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FOREWORD
After a double-blind review process, It 
is an immense pleasure to announce the 
publication of the first issue of Coastal and 
Offshore Science and Engineering (COSE). It 
is composed of 6 manuscripts which address 
interesting topics within the wide spectrum of 
interests of COSE. 

The spirit of COSE is to publish scientific 
articles which present a wide range of topics 
that are dealing with marine systems which are 
more frequently exposed to consistent impact 
due to human activities and that are interlinked 
with ecological elements important for the 
management and sustainability of the coastal 
and offshore interventions. 

The submitted articles are hosted by the highly 
experienced Studium Editore publisher, that 
oversee a professional use of the journal-
management system and ensure a quick 
(retroactive) indexing in databases like AOJP, 
Scopus, and Google Scholar.

In this Inaugural first volume the following 
articles are included: 

The paper titled “Numerical modeling of 
revetment and sill in reducing shore erosion” 
deals with beach management and protection. 
The paper titled “Anomalous dispersion in 
weakly dissipative tidal channels” investigates 
on the use of Lagrangian transport processes 
for deepening the knowledge of tidal 
circulations. 

The paper titled “Anomalous dispersion 
in weakly dissipative tidal channels”, by 
means of physical wave flume experiments, 
investigates on complex flow structures 
arising by the interaction of a periodic flow 
and a tidal inlet. The flow is generated by 
a tidal single harmonic wave with varying 
period and amplitude.

The paper titled “Protected vs Non-Protected 
Marine Areas: A comparison of benthic 
macrofauna communities in seagrass beds 
of Abu Dhabi’s coastal waters, UAE” shows 
how the coastal protection works impact 
on the ecological system in a delicate and 
populated gulf area.

The paper titled “Wave resource assessment 
and climate change impacts in Reunion and 
Mauritius” deals with the assessment of wave 
energy resources in remote, yet populated 
islands in the Indian Ocean.

The paper titled “Historical overview of the 
structural integrity of Concrete Armour Units” 
reports main lessons learned from recent 
breakwater failures related to the structural 
integrity of the armour units. 

The paper titled “A numerical investigation on 
the occurrence of typhoon-triggered density 
currents of the 2008-flood event” investigates 
on how density currents induced by large-
scale catastrophic events (earthquakes and 
typhoons) may cause various potential 
environmental hazards such as submarine and 
seafloor equipment damages.

Warm Greetings
from the Chief Editors.

Waleed Hamza (UAEU)

Nobuhisa Kobayashi (UDelaware)

Giuseppe Roberto Tomasicchio 
(eCampus and UniSalento)

Marcel van Gent (Deltares) - Advisory 
editorial board member

Coastal and Offshore Science and Engineering  
Year I – 2022 – ISSN 2785-79726
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ABSTRACT
Interactions among waves, sand beaches, and rubble mound structures are difficult to investigate 
experimentally, because of the differences between the model and prototype, and to predict 
numerically, because of complex sediment dynamics inside porous structures. A small-scale 
experiment in a wave flume was conducted by Yuksel and Kobayashi (2019) in order to compare 
sand beach profile evolution and wave overtopping of a sand berm for the three cases of no 
structure (N), a stone revetment protecting a steep sand berm (R), and a stone sill reducing wave 
action on the berm (S). An existing numerical model verified with the small-scale N, R, and S 
tests was used to predict what may happen to prototype revetments and sills. Froude similitude 
with a length ratio of 1/16 (model/prototype) was used to scale up the incident waves, beach 
profile, and stones in the prototype. The sand was kept the same in hypothetical prototype PN 
(No structure), PR (Revetment), and PS (Sill) tests. The computed wave transformation and 
stone damage were predicted reasonably well. The beach profile changes were larger in the 
prototype because the fine sand was exposed to much larger waves.

KEYWORDS
Revetment, Sill, CSHORE, Prototype simulation, Sand beach, Shore erosion.
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https://doi.org/10.53256/COSE_220101

Numerical modeling of 
revetment and sill in 
reducing shore erosion

Coastal and Offshore Science and Engineering  
Year I – 2022 – ISSN 2785-79728



1 INTRODUCTION
Stone revetments are conventionally used 
to protect eroding shores and reduce wave 
overtopping and damage to backshore 
areas. Revetments constructed on estuarine 
shorelines may eliminate buffering wetlands 
and tidal habitat (e.g., Needelman et al., 
2012). Sills are constructed to protect planted 
marshes in living shoreline projects (e.g., 
Hardaway et al., 2010). The revetment and sill 
were discussed for living shoreline projects 
but have not been compared in quantitative 
manners. A laboratory experiment consisting 
of three tests was conducted in a wave flume 
to examine irregular wave transformation 
on a sand beach without and with a stone 
structure in the surf and swash zone. The 
first test was conducted to quantify shore 
erosion and wave overtopping for the case of 
no structure. The second and third tests were 
for the rebuilt shore protected by a stone 
revetment or sill, respectively. The stones 
used in the revetment and sill were identical. 
The data obtained from the experimental 
study were used to extend the cross-shore 
numerical model CSHORE (Kobayashi, 
2016) for the prediction of the sand transport 
in the vicinity of the porous revetment and 

sill (Yuksel and Kobayashi, 2020). The 
laboratory experiment and data analysis in 
the report by Yuksel and Kobayashi (2019) 
are summarized concisely together with 
the numerical model extension and the 
comparison with the data. The extended 
CSHORE is applied to the corresponding 
prototype revetment and sill to quantify the 
differences between the model and prototype 
in the laboratory experiment.

2 LABORATORY EXPERIMENT
Yuksel and Kobayashi (2019) studied the 
efficacies of two different structures, a 
revetment or a sill, in reducing shore erosion 
and wave overtopping. In order to do that a 
laboratory experiment consisting of three 
tests was conducted in a wave flume to 
compare sand beach profile evolution and 
wave overtopping of a sand berm for the 
cases of no structure (N), a stone revetment 
protecting the steep sand berm (R), and a 
stone sill reducing wave action on the berm 
(S). The sand beach in the flume that is 30 m 
long, 1.15 m wide, and 1.5 m high consisted 
of fine sand with a median diameter of 0.18 
mm. The initial profile at the beginning of the
experiment is depicted in Fig.1. A 400-s run

Figure 1. Experimental setup at the start of test N with no structure.
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of irregular waves with a Texel, Marsen, and 
Arsloe (TMA) spectrum was generated in 
water depths of 88, 92 or 96 cm. The spectral 
significant wave height and peak period were 
19 cm and 2.6 s, and the wave steepness was 
0.018. The still water level (SWL) elevations 
were 0, 4, and 8-cm with 10 runs for each 
SWL of the three tests (N, R, and S). Eight 
wave gauges (WG1–WG8) were used to 
measure the free surface elevation from 
wave shoaling zone to swash zone. The time 
series for Wave Gauges WG1–WG3, located 
at x = 0.0, 0.25, and 0.95 m, respectively, 
were used to separate incident and reflected 
waves at the location of x = 0 for each run. 
The separation method was explained by 
Kobayashi et al. (1990). The fluid velocities 
in the surf zone were measured by three 
velocimeters: one two-dimensional (2D) 
acoustic Doppler velocimeter (ADV) and 
two vectrinos (Nortek, Rud, Norway) at 
an elevation above the bed of one-third of 
the local water depth. A vertical wall was 
located at the onshore coordinate x = 19.9 m 
with x = 0 at WG1. Three tests conducted in 
sequence are listed in Table 1. The first test 
was conducted to quantify the shore erosion 
for the case of no structure (N). After the N 
test, the initial beach profile was rebuilt, and 
a stone revetment was placed on a filter of 
polyester fabric mesh with an opening of 
0.074 mm for the revetment (R) test in Fig. 
2. The revetment was constructed of the
green and blue stones used by Kobayashi
and Kim (2017). The nominal diameters of
the green and blue stones were 3.52 and 3.81
cm, respectively. The volumetric porosity
was 0.44 for both stones. The green and blue
stone segment widths across the 115 cm wide
flume were 62 and 53 cm, respectively (Kim
et al., 2016). The revetment slope was about
1:2. The testing procedure for the sill (S) test
was the same as that for the revetment (R)
test.

3 MEASURED HYDRODYNAMICS
The measured time series of the free 
surface elevation η relative to SWL and the 
velocities for each 90 runs in the N, R, and 
S tests were analyzed to examine the cross-
shore wave transformation. The measured 
alongshore and vertical velocities were small 
in comparison to the cross-shore velocity 
u. The mean and standard deviations of
η and u were calculated to compare the
wave transformation in the three tests. The
averaging of WG8 located above the berm in
Fig. 1 and buried partially in the sand was
performed for the wet duration. The wet
probability Pw was defined as the ratio of
the wet and total durations. These measured
values for 10 runs with the given SWL were
averaged, and the averaged values for the N,
R, and S tests were compared to examine the
effects of the revetment and sill on the wave
transformation. The examination details of
analyzed hydrodynamic measurements were
given in Yuksel and Kobayashi (2019). In
this paper, only the results of the sill structure
are presented for the three different SWLs as
explained below.

Test Description SWL 
(cm)

No. of 
Runs Time (s)

N No protection 0 10 0 – 4,000

4 10 4,000 – 8,000

8 10 8,000 – 12,000

R Revetment 0 10 0 – 4,000

4 10 4,000 – 8,000

8 10 8,000 – 12,000

S Sill 0 10 0 – 4,000

4 10 4,000 – 8,000

8 10 8,000 – 12,000

Table 1. Sequence of three tests
with three still water levels
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Fig. 3 presents average values of mean 
and standard deviation of the free surface 
elevation η and wet probability Pw for 10 
runs with SWL = 0, 4, and 8 cm in test S. The 
cross-shore variation of the local significant 
wave height 4ση shows the sill effect on 
breaking wave height reduction. Moreover, an 
increase of SWL increases wave height at the 
sill located inside the surf zone. Wave gauge 
8 at x = 18.6 m on the berm crest became 
wetter as SWL increased and the foreshore 
was eroded (Yuksel and Kobayashi, 2019). 
The volumes of water and sand transported 
over the impermeable vertical wall were 
used to obtain the water overtopping rate q0 

and sand overwash rate qbs per unit width 
averaged over each 400-s run. For the N test, 
minor wave overtopping, observed during t = 
0 – 8,000 s, but no sand overwash occurred 
because sand in the overtopped water was 
deposited on the 1.3-m-wide berm between 
WG8 and the vertical wall (Fig. 1). During t 
= 8,000 – 12,000 s, major wave overtopping 

and sand overwash occurred. For the R test, 
wave overtopping and overwash did not 
occur during t = 0 – 8,000 s. When SWL was 
increased to 8-cm, the revetment reduced q0 
and qbs considerably. For the S test, wave 
overtopping and overwash did not occur 
during t = 0 – 4,000 s. Minor wave overtopping 
occurred during t = 4,000 – 8,000 s, but 
sand in the overtopped water did not reach 
the vertical wall. The values of q0 and qbs
during t = 8,000 – 12,000 s became as large 
as those for the N test because the sill crest 
was sufficiently submerged, as explained in 
the following (Yuksel and Kobayashi, 2019).

4 BEACH PROFILE CHANGES
The profile evolution of the N test is shown 
in Fig. 4, where use is made of t1 = 4,000 s, 
t2 = 8,000 s, and t3= 12,000 s for brevity and 
the areas filled with green and yellow are the 
areas where obvious accretion and erosion 
occurred, respectively. SWL was increased 
by an increment of 4 cm at t = t1 and t2. The 
SWL shoreline at t = t0 was located on the 
gentle beach in front of the initial (t = 0) 

Figure 2. Initial profiles of tests N, R, and S
with SWLs of 0, 4, and 8 cm.

Figure 3. Average values of mean and 
standard deviation of free surface elevation| 
and wet probability Pw for 10 runs with SWL 

= 0, 4, and 8 cm in test S.
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profile. The profiles in the zone of x = 15.0 
– 19.9 m of noticeable profile changes are
presented for clarity. Onshore sand transport
and accretion in front of the steep slope
occurred during t = t0 – t1, perhaps because
the initial profile was created by moving sand
offshore from the accreted zone, as explained
in relation to Fig. 2. During t = t1 – t2 with the
4-cm SWL, the profile change was relatively
small, and minor wave overtopping eroded
the upper part of the steep slope. During t =
t2 – t3 with the 8-cm SWL, the steep slope
was eroded significantly and became gentler
under major wave overtopping (Yuksel and
Kobayashi, 2019).
Fig. 5 shows the measured profiles for test R
during t = t0 – t1, t = t1 – t2, and t = t2 – t3 with
the 4-cm SWL increase and the areas filled
with green (accretion) and yellow (erosion),
while the area colored with magenta is for
the structure damage. The revetment was
situated in the zone of x = 18.12 – 18.52 m.
During t = t0 – t1, onshore sand transport and
accretion occurred in front of the revetment.
The toe of the revetment was located 8 cm
above the initial SWL. During t = t1 – t2,
minor erosion occurred at the toe and crest
of the revetment, and the stone surface
settlement was observed. During t = t2 –
t3, with the 8-cm SWL, wave overtopping
caused scour landward of the revetment
crest and dislodged stones placed loosely on
the smooth fabric mesh. The revetment was
damaged, but shore erosion above the initial
SWL was less in the R test than in the N test
(Yuksel and Kobayashi, 2019).
The measured profiles for the S test are
shown in Fig. 6, where the sill was located in
the zone of x = 16.16 – 16.64 m. The colored
areas in Fig. 6 have the same meanings as
indicated for Fig. 5. During t = t0 – t1, the
sill crest located 4.1 cm above the SWL at
t = t0 was damaged and lowered by 2.6 cm
by t = t1. The sand profile change was small

apart from minor scour at the seaward sill toe 
and localized erosion below the initial SWL. 
During t = t1 – t2 with the 4-cm SWL, the sill 
crest was submerged, and the sill profile did 
not change much. The sand profile change 
was limited to the zone landward of the sill. 
The erosion and accretion patterns during t 
= t1 – t2 were similar for the N and S tests. 
During t = t2 – t3 with the 8-cm SWL, the still 
water depth above the sill was approximately 
7 cm in comparison to the incident significant 
wave height Hm0 = 19 cm. The similarity of 
the sand profile changes for the N and S tests 
became more apparent except for the scour 
at the seaward sill toe. The narrow sill in the 
experiment was not effective in reducing 
shore erosion when it was submerged 
sufficiently (Yuksel and Kobayashi, 2019).

