important), they present a greater number of 
low classified ports, but on the other hand, they 
present a higher number of ports ranked in the 
“A” class. The obtained results serve to highlight 
the applicability of the proposed method at the 
regional scale.
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