Figure 4. Measured profiles for Test N during 
t = t0 – t1, t = t1 – t2, and t = t2 – t3 with 

4-cm SWL increase.
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Figure 5. Measured profiles for Test R during 
t = t0 – t1, t = t1 – t2, and t = t2 – t3 with a 

4-cm SWL increase.

Figure 6. Measured profiles for Test S during 
t = t0 – t1, t = t1 – t2, and t = t2 – t3 with a 

4-cm SWL increase.

5 RUBBLE MOUND DEFORMATION
Damage progression of the stone revetment 
and sill was analyzed using a conventional 
method (e.g., Melby and Kobayashi, 1998). 
The measured stone profiles at t = t0, t1, t2 
and t3 were compared with the initial stone 
profile to calculate the eroded (lowered) 
area Ae of the initial stone cross- section. 
The green and blue stones were used in the 
experiment as explained in relation to Fig. 2. 
The segments of the green and blue stones 
were averaged separately and the alongshore 
averaged profile for each segment was used 
to calculate Ae for each stone. The temporal 
variation of damage Se = Ae / (Dn50)2, where 
the nominal diameter Dn50 = 3.52 and 3.81 cm 
for the green and blue stones, respectively, 
were analyzed. The damage Se starting from 
Se = 0 at t = t0 increased with time. The 
revetment damage progression was related to 
the increase of wave action on the revetment 
with the 4-cm increment of the SWL at t = 
4,000 and 8,000 s, where the damage was 
negligible during t = 0 – 4,000 s with the 
initial SWL. The sill damage progression 
was related to wave action on the sill crest. 
The narrow (about two-stone width) sill crest 
emerged 4.1 cm (about one-stone height) 
above the initial SWL and was damaged 
during t = 0 – 4,000 s but the damaged crest 
was submerged and fairly stable under the 
SWL of 4 – 8 cm during t = 4,000 – 12,000 
s. The damage difference between the green
and blue stones was observed to be caused
partly by the nominal diameter difference of
8% and partly by the alongshore variability
of the eroded area which was investigated by
Melby and Kobayashi (1998).
The cause of the stone damage was examined
in the same way as in the stone seawall
experiment by Kobayashi and Kim (2017)
where the initial and final profiles of the stone
surface and fabric mesh filter for the R and S
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tests were considered. The revetment damage 
was caused mostly by the filter settlement 
and the wave overtopping caused additional 
damage on the revetment crest. Some of 
the stones on the revetment crest were 
dislodged landward onto the sand surface 
and the filter was visible at locations of stone 
dislodgement. For the S test, the initial and 
final filter elevations were essentially the 
same and filter settlement did not occur. The 
stones dislodged from the sill crest were 
deposited on the side slopes. The damaged 
crest shifted landward probably because of 
onshore stone movement under breaking 
wave action over the low and narrow crest. 
Some stones moved seaward during the wave 
downrush on the seaward slope (Yuksel and 
Kobayashi, 2019). 
The deposited sand height on the filter was 
about 0.3 and 0.8 cm inside the revetment 
and sill, respectively, where no sand existed 
on the filter at the beginning of each test, and 
there was more deposition near the revetment 
toe on the foreshore slope of 0.4 (vertical/
horizontal), while there was a more uniform 
and larger deposition inside the sill in the the 
surf zone (Fig. 7), (Yuksel and Kobayashi, 
2019).

6 NUMERICAL MODEL CSHORE
The cross-shore numerical model CSHORE 
was upgraded for its application to the sill 
test where the emerged sill crest became 
submerged during the test. The upgraded 
model was compared with the measured 
wave transformation, the wave overtopping 
and overwash rates, and the beach profile 
evolution and the prediction by the upgraded 
CSHORE was reasonable. The upgraded 
model also included an option of no filter to 
predict the settlement of the stone structure 
caused by sand erosion below the structure 
and to estimate the settlement reduction 
provided by the filter which was significant 
in the R test (Yuksel and Kobayashi, 2020). 
This study aims to provide insight into the 
performance of prototype revetments and 
sills by using CSHORE which was verified 
with the small-scale N, R, and S tests.
Numerical hydrodynamic models exist to 
predict detailed wave hydrodynamics on fixed 
bottoms and structures, and morphological 
models exist to predict beach profile changes 
for the case of no structure. No model exists 
to predict sand transport on a beach and 
inside a porous structure, except a few studies 
solely focused on sand transport inside a 
porous structure e.g., Van Gent et al. (2017) 
and Jacobsen et al. (2017). They investigated 
the erosion and deposition patterns inside 
of an open filter of rock on top of sand. 
Complex interactions of hydrodynamics, 
sediments, and structures are difficult to 
formulate and predict, partly because of 
limited available data. There is a need of 
an efficient model to perform a number of 
computations and optimize the location and 
geometry of a revetment and a sill under 
various water levels and wave conditions. A 
comprehensive model is required to predict 
wave transformation and overtopping, beach 
profile evolution, and structure damage and 

Figure 7. Deposited sand height inside porous 
revetment and sill structures.
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settlement. Such a numerical model needs to 
be evaluated using extensive laboratory and 
field data.
A process-based numerical model is required 
to design the revetments and sills for various 
prototype conditions. Kobayashi (2016) 
reviewed the capabilities and shortcomings 
of phase-averaged and resolving models. 
The phase-averaged model CSHORE 
was upgraded because of its versatility 
and computational efficiency. Yuksel and 
Kobayashi (2020) used the version of 
CSHORE which included the following 
components: a combined wave and current 
model based on time-averaged continuity, 
momentum, wave action, and roller energy 
equations; a sediment transport model for 
bed and suspended load coupled with the 
continuity equation of bottom sediment; a 
permeable layer model for porous flow; and 
a probabilistic swash model on impermeable 
(fine sand) and permeable (stone) bottoms. 
CSHORE was upgraded by adding an option 
to simulate water ponding between the 
initially emerged (later submerged) sill and 
the shoreline on the emerged beach in test S, 
because wave overtopping and transmission 
through the porous sill caused water ponding 
landward of the sill but ponded water flowed 
seaward over and through the porous sill. The 
formulation by Kobayashi and Kim (2017) 
for sand transport inside a stone structure 
on a fixed filter was extended to the case of 
no filter so as to estimate the settlement of a 
stone structure placed directly on sand.

7 PROTOTYPE APPLICATION OF 
CSHORE

CSHORE verified with the small-scale N, 
R, and S tests was used to investigate the 
sand profile changes and stone displacement 
in the prototype scale. Froude similitude 
of 1/16 (model/prototype) was considered 

for the three tests. Input files were changed 
accordingly to create input files for prototype 
N, R, and S tests indicated here as PN, PR, 
and PS tests.
The measured hydrodynamics and profiles 
were scaled up by using Froude similitude 
with the length ratio of 1/16 (model/
prototype). The corresponding ratios of the 
velocity and time are 1/4 (Table 2). There is no 
accepted similitude between the model sand 
and prototype sediment, therefore, “model 
sand” = “prototype sand” and the prototype 
sand is more mobile. The stone diameter 
is increased by a factor of 16. The incident 
wave height and peak period were scaled up 
to 3.04 m and 10.4 s. For the computation of 
sand beach profile evolution in the PN, PR 
and PS tests, the stones in the PR and PS tests 
were assumed to be immobile on the filter, 
which was assumed to be fixed. The average 
nominal diameter of 0.6 m was used for 
green and blue stones. The median diameter 
of sand was 0.18 mm and kept the same.
The present CSHORE cannot predict sand 
beach profile evolution and structure damage 
simultaneously. Damage on the stone 
revetment and sill was computed assuming 
no deformation of the initial sand beach 
profile. The critical stability number Nc 
related to the instantaneous fluid velocity for 
the initiation of stone movement (Kobayashi 
et al. 2010) was calibrated as Nc=0.6. Stones 
piled on the narrow sill crest in the S tests 
were found to be exceptionally unstable due 
to the possibility of insufficient contact with 
neighboring stones and the stability number 
of Nc was considered as 0.1 in the model 
scale by Yuksel and Kobayashi (2020). The 
computed damage progression with the 
same Nc value of 0.1 for the blue and green 
stones in the PS test in comparison with 
the measured damage is shown in Fig. 8. 
The calibrated value of Nc=0.1 gave good 
agreement at t=48,000 s but underpredicted 
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damage at 16,000 s, probably because of the 
spatial variation of Nc over the sill and some 
scale effect for stone damage. The computed 
damage for the PR test was much smaller 
than the measured damage caused mostly by 
the filter settlement. 
For the computation of sand beach profile 
evolution in the PN, PR, and PS tests, the 
adjusted initial profile in prototype scale for 
revetment and sill tests were used in 

Dimension Mode 1 Prototype

Incident significant wave 
height, Hm0 (cm) 0.19 3.04

Spectral peak period, Tp (s) 2.60 10.4

Computation domain (m) 20 320

Computation duration (s) 12,000 48,000

Table 2. Hypothetical prototype tests PN, PR, 
and PS based on Froude similitude of a length 

ratio of 1/16

Figure 8. Computed and measured damage of 
blue and green stones in the PS test.

order to reduce errors by the assumptions 
of no settlement and no stone damage. The 
detailed explanation of profile adjustment 
was given by Yuksel and Kobayashi (2020). 
The computed results in the following are 
based on the adjusted initial profiles for the 
PR and PS tests. 

The computed and measured cross-shore 
variations of the mean and standard deviation 
of free surface elevation η and horizontal 
velocity u together with Pw for 10 runs with 
128 cm (8 cm in the model scale) SWL 
were compared for the PS test (Fig. 9). The 
hydrodynamic variables are predicted within 
errors of about 20% and ση = (Hm0/4) is 
underpredicted immediately landward of the 
sill (located in the zone of x =258.56-266.24 
m). Near the shoreline, where the same sand 
was used in the model and prototype, beach 
profile changes are larger in prototype. Some 
scale effect on the free surface elevation and 
velocity is also observed in very shallow 
water. The comparison of CSHORE with 
the measured wave overtopping rate q0 and 
overwash rate qbs indicates that the computed 
prototype q0 and qbs tend to be overpredicted 
for the small q0 and qbs in the model which 
must have been affected by permeability and 
sand roughness in very small depth.

Figure 9. Computed and measured average 
values of mean and standard deviation of | 

and u together with Pw for 10 runs with 128 
cm SWL for the PS test.

Coastal and Offshore Science and Engineering  
Year I – 2022 – ISSN 2785-797216



8 DIFFERENCES BETWEEN MODEL 
AND PROTOTYPE ON BEACH 
PROFILE CHANGES

The measured and computed profiles at time 
t1 = 16,000s, t2 = 32,000 s, and t3 = 48,000 
s for PN, PR, and PS tests are presented 
together with the model scale comparisons in 
Fig. 10, 11 and 12, respectively. The initial 
profile at t =0 is plotted to indicate the degree 
of the profile change at the given time. The 
result for each test is explained separately 
because the revetment and sill have different 
effects on the beach profile evolution.
The beach profile changes of the no-structure 
case are given in Fig. 10 as for the model 
(N) and prototype (PN) scale to reveal their
differences.

For the PN test, the larger waves suspend 
the fine sand more and cause more offshore 
suspended sand transport due to return 
(undertow) current and the beach profile 
changes are computed to be more pronounced 
than the profile changes in the model scale.
The beach profile changes are presented in 
Fig. 11 side by side for R and PR tests. For 
the PR test, offshore suspended sand 
transport is dominant, resulting in larger 
offshore deposition and larger scour in 
front of the revetment toe. 
For the PS test, dominant suspended sand 
transport causes larger deposition on the 
landward side of the sill and larger erosion of 
the berm in front of the vertical wall.

Figure 10. Computed and measured profiles at time t1, t2, and t3 for the N and PN tests. 

Figure 11. Computed and measured profiles at time t1, t2, and t3 for the R and PR tests. 
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Figure 12. Computed and measured profiles at time t1, t2, and t3 for the S and PS tests.

9 CONCLUSIONS
The cross-shore numerical model CSHORE 
verified with the small-scale N, R, and S 
tests was used to predict the performance of 
prototype revetments and sills. The computed 
wave transformation and stone damage were 
almost the same in the model and prototype. 
The hypothetical prototype computed results 
indicated more offshore transport of the 
model sand and pronounced beach profile 
changes.
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ABSTRACT
Tidal channels can be characterized by complex flow structures arising by the interaction of 
a periodic flow and a tidal inlet. The presence of a compound geometry could complicate further 
the dynamics. Large scale coherent structures are periodically triggered and dissipated in a single 
tidal period. The resulting time dependent circulation is variable in time and space leading to a 
strong inhomogeneity. In the present study, we investigate the dispersion regime of tracer particles 
released in different sub-domains with the aim of understanding the variability of the Lagrangian 
transport processes. We use a large scale physical model with a simplified geometry of a system 
composed by a large basin (open ocean) and a long compound tidal channel. The tidal channel 
is connected with the outer basin through a tidal inlet representing an island barrier. The model 
is forced by a single harmonic tidal wave. Several tidal periods and tidal amplitudes were tested 
in order to generate a great variety of tidal circulations and residual currents. We describe the 
dispersion regimes using a fully Lagrangian approach, namely the single particle statistics. 
The results suggest that, even in a simplified geometry, the dispersion processes are strongly 
inhomogeneous and lead to anomalous dispersion regimes, namely super or sub-diffusive, 
depending on the sub-domain considered. The presence of coherent structures with a typical 
size of the channel width controls the ability of the flow to disperse tracers. Super-diffusive and 
sub-diffusive regimes are related to strong looping like Lagrangian autocorrelation functions 
that slowly decay to zero. Averaging over the entire domain leads, most of the time, to the 
standard regimes predicted by Taylor’s theory.

https://studiumeditore.it/riviste/coastal-and-offshore-science-and-engineering/
https://doi.org/10.53256/COSE_220102

Anomalous dispersion in 
weakly dissipative tidal 
channels
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Tidal circulation, tidal inlets, anomalous dispersion, single particle statistics, Large Scale 
Particle Image Velocimetry.
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1 INTRODUCTION

Tidal flows are a fundamental driver for several 
coastal environments such as estuaries, tidal 
embankments and coastal lagoons. They 
generate intense circulations together with 
the action of other hydraulic unbalance such 
as baroclinic pressure gradients, river inflows 
and wind stresses (Valle-Levinson 2010). The 
relative importance of the mentioned factors 
depends on several characteristics including 
the coastal morphology, the presence of 
freshwater inputs and the local climatology.
Several classifications of estuaries and coastal 
bays were proposed in the past years taking 
into account a variety of parameters (Geyer 
& MacCready 2014, Valle-Levinson 2010, 
Valle-Levinson 2021). Among these different 
attempts, some criteria are linked to the 
influence of the tides and their propagation 
inside the estuaries (Seminara, Lanzoni, 
Tambroni, & Toffolon 2010, Toffolon, 
Vignoli, & Tubino 2006, Cai, Savenije, & 
Toffolon 2012). In particular, Toffolon et al. 
(2006) proposed the convergence parameter 
and the friction parameter as the two main 
external parameters that can be used to 
classify the different response of estuaries 
to tidal forcing. They defined as external 
those parameters that do not depend on the 
dynamics inside the estuary, but only on 
variables that can be defined a priori based 
on the geometry and the forcing tide.
Tides have also a major role on mass 
transport and mixing, especially through the 
generation of the so-called residual currents 
(Jay 1991, Zimmerman 1986, Geyer & 

MacCready 2014). Residual currents are 
derived by averaging the time dependent 
circulation over a tidal period and they are 
recognized to be a fundamental driver for 
mass transports and dispersion processes 
owing to the strong and persistent straining 
and shearing (Ridderinkhof & Zimmerman 
1992).
Regarding the mixing processes that can 
occur in a semi-enclosed coastal environment, 
the morphology of the coastline plays an 
important role. In fact, several coastal 
environments are connected to the open 
ocean through tidal inlets, barrier islands and 
other openings. These geographycal features, 
coupled with the periodic circulation, may 
generate large scale vortical structures 
that are able to influence momentum and 
mass transport processes (Awaji, Imasato, 
& Kunishi 1980, Awaji 1982, Branyon, 
Valle-Levinson, Mariño-Tapia, & Enriquez 
2021, Kusumoto 2008, Nicolau del Roure, 
Socolofsky, & Chang 2009, Dronkers 2019).
Mixing in estuaries and coastal bays has long 
attracted the interest of several researchers 
due to the extreme importance of these coastal 
environments. Several studies focused on 
the definition of the time scales and the 
estimation of the dispersion coefficients 
in monochromatic tidal force conditions. 
Different attempts to define the proper time 
scale for mixing processes led to use different 
measures such as residence time, flushing 
time or age (see [Cucco, Umgiesser, Ferrarin, 
Perilli, Canu, & Solidoro 2009, Umgiesser, 
Ferrarin, Cucco, De Pascalis, Bellafiore, 
Ghezzo, & Bajo 2014, Viero & Defina 2016, 
Yang, Chui, Shen, Yang, & Gu 2018] among 
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many others). The main goal was also to 
classify estuaries based on these time scales; 
an example can be found in Umgiesser 
et al. (2014) where several estuaries and 
coastal bays of the Mediterranean Sea were 
compared. Note that most of these time scales 
were based on Eulerian concepts and quite a 
few on Lagrangian approaches.
Moreover, many field studies were devoted 
to the measurement of dispersion coefficients 
(Monismith, Kimmerer, Burau, & Stacey 
2002, Lewis & Uncles 2003, Banas, Hickey, 
MacCready, & Newton 2004) and they 
reported a wide range of values, spanning 
almost two orders of magnitudes from 10 to 
103 m2/s-1.
In the present study, we are interested in 
dispersion processes assesed by means of 
pure Lagrangian quantities. In particular, 
we apply single particle statistics that 
are commonly used to understand the 
different dispersion regimes (LaCasce 
2008). Single particle statistics based on 
tracer particle trajectories are the base for 
the computation of the absolute dispersion 
and the corresponding absolute diffusivity. 
Taylor’s well known theory (Taylor 1921) 
suggests the presence of two main dispersion 
regimes depending on the time evolution 
of the single particle trajectory. This theory 
predicts, in case of homogeneous turbulent 
flow, that for a long time after the particle 
deployment, the absolute dispersion grows 
linearly in time, thus, producing a Brownian 
diffusive regime. The time that discriminates 
the existence of the diffusive regime is the 
decorrelation time or the integral Lagrangian 
time. Taylor’s theory was proved to be valid 
for a much broader class of flows including 
atmospheric and ocean applications (LaCasce 
2008). Moreover, extensions of the classical 
Taylor’s theory are now available even for 
inertial particles (Boi, Mazzino, Muratore-
Ginanneschi, & Olivieri 2018). However, 

the asymptotic Brownian regime is subject 
to several constraint in order to exist. First 
of all the particle, velocity autocorrelation 
function should rapidly decay to zero and 
their integral should be finite. Flows where 
these two conditions may be violated were 
investigated and the so-called anomalous 
dispersion regimes were found for several 
flows of geophysical interests (Artale, 
Boffetta, Celani, Cencini, & Vulpiani 1997, 
Berloff, McWilliams, & Bracco 2002, 
Veneziani, Griffa, Reynolds, & Mariano 
2004, Boi, Afonso, & Mazzino 2015). An 
anomalous dispersion regime could lead 
to super or sub-diffusive regimes, where 
the absolute dispersion grows in time with 
exponents greater than 2 or smaller than 1, 
respectively. These non classical regimes are 
often associated to looping auto-correlation 
functions (Berloff, McWilliams, & Bracco 
2002).
Tides are an example of flows that could 
produce non-monotonic particle velocity 
correlations leading to possible particle 
looping trajectories that also reflect on a 
looping character of the Lagrangian integral 
time scales (Enrile, Besio, Stocchino, & 
Magaldi 2019).
In the present study, we investigate 
experimentally the flow generated by a tidal 
forcing on a large scale physical model 
of a basin connected to a compound tidal 
channel through a tidal inlet (barrier island). 
Large scale Particle Image Velocimetry 
is employed to measure two dimensional 
surface velocity fields providing a high 
spatial and temporal description of the flow. 
Varying the controlling parameter, a detailed 
Lagrangian analysis of the typical integral 
scales and of single particle statistics is 
performed and it provides a clearer picture 
of the processes occurring in a compound 
tidal channel. Finally, standard single particle 
statistics assume flow homogeneity. In the 
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present case of a tidal flow that interacts 
with an inlet, the resulting flow shows strong 
inhomogeneities. To this end, we performed 
also a spatial analysis trying to retain the 
effect of the different flow sub-domains.

2 EXPERIMENTAL SETUP
Physical experiments were carried out in 
the hydraulic Laboratory of the Department 
of Civil, Chemical and Environmental 
Engineering (DICCA) of the University 
of Genova, Italy. A sketch of the overall 
experimental set-up is shown in Figure 1. The 
experimental apparatus can be divided in two 
main parts: a tidal channel and a rectangular 
basin, connected each other through a tidal 
inlet. In particular, the 23 m long tidal channel 
is characterized by a symmetrical compound 
cross-section, i.e. composed by a deep main 
channel and two lateral flats. . Overall the 
tidal channel system is 2.42 m wide (wch) but 
the main channel has a landward decreasing 
width, starting from about 70 cm at the tidal 

inlet (wi) reaching about 11 cm at the channel 
end. Consequently, the two tidal flats have a 
varying width between 0.86 m and 1.16 m 
on each side. This convergence feature is 
common in real tidal channels that are typically 
characterized by a landward convergence and 
a meandering behavior (this latter aspect not 
respected in our experimental apparatus for 
the sake of simplicity). The main channel has 
a longitudinal slope equal to 0.255  and tidal 
flats are located at a constant elevation of 0.24 
m from the bottom of the channel. The basin, 
representing the sea, is 6 m long and 2.20 m 
wide (wb), allowing for a maximum depth 
equal to hb =  0.5 m. Contrary to the tidal 
channel, the bottom of the basin is horizontal. 
The mean water elevation referred to the 
bottom of the channel at the channel inlet has 
been maintained constant and equal to 0.36 
m during all the experimental campaign. As 
already mentioned, the connection between 
the two main parts is made through a tidal 
inlet. It consists of two thin vertical plates 

Figure 1: Sketch of the experimental set up and measuring systems.
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exp. a [m] Rh [m] T 
[s] Re X Y

8 0.003 0.086 160 9485 0.06 1.02

9 0.005 0.085 160 20923 0.11 1.02

10 0.007 0.085 160 25845 0.16 1.02

11 0.010 0.085 160 29981 0.23 1.02

12 0.012 0.086 160 35902 0.27 1.02

13 0.002 0.087 100 17881 0.02 0.64

14 0.004 0.086 100 30853 0.06 0.64

15 0.007 0.086 100 33837 0.10 0.64

16 0.011 0.085 100 30984 0.15 0.64

17 0.017 0.086 100 43470 0.23 0.64

18 0.002 0.083 130 13783 0.03 0.83

19 0.003 0.084 130 23452 0.05 0.83

20 0.005 0.085 130 30541 0.08 0.83

21 0.007 0.086 130 36422 0.12 0.83

22 0.009 0.086 130 44764 0.15 0.83

23 0.002 0.084 180 8172 0.06 1.15

24 0.004 0.085 180 15930 0.10 1.15

25 0.006 0.085 180 14287 0.14 1.15

26 0.008 0.086 180 27268 0.19 1.15

27 0.010 0.086 180 35195 0.24 1.15

li= 0.86 m placed at the seaward tidal flats 
edges, hence water exchange between the 
basin and the channel is allowed only at the 
inlet cross section of the main tidal channel. 
This is a common configuration in estuaries 
characterized by the so called barrier 
island, accumulations of sediments partially 
emerged between two inlets, constituted as 
a result of subsequent marine depositions 
and erosional processes occurring in the 
shoreline region. The inlet opening has not 
been altered during the whole experimental 
campaign. The entire experimental apparatus 
is made by concrete providing an estimated 
conductance coefficient C of about 12 m1/2/s, 
which corresponds to a Manning’s resistance 
coefficient of about 0.0167 sm-1/3.In order 
to provide an oscillating water level, a tidal 

generator system has been installed at the 
end of the rectangular basin, in an adjacent 
feeding tank. The generator consists of 
a cylinder, with a length of 2.8 m and a 
diameter of 1.1 m, that reproduces volume 
waves with variable periods and amplitudes. 
It is important to note that, in order to reduce 
wave reflections, a dissipative sloping 
mound has been installed at the end of the 
tidal channel (at the opposite side of the 
oscillating cylinder). Moreover, in order to 
avoid the generation of surface waves, two 
free floating polystyrene sheets have been 
placed just in front of the oscillating cylinder: 
these damped water surface oscillations of 
any kind.
The cylinder is remotely controlled using a 
digital signal acquisition/generation system 
and it provides a time law signal that reads:

η = asin (ωt)

where t is the time, η the free surface elevation, 
ai the tidal amplitude, and ω = 2π/T the tidal 
angular frequency, being T the tidal period. 
A list of the experimental parameters can be 
found in Table 1.

In order to classify the tidal flows in the 
present geometry we follow the approach 
suggested by Toffolon et al. (2006) and we 
use the two non-dimensional parameters 
suggested in the cited study. In particular, 
we define the convergence ratio parameter 
(γ), that is related to the planimetric scales 
of the estuary, and the friction parameter 
(χ), defined as the ratio between friction and 
inertia. These two dimensionless parameters 
are written as:

Table 1: Main experimental parameters.
(1)

(2)
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where ϵ = a/Rh is the non dimensional tidal 
amplitude, Rh is the mean hydraulic radius of 
the channel and Lb is the convergence length. 
Differently from the original definition, we 
substituted the hydraulic radius to the mean 
flow depth, as it is more appropriate in the 
case of complex cross-sections with tidal 
flats. The present experiments have been 
designated preserving the friction parameter 
χ and using a distortion of the planimetric and 
altimetric lengths. Distorted similitude laws 
are commonly employed when the model 
shows a marked difference between the three 
spatial scales involved. In particular the value 
of the planimetric scale (define as the length 
of the prototype geometry over the model 
one) varied, depending on the reference 
prototype, in a range between 1000 and 2000, 
whereas the altimetric one between 30 and 
50. Then, the obtained values of χ represent
realistic situation of weakly-convergent and
weakly-dissipative tidal environments, see
data from real estuaries and embankments in
Toffolon et al. (2006).

2.1 Measuring technique
During each experiment, water level and 
surface velocities have been measured. 
In particular, free surface elevation was 
monitored using four ultrasound gauges 
(Honeywell model 946-A4V-2D-2C0-380E, 
with a 30 cm range and an accuracy of 0.2% of 
the full scale), fixed on four aluminum profiles 
that allowed to place the gauges on the axis 
of the channel respectively at a distance of 0, 
4.75, 14.3 and 25 m based on the coordinate 
system shown in Fig. 1.  The gauge outputs 
are voltage measurements as function of time. 
In order to obtain centimeter measurements, 
a calibration procedure was followed, finding 
out, as expected, a linear relationship between 
voltage and centimeters measurements. 
Large Scale Particle Image Velocimetry 
(LS-PIV) was employed to measure the 

two-dimensional time dependent surface 
velocity fields u(x, y, t) = (u(x, y, t), v(x, y, t)), 
where, according to the notations of Figure 
1, we denote by x the landward oriented 
longitudinal axis of the channel with its 
origin located in the basin at a distance of 
about 3 m from the channel inlet and by y 
the lateral coordinate; u and v are the x and 
y components of the velocity u, respectively. 
PIV is a non intrusive optical method of flow 
visualization and it is used in a wide range of 
applications in order to obtain instantaneous 
velocity measurements, in particular when 
dealing with fluid velocity measurements. 
By means of statistical methods, the local 
displacement for the images is determined 
assuming an homogeneous motion of the 
seeded tracers in the domain, between two 
consecutive time recordings. PIV technique 
allows for the calculation of the surface 
Eulerian velocity fields. It is then possible 
to infer information of the main features of 
the flow under investigation. Finally, the 
computation of the trajectories of the tracers 
from the integration of the velocity flow 
enables for the analysis of mixing processes. 
This experimental approach, based on the 
free surface velocity measurement, is often 
used in many experimental works with 
primary focus on quasi-2D vortical structures 
(Jirka 2001, Nicolau del Roure, Socolofsky, 
& Chang 2009). It is worth noting that, in 
our application, the large dimension of the 
investigated area imposes specific equipment 
modifications with regards to the standard PIV 
technique. Indeed, the employment of a laser 
light is unfeasible owing to the large scale at 
hand. Lighting was thus produced using eight 
500W white light halogen lamps.The channel 
water surface was densely and uniformly 
seeded by polyethylene particles (940 kg 
m-3, mean dimension 3 mm) used as PIV
tracers. LS-PIV acquisitions were recorded
employing five high-resolution GigaEthernet
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digital cameras (Teledyne Dalsa Genie 
Nano C1280 and C2450). Depending on the 
camera model, the resolutions varied between 
24482048 pixels and 12801024 pixels. 6-mm 
lens have been mounted on the cameras. 
Cameras were fixed on rigid supports placed 
at an elevation of 4 m from the bottom of the 
channel, pointing downwards, as shown in 
Figure 1. Based on the camera arrangement, 
the field of view (FoV) for the velocity 
measurements was such to cover a large area, 
including the inlet region, of about 13 × 2 m, 
extending from about the last 3 m of the basin 
to about the first 10 m of the channel for the 
entire width, with cameras overlapping in the 
longitudinal direction of about 20%. The LS-
PIV acquisition frame rate was set equal to 
10 fps. Depending on the set of experiments 
considered each camera recorded more than 
5000 images (a single acquisition lasted about 
10 tidal cycles). The images from the five 
digital cameras have been binarized and then 
merged in order to obtain single panoramic 
images of the entire FoV for each temporal 
instant before PIV analysis. An example of 
the five recorded images and their merged 

panoramic view is shown in Figure 2.
We followed the multi-frame/single exposure 
approach in which the temporal order of the 
particle position is preserved. Finally, for 
the analysis of the images we employed the 
commercial software IDTproVisionTM PIV 
software. In particular, we took advantage 
of the adaptive cell size approach that allows 
for the maximization of the cross-correlation 
between two consecutive images starting from 
an initial interrogation window. In our case, 
depending on the experimental parameter, 
the interrogation window varied from 24 x 
24 pixels to 45 x 45 with a maximum overlap 
of 50%, ending up with about 15 thousand 
velocity vectors.

3 BACKGROUND ON LANGRANGIAN 
DIPERSION

The most natural framework for analyzing 
mixing processes is the Lagrangian (or 
material) one, which studies the evolution 
of material particles during the flow 
motion. To this end, we started from the 
Eulerian velocity fields (u(x, t)), described 
in the previous sections, and computed the 

Figure 2: Example of acquired PIV images and the panoramic view.
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numerical trajectories of material particles 
by integrating ẋ(t) = u(x, t) using a fourth-
order Runge-Kutta algorithm with adaptive 
step size. About 2×104 trajectories were 
computed, from a regular grid seeding over 

a 10 m × 2 m representing the entire measure 
domain.
The numerical particle trajectories are then 
employed to estimate single and multiple 
particle statistics (LaCasce 2008). In 

Figure 3: Top panel shows the horizontal velocity u as a function of the non dimensional time t/T . The 
time signal is extracted at a coordinate x = 4 m and y = 0 m, see point marker in panel a1). Red dots cor-
respond to panel names below. Panels a) - d) free surface velocity fields at different times with superimpo-
sed contours of the Okubo-Weiss parameter λ0. Panels a1) - d1) correspond to flood phase and panels a2) 

- d2) to ebb phase. Note that the domain reported is restricted to the region around the inlet.
Data from

Experiment 26.
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particular, we define the absolute dispersion 
A2(t) and its trace, the total absolute dispersion 
a2(t), as : (Elhma¨ıdi, Provenzale, & Babiano 
1993, Provenzale 1999, LaCasce 2008, 
Stocchino, Besio, Angiolani, & Brocchini 
2011):

where M is the number of particles and xim(t) 
is the ith position component of the m-th 
particle at time t and xim(t0) the initial one. 
Note that the time derivative of a2(t) provides 
an estimate of the total absolute diffusivity 
coefficient K(t)  (Provenzale 1999, LaCasce 
2008), defined as:

Classical dispersion regimes are identified 
based on the time dependence of the total 
absolute dispersion following the theory of 
(Taylor 1921), found to be valid in several 
geophysical contexts (LaCasce 2008). 
The so-called Lagrangian integral scale 
TL separates the quadratic and the linear 
time dependence regime of the absolute 
dispersion. It is defined as the time integral 
of the Lagrangian autocorrelation function of 
the i-th Lagrangian velocity component uLi:
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Figure 3: Top panel shows the horizontal velocity u as a function of the non dimensional time t/T . The time signal is extracted at a
coordinate x = 4 m and y = 0 m, see point marker in panel a1). Red dots correspond to panel names below. Panels a) - d) free surface
velocity fields at different times with superimposed contours of the Okubo-Weiss parameter λ0. Panels a1) - d1) correspond to flood
phase and panels a2) - d2) to ebb phase. Note that the domain reported is restricted to the region around the inlet. Data from
Experiment 26.
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a2(t) provides an estimate of the total absolute dif-
fusivity coefficient K(t) (Provenzale 1999, LaCasce
2008), defined as:356

K(t) =
1

2

d

dt
a2(t) (5)357
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Classical dispersion regimes are identified based on
the time dependence of the total absolute dispersion
following the theory of (Taylor 1921), found to be
valid in several geophysical contexts (LaCasce 2008).
The so-called Lagrangian integral scale TL separates
the quadratic and the linear time dependence regime363

of the absolute dispersion. It is defined as the time in-364

tegral of the Lagrangian autocorrelation function of365

the i-th Lagrangian velocity component uLi
:366

TLi
=

∫ +∞

0

Riidτ (6)367

Rii(τ) =
1

M

∑
M

ρLii
(τ)√

ρLii
(0)2

(7)368

ρLii
(τ) = ⟨uLi

(t)uLi
(t+ τ)⟩. (8)369

where the brackets indicate an average over the 
entire duration of each trajectory. The integral 
Lagrangian time scale TL is then calculated as 
the average of the longitudinal and transverse 
time scale, namely TL = 1/2(TLx + TLy).

4 RESULTS AND DISCUSSION
4.1 The flow fields
We firstly analyze the measured two-
dimensional Eulerian free surface velocity 
fields u(x, t), obtained from the large scale PIV 
measurements, with the aim of distinguishing 
regions with different dynamical properties. 
To this end, the Eulerian fields were post-
processed with the aim to identify vortical 
structures. Among the many techniques 
of vortex identification, we employed the 
method based on the evaluation of the Okubo-
Weiss parameter (Okubo 1970, Weiss 1991). 
For steady or slowly time dependent flows, 
the Okubo-Weiss criterion makes use of the
eigenvalues of the local velocity gradient 
tensor D, which can be written as D2 = λ0I, 
where the Okubo-Weiss parameter λ0 = −
det(D) is the product of the eigenvalues 
of D. However, it is better to write as 

where the brackets indicate an average over the entire370

duration of each trajectory. The integral Lagrangian371

time scale TL is then calculated as the average of the372

longitudinal and transverse time scale, namely TL =373

1/2(TLx + TLy).374
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Figure 4: Examples of free surface residual current fields for the
experiments from 13 to 17.
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We firstly a nalyze t he m easured two-dimensional
Eulerian free surface velocity fields u(x, t), obtained
from the large scale PIV measurements, with the aim
of distinguish regions with different dynamical prop-
erties. To this end, the Eulerian fields were post-
processed with the aim of identify vortical structures.
Among the many techniques of vortex identification,
we employed the method based on the evaluation
of the Okubo-Weiss parameter (Okubo 1970, Weiss
1991). For steady or slow time dependent flows, the
Okubo-Weiss criterion makes use of the eigenvalues
of the local velocity gradient tensor D, which can be
written as D2 = λ0I, where the Okubo-Weiss parame-
ter λ0 = −det(D) is the product of the eigenvalues of
D. However, it is better to write λ0 = 1 (S2 − ω2)390
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s is the total square strain, sum of391
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the square vorticity. The sign of λ0 discriminates be-
tween locally hyperbolic flow regions ( λ0> 0 strain
dominated) and locally elliptical flow regions (λ0< 0
rotation dominated). The latter are signature of coher-
ent vortices.

Figure 3 reports examples of the 2D velocity fields
with contours of the Okubo-Weiss parameter for
experiment 26. In particular, panels from a1) to d1)
show four snapshots taken during the flood phase,
whereas panels from a2) to d2) refer to the ebb phase.
In order to help the identification of the main flow
structures, we focused on the area around the inlet,
located at x = 4 m. We recall that the geometry of the
inlet in the present study is identical to the bar-rier
island analyzed in a previous work (Nicolau del Roure,
Socolofsky, & Chang 2009). In their study, however,
the Authors tested different other config-urations of the
inlets in a shallow basin without tidal flats with the aim
of understanding the trajectory of the vortex cores
during a tidal cycle. In the present case, the generation
of the macro-vortices during the flood phase is found
to be controlled by the inlet corners that act as a source
of vorticity that is then convected towards the tidal
channel. From the time sequence shown in Figure 3
from a1) to d1), it is clearly vis-ible that small scales
vortices are emitted with a pe-riod much shorter than
the tidal one and, more inter-estingly, they tend to
merge forming the larger struc-tures that occupy the
entire tidal flats width, leaving a strong jet in the
center-line of the channel (red regions for λ0> 0). The
mechanisms leading to the observed macro-vortices
generation were already pointed out by Niolau et al.
(2009), who described it as the en-trainment of small
scales vortices in the main vorti-cal structure. It is
worth noting that, contrary to the mentioned
experiments, the flood macro-vortices are always
flushed away toward the basin during the ebbing
regardless of the tidal wave period and amplitude. This
behaviour could be attributed to the presence of a
compound tidal channel, a geometry that is known to
enhance ebb dominance (Kang & Jun 2003, Geng,
Gong, Zhou, Lanzoni, & D’Alpaos 2020).434

 where S2 = Sn2 + Ss2 is the 
total square strain, sum of the normal (Sn) and 
shear (Ss) components, and ω2 is the square 
vorticity. The sign of λ0 discriminates between 
locally hyperbolic flow regions (λ0 > 0 strain 
dominated) and locally elliptical flow regions 
(λ0 < 0 rotation dominated). The latter are 
signature of coherent vortices. Figure 3 
reports examples of the 2D velocity fields 
with contours of the Okubo-Weiss parameter 
for the experiment 26. In particular, panels 
from a1) to d1) show four snapshots taken 
during the flood phase, whereas panels 
from a2) to d2) refer to the ebb phase. 
In order to help the identification of the 
main flow structures, we focused on the 

(6)

(7)

(8)

(3)

(4)

(5)

Coastal and Offshore Science and Engineering  
Year I – 2022 – ISSN 2785-797228



X [m]

Y
 [

m
]

-1

-0.5

0

0.5

1
0.080

0.064

0.048

0.032

0.016

0.000

a)

X [m]

Y
 [

m
]

-1

-0.5

0

0.5

1
b)

X [m]

Y
 [

m
]

-1

-0.5

0

0.5

1
c)

X [m]

Y
 [

m
]

-1

-0.5

0

0.5

1
d)

X [m]

Y
 [

m
]

2 3 4 5 6 7
-1

-0.5

0

0.5

1
e)

area around the inlet, located at x = 4 m. 
We recall that the geometry of the inlet in 
the present study is identical to the barrier 
island analyzed in a previous work (Nicolau 
del Roure, Socolofsky, & Chang 2009). 
In their study, however, the Authors tested 
different other configurations of the inlets in 
a shallow basin without tidal flats with the 
aim of understanding the trajectory of the 

vortex cores during a tidal cycle.   In the 
present case, the generation of the macro-
vortices during the flood phase is found to 
be controlled by the inlet corners that act as 
a source of vorticity that is then convected 
towards the tidal channel. From the time 
sequence shown in Figure 3 from a1) to d1), it 
is clearly visible that small scales vortices are 
emitted with a period much shorter than the 
tidal one and, more interestingly, they tend 
to merge forming the larger structures that 
occupy the entire tidal flats width, leaving a 
strong jet in the center-line of the channel (red 
regions for λ0 > 0). The mechanisms leading 
to the observed macro-vortices generation 
were already pointed out by Niolau et al. 
(2009), who described it as the entrainment 
of small scales vortices in the main vortical 
structure. It is worth noting that, contrary to 
the mentioned experiments, the flood macro-
vortices are always flushed away toward 
the basin during the ebbing regardless of 
the tidal wave period and amplitude. This 
behaviour could be attributed to the presence 
of a compound tidal channel, a geometry that 
is known to enhance ebb dominance (Kang 
& Jun 2003, Geng, Gong, Zhou, Lanzoni, & 
D’Alpaos 2020).
It is well known that the periodic oscillations 
due to tides not only generate a time 
dependent flow, but also a steady current 
known as residual current. As far as the 
mass transport of any kind (sediment, 
nutrients and biogeochemicals), it becomes 
relevant after several tidal cycles and this 
is mainly due to the appearance of the 
residual currents, often referred to as “tidal 
pumping” that may lead to significant 
longitudinal dispersion (Zimmerman 1986, 
Jay 1991, Banas, Hickey, MacCready, 
& Newton 2004, Valle-Levinson 2010). 
The free surface residual current can be 
obtained averaging the time dependent free 
surface velocity fields over a tidal period, 

a

b

c

d

e

Figure 4: Examples of free surface residual 
current fields for the

experiments from 13 to 17.
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decomposing the velocity fields as:
     
u(x, t) = u′(x, t) + U(x)

where
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It is well known that the periodic oscillations due
to tides not only generate a time dependent flow, but
also a steady current known as residual current. As
far as the mass transport of any kind (sediment,
nutri-ents and biogeochemicals), it becomes relevant
after several tidal cycles and this is mainly due to
the ap-pearance of the residual currents, often
referred to as “tidal pumping” that may lead to
significant longitu-dinal dispersion (Zimmerman
1986, Jay 1991, Banas, Hickey, MacCready, &
Newton 2004, Valle-Levinson 2010).
The free surface residual current can be obtained aver-
aging the time dependent free surface velocity fields
over a tidal period, decomposing the velocity fields
as:449
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represents the Eulerian free surface residual current,
no longer time dependent (Jay 1991), and u′(x, t) is
still a time dependent velocity field that could be, in
principle, further averaged over a typical Eulerian
integral scale to filter o ut t he t urbulent fluctuations
(Valle-Levinson 2010). In general, the net advection
associated with tides may also vanish and the only net
mass transport is then related to the residual current.

Examples of free surface residual current fields are
reported in Figure 4 for the experiments from 13 to
17. Note that only a portion of the entire domain is
here represented, in order to highlight the most ac-
tive region of the entire domain. As a general com-
ment, we observe that the resulting Eulerian resid-
ual current is perfectly symmetrical with respect to
the main channel, as expected in a symmetrical do-
main. It can be seen that the flow pattern appears quite
regular away from the inlet mouth. It is mainly gov-
erned by the presence of two macro-vortices on the
tidal flats and shows smaller vortical structures on the
basin side. The series shown is for a fixed tidal period
and varying the tidal amplitude. The latter increases
from panel a) to panel e) influencing b oth intensity
and shape of the residual current. Indeed, intensity
and dimension of the macro-vortices placed on the
tidal flats increase as ϵ increases.

4.2 Single particle statistics

As discussed in section 3, particle trajectories form
the basis for the computation of the single particle
statistics. In the present study, particles trajectories
were numerically computed starting from the veloc-
ity fields measured using LS-PIV. The standard pro-
cedure for the absolute dispersion computation re-
quires an initial uniform seeding over the entire do-
main. This leads to a global evaluation of the abso-487
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lute dispersion disregarding any flow inhomogeneities
(LaCasce 2008).

On the contrary, the present study aims to inves-
tigate the differential ability of different flow sub-
domains to disperse particles. The flow under inves-
tigation can be subdivided in three different flow sub-
domains. This distinction was decided upon the anal-
ysis of the time periodic flow fi elds an d th e corre-
sponding residual (steady) circulation discussed in the
previous section. In fact, the flow patterns appeared to
be quite different in the following three regions: the 
outer basin, where the forcing tide is coming, the
inlet region, where the large scale macro-vortices
are generated and dissipated periodically during a
tide, the inner part of the tidal channel, where the
influence of the inlet is no longer felt and the flow
seems to be regular and quasi-uniform.

A similar analysis was conducted by Berloff et al.
(2002) and Veneziani et al. (2004), where they consid-
ered different oceanic flow domains. They investigate
the Lagrangian transport in terms of absolute disper-
sion and discuss the differences among dynamically
separated flow regions (gyres and jet streams).

In the present study, for each experiment we sepa-
rately consider the statistics computed in the follow-
ing sub-domains:513
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1. Zone 1: this zone extends for the entire domain
of measurements and it is used for comparison
with the sub-domains;

2. Zone 2: extends from x = 3m to x = 6.2m and
covers the area of the most dynamically active
flow in the inner part of the tidal channel and
the part of the basin where vortices are generated
during the ebb phase;

3. Zone 3: is the most upstream area in the tidal
channel far from the inlet where no macrovor-
tices are observed (from x = 8m to x = 12m );

4. Zone 4: this is the zone where the flood macro-
vortices are generated and dissipated (from x =
3.8m to x = 6.2m);

5. Zone 5: this is the part of the basin which is the 
furthest from the tidal inlet closer to the region where
tides are generated (from x= 0m to x= 3m );530

The boundaries of the different zones are shown in531

Figure 5. In the same figure three points are also re-532

ported (circled in black) that are used to analyze local533

behaviors of the Lagrangian properties.534

Examples of the calculated absolute dispersion535

with time are reported in Figures 6 and 7 together536

with the corresponding longitudinal velocity auto-537

correlation functions Ruu(t) for four experiments. In538

particular, the results obtained for experiments 13 and539

17 are shown in Figure 6 and the ones for experiments540

23 and 27 in Figure 7. The selected experiments be-541

long to the series with the shortest and longest tidal542

represents the Eulerian free surface residual 
current, no longer time dependent (Jay 1991), 
and the u′(x, t) is still a time dependent velocity 
field that could be, in principle, further 
averaged over a typical Eulerian integral 
scale to filter out the turbulent fluctuations 
(Valle-Levinson 2010). In general, the net 
advection associated with tides may also 
vanish and the only net mass transport is then 
related to the residual current.
Examples of free surface residual current fields 
are reported in Figure 4 for the experiments 
from 13 to 17. Note that only a portion of the 
entire domain is here represented, in order to 
highlight the most active region of the entire 
domain. As a general comment, we observe 
that the resulting Eulerian residual current 
is perfectly symmetrical with respect to the 
main channel, as expected in a symmetrical 
domain. It can be seen that the flow pattern 
appears quite regular away from the inlet 
mouth. It is mainly governed by the presence 
of two macro-vortices on the tidal flats and 
shows smaller vortical structures on the 
basin side. The series shown is for a fixed 
tidal period and varying the tidal amplitude. 
The latter increases from panel a) to panel 
e) influencing both intensity and shape of 
the residual current. Indeed, intensity and 
dimension of the macro-vortices placed on 
the tidal flats increase as ϵ increases.

4.2 Single particle statistics
As discussed in section 3, particle trajectories 

form the basis for the computation of the 
single particle statistics. In the present 
study, particles trajectories were numerically 
computed starting from the velocity fields 
measured using LS-PIV. The standard 
procedure for the absolute dispersion 
computation requires an initial uniform 
seeding over the entire domain. This leads to 
a global evaluation of the absolute dispersion 
disregarding any flow inhomogeneities 
(LaCasce 2008).
On the contrary, the present study aims to 
investigate the differential ability of different 
flow sub-domains to disperse particles. The 
flow under investigation can be subdivided 
in three different flow sub-domains. This 
distinction was decided upon the analysis 
of the time periodic flow fields and the 
corresponding residual (steady) circulation 
discussed in the previous section. In fact, the 
flow patterns appeared to be quite different in 
the following three regions: the outer basin, 
where the forcing tide is coming, the inlet 
region, where the large scale macro-vortices 
are generated and dissipated periodically 
during a tide, the inner part of the tidal 
channel, where the influence of the inlet is no 
longer felt and the flow seems to be regular 
and quasi-uniform.
A similar analysis was conducted by Berloff 
et al. (2002) and Veneziani et al. (2004), 
where they considered different oceanic flow 
domains. They investigate the Lagrangian 
transport in terms of absolute dispersion and 
discuss the differences among dynamically 
separated flow regions (gyres and jet streams).
In the present study, for each experiment we 
separately consider the statistics computed in 
the following sub-domains:

1. Zone 1: this zone extends for the entire
domain of measurements and it is used
for comparison with the sub-domains;

2. Zone 2: extends from x = 3m to

(9)

(10)
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x = 6.2m and covers the area of the most 
dynamically active flow in the inner part 
of the tidal channel and the part of the 
basin where vortices are generated during 
the ebb phase;

3. Zone 3: is the most upstream area in the
tidal channel far from the inlet where no 
macrovortices are observed (from x = 8m 
to x = 12m );

4. Zone 4: this is the zone where the
flood macro-vortices are generated and
dissipated (from x = 3.8m to x = 6.2m);

5. Zone 5: this is the part of the basin most
far from the tidal inlet closer to the region
where tides are generated (from x = 0m
to x = 3m );

The boundaries of the different zones are 
shown in Figure 5. In the same figure three 
points are also reported (circled in black) that 
are used to analyze local behaviors of the 
Lagrangian properties.
Examples of the calculated absolute dispersion 
with time are reported in Figures 6 and 7 
together with the corresponding longitudinal 
velocity auto-correlation functions Ruu(t) for 
four experiments. In particular, the results 
obtained for experiments 13 and 17 are shown 
in Figure 6 and the ones for experiments 23 
and 27 in Figure 7. The selected experiments 
belong to the series with the shortest and 
longest tidal period T and, for a fixed value 
of T, we show the results for the smallest 

(exp.13 and 23) and largest tidal amplitudes 
(exp.17 and 27). 
Note that the total absolute dispersion a2 
was made non dimensional using the mean 
kinetic energy per unit mass Ek, defined as 
Ek = 1/2 < (uL2 + vL2)> and the Lagrangian 
integral scale TL computed using equation 
(8). uL and vL are the Lagrangian particle 
velocities and the brackets indicate an 
ensemble and time average over the total 
number of particles. It known from the 
Taylor’s theory (Taylor 1921)  that the 
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Figure 6: a) total absolute dispersion for 
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asymptotic dispersion coefficients scale with 
a typical time scale and a square velocity 
scale (LaCasce 2008). The Lagrangian 
integral time scale TL is often used as the 
typical scale to discriminate the dispersion 
regimes and, thus, it is a reasonable choice as 
a representative time scale (Stocchino, Besio, 
Angiolani, & Brocchini 2011). The choice of 
the typical velocity scale, instead, may vary 
depending to the flow analyzed and often 
the friction velocity was used (Chau 2000, 
Stocchino, Besio, Angiolani, & Brocchini 
2011). In the present case, we preferred to use 
the Lagrangian kinetic energy of the particles. 
The fact that the chosen scales are relevant 
in the present case is demonstrated that 
most of the total absolute dispersion signals 
collapse onto a narrow band. Moreover, we 
will see that the change in the dispersion 
regime occurs for non dimensional times of 
the order of TL, further demonstrating that TL 
is the proper time scale to discriminate the 
transition between subsequent dispersion 
behaviors.
Starting from panel a) of Figure 6, we 
can observe that the time dependence of 
a2 is strongly influenced by the particle 
seeding sub-domains. In the same plot the 
expected theoretical curves are reported to 
better discriminate the different regimes. In 
particular, we display the ballistic regime, 
a2/EKTL2
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Figure 6: a) total absolute dispersion for experiment 13 in the dif-
ferent sub-domains. b) total absolute dispersion for experiment
17 in the different sub-domains. c) Lagrangian longitudinal ve-
locity autocorrelation functions of experiment 13. d) Lagrangian
longitudinal velocity autocorrelation functions of experiment 17.

period T and, for a fixed value of T , we show the
results for the smallest (exp.13 and 23) and largest
tidal amplitudes (exp.17 and 27). Note that the total
absolute dispersion a2 was made non dimensional us-ing
the mean kinetic energy per unit mass Ek, defined as Ek

= 1/2 < (u2
L + v2L) > and the Lagrangian inte-gral

scale TL computed using equation (8). uL and vL are the
Lagrangian particle velocities and the brack-ets
indicate an ensemble and time average over the total
number of particles. It is known from Taylor’s
theory (Taylor 1921) that the asymptotic dis-persion
coefficients scale with a typical time scale and a
square velocity scale (LaCasce 2008). The Lagrangian
integral time scale TL is often used as the typical
scale to discriminate the dispersion regimes and, thus,
it is a reasonable choice as a representative time scale
(Stocchino, Besio, Angiolani, & Brocchini 2011). The
choice of the typical velocity scale, instead, may vary
depending on the flow analyzed and often the friction
velocity was used (Chau 2000, Stocchino, Besio,
Angiolani, & Brocchini 2011). In the present case, we
preferred to use the Lagrangian kinetic energy of the
particles. The fact that the cho-sen scales are relevant
in the present case is demonstrated by the fact that
most of the total absolute dispersion sig-567

nals collapse onto a narrow band. Moreover, we will568

see that the change in the dispersion regime occurs569

for non dimensional times of the order of TL, fur-570
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a general comment, we observe that for times longer
than t/TL > 1 the dispersion presents an oscillat-
ing behaviour with a periodicity that is controlled by
the tidal forcing. In fact, we see that for increasing
tidal period, the oscillations in a2 tend to lengthen
their period accordingly, see panel a) and b) of Fig-
ure 7 where the results for experiments 23 and 27 are
shown.

Regarding the influence of the initial seeding zones,
we can observe the appearance of super-diffusive
regimes for a short time interval of few Lagrangian
scales around the value of t/Tl = 1. This super-
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time exponents α in the range between 2 and 3. In
particular, for experiment 13, with the low-est tidal
period and lowest tidal amplitude, all zones show the
transient super-diffusive regime. Super-diffusive
regimes are often related to the presence of intense
positive lobes in the auto-correlation functions
(Berloff, McWilliams, & Bracco 2002, Veneziani,
Griffa, Reynolds, & Mariano 2004) and, in fact, re-
gardless of the seeding zones, Ruu(t) is found to
have a looping character with the first positive lobe
more in-tense than the first negative one, see Figure
6 panel c).

However, it is interesting to note that the loop-
ing character of the auto-correlation in the present
case and differently from the oceanic applica-
tions discussed in previous contributions (Berloff,
McWilliams, & Bracco 2002, Veneziani, Griffa,
Reynolds, & Mariano 2004) can be determined by the
simultaneous effects of two sources of periodicity. The
first and more intuitive is related to the periodicity of
the forcing applied to the system, i.e. the tidal forcing.
A second source of periodicity could be found in the615
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ferent sub-domains. b) total absolute dispersion for experiment
17 in the different sub-domains. c) Lagrangian longitudinal ve-
locity autocorrelation functions of experiment 13. d) Lagrangian
longitudinal velocity autocorrelation functions of experiment 17.

period T and, for a fixed value of T , we show the
results for the smallest (exp.13 and 23) and largest
tidal amplitudes (exp.17 and 27). Note that the total
absolute dispersion a2 was made non dimensional us-ing
the mean kinetic energy per unit mass Ek, defined as Ek

= 1/2 < (u2
L + v2L) > and the Lagrangian inte-gral

scale TL computed using equation (8). uL and vL are the
Lagrangian particle velocities and the brack-ets
indicate an ensemble and time average over the total
number of particles. It is known from Taylor’s
theory (Taylor 1921) that the asymptotic dis-persion
coefficients scale with a typical time scale and a
square velocity scale (LaCasce 2008). The Lagrangian
integral time scale TL is often used as the typical
scale to discriminate the dispersion regimes and, thus,
it is a reasonable choice as a representative time scale
(Stocchino, Besio, Angiolani, & Brocchini 2011). The
choice of the typical velocity scale, instead, may vary
depending on the flow analyzed and often the friction
velocity was used (Chau 2000, Stocchino, Besio,
Angiolani, & Brocchini 2011). In the present case, we
preferred to use the Lagrangian kinetic energy of the
particles. The fact that the cho-sen scales are relevant
in the present case is demonstrated by the fact that
most of the total absolute dispersion sig-567

nals collapse onto a narrow band. Moreover, we will568

see that the change in the dispersion regime occurs569

for non dimensional times of the order of TL, fur-570

ther demonstrating that TL is the proper time scale571

to discriminate the transition between subsequent dis-572

persion behaviors.573
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a general comment, we observe that for times longer
than t/TL > 1 the dispersion presents an oscillat-
ing behaviour with a periodicity that is controlled by
the tidal forcing. In fact, we see that for increasing
tidal period, the oscillations in a2 tend to lengthen
their period accordingly, see panel a) and b) of Fig-
ure 7 where the results for experiments 23 and 27 are
shown.

Regarding the influence of the initial seeding zones,
we can observe the appearance of super-diffusive
regimes for a short time interval of few Lagrangian
scales around the value of t/Tl = 1. This super-
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time exponents α in the range between 2 and 3. In
particular, for experiment 13, with the low-est tidal
period and lowest tidal amplitude, all zones show the
transient super-diffusive regime. Super-diffusive
regimes are often related to the presence of intense
positive lobes in the auto-correlation functions
(Berloff, McWilliams, & Bracco 2002, Veneziani,
Griffa, Reynolds, & Mariano 2004) and, in fact, re-
gardless of the seeding zones, Ruu(t) is found to
have a looping character with the first positive lobe
more in-tense than the first negative one, see Figure
6 panel c).

However, it is interesting to note that the loop-
ing character of the auto-correlation in the present
case and differently from the oceanic applica-
tions discussed in previous contributions (Berloff,
McWilliams, & Bracco 2002, Veneziani, Griffa,
Reynolds, & Mariano 2004) can be determined by the
simultaneous effects of two sources of periodicity. The
first and more intuitive is related to the periodicity of
the forcing applied to the system, i.e. the tidal forcing.
A second source of periodicity could be found in the615
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tends to lengthen their period accordingly, 
see panel a) and b) of Figure 7 where the 
results for experiments 23 and 27 are shown.
Regarding the influence of the initial seeding 
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Figure 6: a) total absolute dispersion for experiment 13 in the dif-
ferent sub-domains. b) total absolute dispersion for experiment
17 in the different sub-domains. c) Lagrangian longitudinal ve-
locity autocorrelation functions of experiment 13. d) Lagrangian
longitudinal velocity autocorrelation functions of experiment 17.

period T and, for a fixed value of T , we show the
results for the smallest (exp.13 and 23) and largest
tidal amplitudes (exp.17 and 27). Note that the total
absolute dispersion a2 was made non dimensional us-ing
the mean kinetic energy per unit mass Ek, defined as Ek

= 1/2 < (u2
L + v2L) > and the Lagrangian inte-gral

scale TL computed using equation (8). uL and vL are the
Lagrangian particle velocities and the brack-ets
indicate an ensemble and time average over the total
number of particles. It is known from Taylor’s
theory (Taylor 1921) that the asymptotic dis-persion
coefficients scale with a typical time scale and a
square velocity scale (LaCasce 2008). The Lagrangian
integral time scale TL is often used as the typical
scale to discriminate the dispersion regimes and, thus,
it is a reasonable choice as a representative time scale
(Stocchino, Besio, Angiolani, & Brocchini 2011). The
choice of the typical velocity scale, instead, may vary
depending on the flow analyzed and often the friction
velocity was used (Chau 2000, Stocchino, Besio,
Angiolani, & Brocchini 2011). In the present case, we
preferred to use the Lagrangian kinetic energy of the
particles. The fact that the cho-sen scales are relevant
in the present case is demonstrated by the fact that
most of the total absolute dispersion sig-567

nals collapse onto a narrow band. Moreover, we will568

see that the change in the dispersion regime occurs569

for non dimensional times of the order of TL, fur-570

ther demonstrating that TL is the proper time scale571

to discriminate the transition between subsequent dis-572

persion behaviors.573

Starting from panel a) of Figure 6, we can observe574

that the time dependence of a2 is strongly influenced575
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a general comment, we observe that for times longer
than t/TL > 1 the dispersion presents an oscillat-
ing behaviour with a periodicity that is controlled by
the tidal forcing. In fact, we see that for increasing
tidal period, the oscillations in a2 tend to lengthen
their period accordingly, see panel a) and b) of Fig-
ure 7 where the results for experiments 23 and 27 are
shown.

Regarding the influence of the initial seeding zones,
we can observe the appearance of super-diffusive
regimes for a short time interval of few Lagrangian
scales around the value of t/Tl = 1. This super-
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time exponents α in the range between 2 and 3. In
particular, for experiment 13, with the low-est tidal
period and lowest tidal amplitude, all zones show the
transient super-diffusive regime. Super-diffusive
regimes are often related to the presence of intense
positive lobes in the auto-correlation functions
(Berloff, McWilliams, & Bracco 2002, Veneziani,
Griffa, Reynolds, & Mariano 2004) and, in fact, re-
gardless of the seeding zones, Ruu(t) is found to
have a looping character with the first positive lobe
more in-tense than the first negative one, see Figure
6 panel c).

However, it is interesting to note that the loop-
ing character of the auto-correlation in the present
case and differently from the oceanic applica-
tions discussed in previous contributions (Berloff,
McWilliams, & Bracco 2002, Veneziani, Griffa,
Reynolds, & Mariano 2004) can be determined by the
simultaneous effects of two sources of periodicity. The
first and more intuitive is related to the periodicity of
the forcing applied to the system, i.e. the tidal forcing.
A second source of periodicity could be found in the615
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the simultaneous effects of two source of 
periodicity. The first and more intuitive 
is related to the periodicity of the forcing 
applied to the system, i.e. the tidal forcing. A 
second source of periodicity could be found 
in the presence of the coherent macrovortices 
generated by the interaction of the tidal wave 
with the inlet, see discussion in the previous 
section. The flood macrovortices are period 
flow features that ultimately control the 
generation of the residual current, again 
characterized by the presence of large scale 
flow structures, see Figure 4. The presence of 
the latter flow structures introduces a further 
time scale, i.e. their typical turnover time, 
defined as 
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Figure 7: a) total absolute dispersion for experiment 23 in the dif-
ferent sub-domains. b) total absolute dispersion for experiment
27 in the different sub-domains. c) Lagrangian longitudinal ve-
locity autocorrelation functions of experiment 23. d) Lagrangian
longitudinal velocity autocorrelation functions of experiment 27.
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Figure 8: Spatial distribution of the total absolute dispersion
for experiment 14 in four different instants during a tidal
cycle: a)t/T = 1/4 b) t/T = 1/2, c) t/T = 3/4 and d)t/T = 1.

Ruu(t) shows a strong looping-like character and this
might break the second requirement regarding its fast
decaying. Note that the tidal flow under investigation
is mainly characterized by the longitudinal dispersion
and the auto-correlation functions of the spanwise ve-
locities Rvv(t) (not shown) tends to zero much more
rapidly than the corresponding auto-correlations along
the longitudinal direction. Thus, the strong correlation
in the longitudinal direction is the controlling factor
that generates non-Gaussian diffusion regimes.

For t/TL > 3 the total absolute dispersion changes
its character showing oscillatory trends that persist for
a long time, see panel a). However, for all zones the
long term trend follows the classical Brownian (Gaus-
sian) regime. In fact, the asymptotic law a2/EKT

2 ∝
t

665

well describes the average behavior of a2.666
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for experiment 14 in four different instants during a tidal
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Ruu(t) shows a strong looping-like character and this
might break the second requirement regarding its fast
decaying. Note that the tidal flow under investigation
is mainly characterized by the longitudinal dispersion
and the auto-correlation functions of the spanwise ve-
locities Rvv(t) (not shown) tends to zero much more
rapidly than the corresponding auto-correlations along
the longitudinal direction. Thus, the strong correlation
in the longitudinal direction is the controlling factor
that generates non-Gaussian diffusion regimes.

For t/TL > 3 the total absolute dispersion changes
its character showing oscillatory trends that persist for
a long time, see panel a). However, for all zones the
long term trend follows the classical Brownian (Gaus-
sian) regime. In fact, the asymptotic law a2/EKT
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strongest super-diffusive regime even if no 
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the periodicity of the flow simply induced by 
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to zone 2 and 4) to cause a periodic auto-
correlation with an intense positive lobe, see 
panel c) of Figure 6. Anomalous diffusion 
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for the Lagrangian velocity auto-correlation 
function: convergence of its integral for t → 0 
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present case, Ruu(t) shows a strong looping 
like character and this might break the second 
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dispersion and the auto-correlation functions 
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Ruu(t) shows a strong looping-like character and this
might break the second requirement regarding its fast
decaying. Note that the tidal flow under investigation
is mainly characterized by the longitudinal dispersion
and the auto-correlation functions of the spanwise ve-
locities Rvv(t) (not shown) tends to zero much more
rapidly than the corresponding auto-correlations along
the longitudinal direction. Thus, the strong correlation
in the longitudinal direction is the controlling factor
that generates non-Gaussian diffusion regimes.
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  well describes the average 
behavior of a2.
Increasing the dimensional tidal amplitude ϵ 
for a fixed tidal period produced, in general, 
a more intense tidal circulation and residual 
currents, see the velocity maps of Figure 4. 
The effects on the Lagrangian transport are 
clearly highlighted on the behavior of both 
a2/EKTL2, panel b), and Ruu(t), panel d). In 
this case, the super-diffusive regime is no 
longer observed for all zones. This might be 
due to the fastest decay of the longitudinal 
auto-correlation functions. Again, for longer 
times (t/TL > 10) an average linear trend 
can be found for all sub-domains with only 
one exception. In fact, zone 3 manifests a 
diffusion regimes of the kind a2/EKTL2 
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period T and, for a fixed value of T , we show the
results for the smallest (exp.13 and 23) and largest
tidal amplitudes (exp.17 and 27). Note that the total
absolute dispersion a2 was made non dimensional us-ing
the mean kinetic energy per unit mass Ek, defined as Ek

= 1/2 < (u2
L + v2L) > and the Lagrangian inte-gral

scale TL computed using equation (8). uL and vL are the
Lagrangian particle velocities and the brack-ets
indicate an ensemble and time average over the total
number of particles. It is known from Taylor’s
theory (Taylor 1921) that the asymptotic dis-persion
coefficients scale with a typical time scale and a
square velocity scale (LaCasce 2008). The Lagrangian
integral time scale TL is often used as the typical
scale to discriminate the dispersion regimes and, thus,
it is a reasonable choice as a representative time scale
(Stocchino, Besio, Angiolani, & Brocchini 2011). The
choice of the typical velocity scale, instead, may vary
depending on the flow analyzed and often the friction
velocity was used (Chau 2000, Stocchino, Besio,
Angiolani, & Brocchini 2011). In the present case, we
preferred to use the Lagrangian kinetic energy of the
particles. The fact that the cho-sen scales are relevant
in the present case is demonstrated by the fact that
most of the total absolute dispersion sig-567

nals collapse onto a narrow band. Moreover, we will568

see that the change in the dispersion regime occurs569

for non dimensional times of the order of TL, fur-570

ther demonstrating that TL is the proper time scale571

to discriminate the transition between subsequent dis-572

persion behaviors.573

Starting from panel a) of Figure 6, we can observe574

that the time dependence of a2 is strongly influenced575

by the particle seeding sub-domains. In the same plot576

the expected theoretical curves are reported to bet-577

ter discriminate the different regimes. In particular,578

we display the ballistic regime, a2/EKT
2
L ∝ t2, and579

the asymptotic diffusive regime, a2/EKT
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a general comment, we observe that for times longer
than t/TL > 1 the dispersion presents an oscillat-
ing behaviour with a periodicity that is controlled by
the tidal forcing. In fact, we see that for increasing
tidal period, the oscillations in a2 tend to lengthen
their period accordingly, see panel a) and b) of Fig-
ure 7 where the results for experiments 23 and 27 are
shown.

Regarding the influence of the initial seeding zones,
we can observe the appearance of super-diffusive
regimes for a short time interval of few Lagrangian
scales around the value of t/Tl = 1. This super-
diffusive regimes a2/EKT

2∝ tα are associated to593
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time exponents α in the range between 2 and 3. In
particular, for experiment 13, with the low-est tidal
period and lowest tidal amplitude, all zones show the
transient super-diffusive regime. Super-diffusive
regimes are often related to the presence of intense
positive lobes in the auto-correlation functions
(Berloff, McWilliams, & Bracco 2002, Veneziani,
Griffa, Reynolds, & Mariano 2004) and, in fact, re-
gardless of the seeding zones, Ruu(t) is found to
have a looping character with the first positive lobe
more in-tense than the first negative one, see Figure
6 panel c).

However, it is interesting to note that the loop-
ing character of the auto-correlation in the present
case and differently from the oceanic applica-
tions discussed in previous contributions (Berloff,
McWilliams, & Bracco 2002, Veneziani, Griffa,
Reynolds, & Mariano 2004) can be determined by the
simultaneous effects of two sources of periodicity. The
first and more intuitive is related to the periodicity of
the forcing applied to the system, i.e. the tidal forcing.
A second source of periodicity could be found in the615

 tα 
with a time exponents α < 1. The latter is a 
signature of sub-diffusive regimes (Artale, 
Boffetta, Celani, Cencini, & Vulpiani 
1997). In general, sub-diffusive regimes are 
associated to the finite size of the domain 
compared to the typical length scale of the 
flow ( Artale, Boffetta, Celani, Cencini, & 
Vulpiani 1997, Besio, Stocchino, Angiolani, 
& Brocchini 2012, Enrile, Besio, Stocchino, 
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& Magaldi 2019)  or when the first negative 
lobe of the looping auto-correlation function 
is more intense than the second positive 
lobe (Berloff, McWilliams, & Bracco 2002, 
Veneziani, Griffa, Reynolds, & Mariano 
2004). In this case, for short tidal period, the 
auto-correlation for zone 3 does not show a 
strong lopping character and the sub-diffusive 
regime may attributed to the finite scale of 
the domain. Moving to the experiments with 
the lowest tidal period (experiments 23 and 
27), the results are shown in Figure 7. The 
increase of the tidal period, for a fixed tidal 
amplitude, panels a)-c) and panels b)-d), 
produces an increase of the role of the friction 
or, in dimensionless terms, of the friction 
parameter χ (Toffolon, Vignoli, & Tubino 
2006, Cai, Savenije, & Toffolon 2012). The 
unsteady flow and the resulting residual 
current are affected by the larger value of χ 
reflecting on smaller flood macrovortices. 
The impact on the Lagrangian transport is 
quite important. A first consequence is that 
the Lagrangian integral time scale TL seems 
to decrease with χ. A second effect is that 
for the same tidal amplitude, panels a) of 
the Figure 6 and 7, we no longer observe 
super-diffusive regimes for time of the order 
of TL = 1 even if Ruu(t) is still oscillating. 
Moreover, in this case, the total absolute 
dispersion of zone 2 and 4 seems to reach a 
slightly sub-diffusive regime with a2/EKTL2 
oscillating less. In this case we could argue 
that this sub-diffusive regime is similar to the 
one found by Veneziani et al. (2004) and it is 
mainly due to the effect of the macrovortices. 
Another, difference is the behavior of zone 
1, the outer basin. By inspecting carefully 
panel a) of Figure 7, we note that the long 
term behavior tends toward a super-diffusive 
regime, however, with exponents slightly 
close to the one of the ballistic regime, 
found for t/TL < 1. The low tidal period is 
likely to maintain the particles correlated for 

longer times, thus, inducing a non-Gaussian 
separation. The overall trend of the absolute 
diffusivity (zone 1) on average seems to filter 
out these non canonical regimes, leading to a 
picture close to the one predicted by Taylor’s 
theory, i.e. a ballistic regime followed by a 
Brownian regime for times longer than some 
TL. The last case shown in Figure 7 refers to 
experiment 27, panel b) and d), with same 
period of experiment 23 but with larger 
ϵ. This is the experiment with the largest 
friction parameter χ. The behavior in this 
case is somehow more complex than the 
previous experiments. Zone 3 and 5 shows 
a strong super-diffusive regime for 0.5 < t/
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Figure 8: Spatial distribution of the total 
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different instants during a tidal cycle: a)t/T = 
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TL < 10, followed again by a slightly sub-
diffusive regime for the zone 3. The most 
dynamically active zones (2 and 4) show an 
initial ballistic regime and then, for times t/
TL > 10, they tend to be slightly sub-diffusive 
as in the previous case (experiment 23). In 
this case, the overall behavior (zone 1) is 
mainly controlled by zone 2 and 4, leading 
to time exponents greater than 1 for longer 
times, even if the sub-diffusive character is 
not as strong as in other cases, e.g. zone 3 and 
5 of experiment 27 (see panel b) of Figure 7).
Finally, we try to retain the non homogeneous 
character of the dispersion processes studying 
the time evolution of the spatial distribution 
of the absolute dispersion. In fact, we can plot 
the value of Tr(A2) without averaging over 
the particle ensemble. This leads to a spatial 
field of the absolute displacement reached by 
a single particle released at time t0 in a specific 
position. An example of the results is shown 
in Figure 8 for an experiment with T = 100 s, 
namely experiment 14. Four time instants are 
shown in the figure for a single tidal period. 
In particular, we plot t/T = 1/4, 1/2, 3/4, 1 

corresponding to the peak of the flood phase, 
the end of the flood, the peak of the ebb phase 
and, finally, the end of the ebb phase.
The role of the non homogeneous flow fields 
appears quite clearly and regions at differential 
values of absolute dispersion periodically 
appear with increasing intensity with time. 
Regions of high particle displacement bound 
the flood-macrovortices in the tidal channels 
and the smaller flow structures at both sides 
of the inlet entrance. Signs of the behavior 
could have been identified in the maps of the 
Okubo-Weiss parameter where λ0 is greater 
than zero, see Figure 3. In fact, λ0 > 0 marks 
regions where the total strain dominates 
over rotation and this might imply that the 
particle separation could increase more 
rapidly (d’Ovidio, Isern-Fontanet, López, 
Hernández-García, & García-Ladona 2009). 
In some instants, the high values of the trace 
of A2 are almost closed around regions of 
very low values, which correspond to the 
vortical structures of zone 2 and 4, see panels 
b) and d). In other phase of the tidal wave,
instead, high values of the absolute dispersion
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are found in the tidal channel away from 
the inlet, zone 3 in particular. This is due to 
the fact that the flow in that zone could be 
described as almost uniform, leading to a fast 
increase of the absolute dispersion.
If we now analyze the local behaviors of 
selected control points, see the location of 
point 1, 2 and 3 marks in Figure 5, we can 
observe the different ability of these class of 
flow to transport tracer particles. Keeping the 
same logic of  Figures 6 and 7, we plot the total 
absolute dispersion and the corresponding 
longitudinal auto-correlation for the three 
control points in Figure 9. We selected three 
control points in order to show three possible 
behaviors of the absolute dispersion. In fact, 
we observe in all cases an initial ballistic 
regime followed by three different trends 
depending on the location. Point 1, around 
the tidal inlet, is clearly characterized by a 
sub-diffusive regime most probably due the 
same mechanisms described by Veneziani et 
al. (2004). Point two was selected on the outer 
boundary of the flood-macrovortices and 
the ballistic regime in this case is followed 
by an oscillating time dependence that, on 
average, reaches an asymptotic diffusive 
regime. A single point in the most upstream 
channel, instead, seems to be characterized 
a ballistic regime and then by a stronger 
oscillating behavior that on average is again 
sub-diffusive.

5 CONCLUSIONS
In this experimental study, we investigated 
the possibility of different dispersion regimes 
in a fairly simple large scale laboratory model 
of a tidal channel. The flow is generated by 
a tidal single harmonic wave with varying 
periods and amplitudes. The geometry of 
the flume is characterized by the presence of 
a tidal inlet that forces the flow to generate 
coherent structures at different scales 

depending on the tidal phase. Indeed, large 
scale flood macrovortices tend to dominate 
the flood phase triggered by vortex shedding 
at the inlet barrier. At the peak of the flood, 
they occupy the entire compound cross 
section with a perfectly symmetric pattern. 
Similar flow structures have been previously 
observed also in the absence of a compound 
channel (Nicolau del Roure, Socolofsky, & 
Chang 2009). Contrary to previous works 
the flood-macrovortices are completely 
flushed out in the ebb phase. Interestingly, 
phaseaveraging the flow fields leaves us 
with a nonhomogeneous residual current 
again characterized by the presence of two 
symmetric large scale vortices on the tidal 
flats and smaller structures outside the tidal 
inlet. This complex and non homogeneous 
flow patterns have a strong influence on the 
Lagrangian transport of tracer particles. We 
computed the total absolute dispersion using 
numerical particles seeking for the existence 
of different dispersive regimes and beyond 
the ones predicted by Taylor’s classical theory 
(Taylor 1921). The total absolute dispersion 
showed a variety of behaviors depending on 
the experimental parameters, in particular, 
the tidal period and amplitude and the friction 
coefficient values. All these controlling 
parameters can be nicely grouped in one 
non di839 mensional parameter, namely 
the friction parameter χ (Toffolon, Vignoli, 
& Tubino 2006). The shape of the auto-
correlation functions and how fast they tend 
to zero have a crucial role in the definition o 
f the possible regimes (Castiglione, Mazzino, 
Muratore-Ginanneschi, & Vulpiani 1999, 
Boi, Afonso, & Mazzino 2015). Both the auto-
correlation functions and the total absolute 
dispersion present strong oscillations, mainly 
controlled by the tidal period, as often 
observed in tidal environments (Orre, Gjevik, 
& LaCasce 2006, Enrile, Besio, Stocchino, 
& Magaldi 2019). Most importantly, the flow 
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inhomogeneities induce different separations 
of particles released in different sub-domains. 
Super-diffusive regimes are often observed 
for times of the order of the Lagrangian 
time scale especially in regions not affected 
by large scale macro-vortices. The super-
diffusive regimes are then followed by sub-
diffusive or Brownian regimes depending on 
the experimental parameters. Slightly sub-
diffusive regimes are most often found in sub-
domains controlled by the presence of large 
scale macro-vortices. Tidal flows controlled 
by the inlet mouth can be interpreted as 
several other geophysical flows where 
coherent structures (Berloff, McWilliams, & 
Bracco 2002, Veneziani, Griffa, Reynolds, 
& Mariano 2004) or the finite size of the 
domain (Artale, Boffetta, Celani, Cencini, 
& Vulpiani 1997, Enrile, Besio, Stocchino, 
& Magaldi 2019) have an important role. 
However, although non canonical regimes 
are found, most often the overall dispersion 
(averaged over the entire domain) seems 
to reach an asymptotic diffusive regime, 
allowing for the definition of an effective 
dispersion coefficient.
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ABSTRACT
Protection of marine areas worldwide aims to improve marine habitats for living biota and 
to restore their ability to withstand human impacts. Seagrass beds are considered one of the 
most productive ecosystems for both pelagic and benthic fauna. The Emirate of Abu Dhabi 
(UAE) has established protected marine areas along coastal premises that are characterized 
by rich seagrass beds. The present study measures the seasonal variations in macro-benthic 
fauna communities in a seagrass protected marine area (Marwah) and compares these results 
with those of a non- protected area (Halat Al Bahrani) in the coastal waters of Abu Dhabi. 
Comparison between the chosen protected and non-protected seagrass areas is also made 
regarding seasonal variations in seagrass bed biomass, sediment grain size and its influence 
on the benthic macrofauna diversity. In situ measurements of environmental parameters were 
taken in the summer and winter seasons for subsurface and near bottom water of the two studied 
locations, during 2017-2018. From each station, nine samples of seagrasses, sediments and 
macro-benthic fauna were collected in each season from three transects perpendicular to the 
shoreline, using 1m2 frame quadrate. The obtained results showed that there were differences 

https://studiumeditore.it/riviste/coastal-and-offshore-science-and-engineering/
https://doi.org/10.53256/COSE_220103

Protected vs Non-Protected 
Marine Areas: A comparison 
of benthic macrofauna 
communities in seagrass beds of 
Abu Dhabi coastal waters, UAE 
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1 INTRODUCTION
Seagrasses are valuable habitats that provide 
various ecological and economic benefits to 
coastal ecosystems. They filter and store marine 
debris, and act as a nutrient source for the larger 
ocean. They are also known to provide food for 
hundreds of marine species (Green & Short, 
2003). The seagrass root system and its densely 
growing leaves help to stabilize the sediment 
and reduce the current velocity. The complex 
structure of seagrass beds provides vital shelter 
and cover to thousands of food webs. Despite 
the relatively few seagrass species, there are 
diverse numbers of species that can find a 
habitat in seagrass ecosystems (Hemminga & 
Duarte, 2000). 
Seagrass and its leaves often contain a variety 
of organisms, including bacteria and algae. 
They also shelter a variety of animals, including 
bivalves, gastropods, and crustaceans (Hogarth, 
2007). While there have been extensive studies 
on seagrass beds worldwide, there are relatively 
few studies on seagrasses of the Arabian Gulf  
basin are available, and very little is known 
about seagrass bed density, biomass, and 
primary production values (Basson et al., 1977; 
Erftemeijer & Shuail, 2012). 
The Arabian Gulf is known for its large 
seasonal temporal variations with only two 
distinct seasons (summer and winter), and 
high evaporation rates as well as little rainfall 
and freshwater runoff. These factors in addition 
to the shallowness of its basin (average depth = 
35 meters), have led to its high salinity, which 
averages at 40 psu, and can exceed 70 psu in 

some areas. Due to this harsh environment, only 
three species of seagrass are able to tolerate the 
extreme conditions in the Arabian Gulf. (Green 
& Short 2003; Phillips & Milchakova, 2003). 
Several studies have concluded that primary 
production from seagrass and shallow water 
benthic algae might be of greater importance 
in the Arabian Gulf than production from 
phytoplankton (Sheppard et al., 2010; 
Erftemeijer & Shuail, 2012; Jones et al., 2014). It 
has also been indicated that seagrass is a major 
source of the detrital food webs, which provide 
food for many marine organisms (Erftemeijer 
& Shuail, 2012). The species diversity of benthic 
fauna associated with seagrass beds in the Gulf 
has been reported to be between 530 (Basson 
et al., 1977) and 835 species (Coles & McCain 
1990; Erftemeijer & Shuail, 2012). 
Due to the rapid and extensive economic 
developments along the coastal areas of almost 
all countries bordering the Arabian Gulf, many 
anthropogenic pollutants have been discharged 
into its basin (Halpern et al., 2008; Hamza 
and Munawar, 2009; Sheppard et al., 2010). 
Such pollutants, whether chemical or physical, 
have influenced the water quality and have 
consequently stressed the seagrass beds along 
the Arabian Gulf coastal area, particularly in the 
seabed habitats along the Emirate of Abu Dhabi 
(United Arab Emirates). Recently, the Abu 
Dhabi authorities established marine protected 
areas to safeguard endangered species, such 
as the dugong population along Abu Dhabi 
coastal areas. Abu Dhabi coast is the habitat for 
the second largest dugong population in the 
world, which feeds mainly on seagrass. These 

between the macro-benthic faunal communities of the two studied locations, due to variations 
in sediment grain size and extent of seagrass cover. The benthic macrofauna diversity leaned in 
favor of the non-protected area, especially in winter. The increase in Polychaeta species in the 
latter area was due to anthropogenic inputs, which increase the organic contents of sediments. 
This study also highlighted the importance of the protection of specific marine areas and their 
continuous monitoring of the dependent pelagic organisms, especially for seagrass beds of Abu 
Dhabi coastal waters.

Arabian Gulf; Marine protected areas; Sea grasses; Macrobenthos; Sediments
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protected areas have great covers of seagrasses 
in which different micro and macro benthic 
fauna are associated.
Macro-benthic fauna communities and their 
diversity reflect the quality of the water 
column, the sediment grain sizes, and the 
organic richness of the sediments (Hamza et 
al, 2017). Moreover, association of benthic 
macrofauna diversity with seagrass beds at 
protected and non-protected areas reveals 
differences between the two areas from the 
habitat conservation point of view. The main 
aim of this study is to compare between 
seasonal variations of seagrass bed biomass, 
and its association with macro-benthic fauna, 
at a protected, and a non-protected locations 
along Abu Dhabi coastal area. The study also 
compares the variations in sediment grain 
sizes from both areas and the influence of this 
parameter on the associated macro-benthic 
fauna diversity in the summer and winter 
seasons.the numerical model extension and 
the comparison with the data. The extended 
CSHORE is applied to the corresponding 
prototype revetment and sill to quantify the 
differences between the model and prototype 
in the laboratory experiment.

2 MATERIALS AND METHODS
2.1 Study area
The study was conducted at two sites, 
offshore Abu Dhabi’s coastal area. The sites 
were selected to represent protected and 
non-protected seagrass coastal habitats of 
Abu Dhabi. The Non-Protected Area (NPA) 
seagrass bed site was at Halat Al Bahrani (24o 
23.987’N / 54o 5.101’E), which is a busy area 
for heavy boat traffic. The second site falls 
within the Marawah Protected Area (PA), 
North of Um Amim Island (24o16.632’N / 
53o 23.121’E), which is located about 100 
km west of Abu Dhabi main Island. Both 
sites have abundant sea grass beds and have 
similar depths of 2 meters at low tide, and 5 
meters at high tide (Figure 1).  

2.2 Data collection
All data collection took place at the selected 
protected and non-protected sites during 
summer and winter seasons. Summer sampling 
occurred during the month of September 
2017. The winter sampling was conducted 
during January 2018. At each site, samples 
were collected along three N-S 15 meter-
long transects perpendicular to the shoreline. 
The transects were 15 meters apart, and the 
samples were collected at 5 m intervals, 
making three samples per transect and nine 
(9) samples in total per site, for each season,
following the sampling design in Figure 2.
That made 18 samples and measurements
recorded for each parameter in each site. In
total, 36 samples and measurements were
obtained for each parameter. The sampling
design is built on aligned replication of
sampling points parallel to the shore line.
That is also applicable for the 3 transects
with a short distance in between. This design
is also based on the patchy nature of sea grass
beds. The studied patches at both NPA and

Figure 1. Geographical map of United Arab 
Emirates indicating the sampled protected and 

the non-protected areas
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PA have selected based on their dimensions      
which have a similar expansion in seaward 
direction as well as a similarity of their 
water column depths that cover the different 
sampling points.

2.3 Environmental Parameters 
In-situ environmental parameters (surface 
and near bottom water temperature, water 
salinity, and pH and dissolved oxygen), 
were measured at each sampling point in 
the selected sites using hydrolab MS5 and 
Hydrolab surveyor HL. 

2.4 Sediment and Seagrass 
sampling

At each sampling point seagrass samples 
were collected, using quadrats (1m2) to 
determine both seagrass biomass and its 
percentage cover by photo quadrate. While 
the nine sediment samples were taken at the 
sampling points using a Van Veen grabber.  
Seagrass samples from each frame were 
placed in airtight containers stored in ice 
and were moved to the Marine Biology lab. 

(UAE-University), for further analyses. In 
the laboratory, the seagrass samples were 
separated from the attached sediments by 
washing with filtered seawater and sieving 
using a 1 mm sieve to retain the small 
benthic-macro fauna, while large living 
organisms were picked up by hand. Both wet 
weight and dry weight of the seagrass were 
measured from each sampling point. The 
wet seagrasses were dried overnight at 40 °C 
oven temperature, until a fixed dry weight 
was obtained for each sample. 
The sediment samples were dried at room 
temperature (21oC) and then in an oven at 80 
°C. A sub-sample of 100 g was sieved using 
an electric shaker, mounted with a sieve 
tower with mesh sizes 2.00 mm, 1.00 mm, 
0.5 mm, 0.25 mm, 0.125 mm, 0.062 mm, and 
<0.062 mm, representing the sediment types 
of gravel, very coarse sand, coarse sand, 
medium sand, fine sand, very fine sand, and 
silty-mud, respectively. Samples retained in 
each sieve were then weighed to permit the 
calculation of the average weight percentage 
of each grain size at each site.

2.5 Biological Data
All living benthic macrofauna organisms 
collected from each frame were fixated 
using 10% formaldehyde solution to allow 
identification and conservation. Photos of 
each frame quadrate were analyzed according 
to McKenzie (2003). Seagrass percentage 
coverage data were estimated based the 
visual estimation of the total cover of seagrass 
within the quadrat as per the Seagrass Percent 
Cover Standards given in guidelines for the 
rapid assessment and mapping of tropical 
seagrass habitats (McKenzie, 2003). 

2.6 Statistical analysis
Statistical analysis was performed using 

Figure 2. Design of the three parallel tran-
sects and the 9 seasonal sampling points of 

each site (●).
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the latest PAST statistical package version 
4.22. The analyses were used to detect any 
correlation between the environmental 
parameters and the seagrass biomass at 
both locations during the different seasons. 
Species richness and diversity indices were 
calculated using the tools available within 
the PAST statistical package.

3 RESULTS
The average water temperatures were 
consistent for the water columns of the PA 
site, and also for the water columns of the 
NPA sites, however, the PA showed warmer 
average temperatures compared to the NPA, 
for both seasons (Table 1). Water salinity 
was lower in summer (44.21 ppt) at the PA 
compared with the NPA (47.38 ppt), though 
the opposite was found in winter, where the 
PA water salinity was higher (46.15 ppt) 
compared with the NPA (44.15 ppt). pH 
values were similar at the two areas during 
winter seasons, while during summer, it was 
slightly higher at the NPA compared with the 
PA.  Dissolved Oxygen average values (Table 
1) were consistent throughout the sites.

3.1 Sediments 
Samples collected during summer in the 

protected area were found on average to 
consist of coarse sand (45.66%), medium 
sand (24%), gravel (15.21%), fine sand 
(12.26%) and at least 2.70% mud. In the 
non-protected area, samples were mainly 
fine sand and coarse sand, at 32.26% and 
31.65%, respectively. Medium sand made 
up 28.27% of the sediment composition, 
while gravel accounted for up to 6.03% and 
mud was only 1.78% of the sample (Figure 
3-A). During winter, the samples from the
PA were composed of coarse sand (averaging
41.99%), medium sand (29.32%), fine sand
(17.61%), gravel (8.18%) and mud (2.94%).
The samples from the NPA were mainly
fine sand (37.65%), medium sand (28.27%),
coarse sand (27.01%), and gravel plus mud
(1.60%) making a smaller proportion of the
sediment composition (1.60% of the sample)
(Figure 3-B).
The samples clearly showed that the sediment
in the PA was mainly coarse sand, while
in the NPA the sediment composition was
more evenly distributed between all three
sand sizes, (i.e., fine sand, medium sand,
and coarse sand). Apart from winter, the fine
sand at the NPA was much higher (37.65%)
compared to the other sand size proportions
(Figure 3-B).

3.2 Biological Data
During the summer season, seagrass species 
recorded at both sites were Halodule 
uninervis, Halophila stipulacea and 
Halophila ovalis. In both seasons, Halodule 
uninervis dominated both sites, while 
in winter Halophila stipulacea was not 
recorded. 
The estimation of the seagrass percentage 
cover showed that it was higher at both 
sites during the summer season, where all 
sampling points had over 80% coverage. 
During winter, coverage was reduced to 67% 

Lo-
ca-
tion

Season  
Surface 
Temp 
(°C)

Bottom 
Temp 
(°C)

Salinity
(ppt)

pH DO
(mg. 1-1)

PA
Summer 34.78 34.76 44.21 8.01 4.77

Winter 22.53 21.95 46.15 8.07 5.20

NPA
Summer 33.32 33.22 47.38 8.08 5.01

Winter 20.25 20.01 44.06 8.07 5.40

Table 1. Seasonal comparison of the measured
environmental parameters at both sites 
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at the protected area and 53% at the non-
protected area (Table 2).
Seagrass biomass showed higher weights 
during the summer season than winter. The 
average summer sample wet weight in the 
PA was 618.47 g. m-2, and the average winter 
sample wet weight was 208.16 g.m-2. The dry 
weight in the PA was 156.67 g. m-2 during 
summer while, during winter the dry weight 
was 35.13 g.m-2. At the NPA, the summer wet 
weight was 523.25 g. m-2, while in winter, 
the seagrass wet weight was 304.78 g. m-2. 
For the NPA, the dry weight was 77.72 g. m-2 
during summer but dropped to 41.78 g. m-2 
during winter (Figure 4).

3.3 Benthic Macrofauna

Examination and counting of the collected 
summer samples of benthic macrofauna 
at the PA resulted in 89 individuals that 
belong to 9 different classes and 19 different 
families/species. Most of the identified 
individuals were gastropods, followed by 
polychaeta. Species diversity was highest 
amongst gastropods and bivalves. However, 
at the NPA, only 56 individuals belonging to 
9 different classes and 17 families/species 
were identified. The samples were dominated 
by Bivalvia, followed by Sipunculids with the 
highest species diversity found in Bivalvia 
followed by Malacostraca and Ophiuroidea.
Winter samples in PA showed a decline in 
the number of individuals to 46 individuals 
that belonged to 6 different classes and 
20 different families/species. The number 
of Polychaeta individuals in the winter 
samples was 19, followed by gastropods. 
Polychaeta had the highest species diversity 
during winter with 9 identified family/
species, followed by Malacostraca with 5 
different species. Osteichthyes, Isopoda and 
Asteroidea were not recorded during winter 
(figure 5). In the NPA, there were no major 
drops in individuals, classes, or species 
count, with 55 individuals from 8 different 
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Figure 3(A-B). Seasonal sites comparison of 
sediment samples grain sizes composition

Sea-
son Site  1 2 3 4 5 6 7 8 9

Ave-
rage

Sum-
mer

PA 98% 95% 85% 80% 65% 70% 85% 65% 85% 81%

NPA 95% 80% 90% 95% 65% 75% 80% 70% 85% 82%

Win-
ter

PA 45% 35% 75% 50% 70% 80% 90% 80% 75% 67%

NPA 65% 75% 65% 55% 60% 40% 35% 45% 40% 53%

Table 2 Seasonal sites comparison of per-
centages seagrass coverage at the sampling 

location based on Photo quadrate images.

Seagrass Percentage Coverage 
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classes and 26 families/species being 
recorded.  Polychaeta dominated, with the 
highest number of individuals and highest 
species diversity followed by Malacostraca 
and Bivalvia (Table 3).
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Figure 4. Seasonal variations of Seagrass dry 
and wet weights at PA and NPA

Figure 5: Comparison between the identified 
macrofauna classes at both PA and NPA du-

ring summer and winter season.

Class Family/species Summer Winter

PA NPA PA NPA
Sipuncu-
lidea Phascolion sp. 1 16 5 5

Nereididae sp. 0 0 3 1

Lumbrineridae sp. 0 0 2 0

Orbinidae sp. 0 0 3 0
Phyllochaetopterus 
sp. 0 0 1 0

Onuphidae sp. 14 2 0 0

Polynoidae sp. 0 0 0 5

Oenonidae sp. 0 0 2 0

Ampharetidae sp. 0 0 2 0
Polycha-
eta Owenia fusiformis 0 0 1 0

Nereididae sp. 0 0 0 1

Glycera sp. 0 0 2 1

Onuphidae sp. 0 0 3 1

Serpiulidae sp. 5 0 0 0

Flabelligeridae sp. 0 0 0 2

Terebellidae sp. 0 0 0 4
Trichobranchidae 
sp. 0 0 0 1

Bodotriidae sp. 0 0 1 2
Sphaeromatidae 
sp. 0 0 0 2

Apseudidae sp. 0 0 1 0

Ampeliscidae sp. 0 0 1 0

Diogenes avarus 0 3 0 3
Malaco-
straca Orchomene sp. 0 0 2 0

Anthuridae sp. 0 0 1 0

Clibanarius sp. 11 0 0 0

Medaeus sp. 1 0 0 1

Thalamita poissoni 0 1 0 2

Phasianella solida 1 0 0 1

Table 3. List of the different benthic Macro-
fauna identified at PA and NPA during summer 

and winter seasons.
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Clanculus gennesi 0 0 0 1

Ceithiidae sp. 0 1 0 0
Bothropoma 
munda 5 0 0 0

Gastro-
pods

Smaragdia souver-
biana 1 0 0 0

Rhinocalvis kochi 26 0 12 0

Mitrella blanda 2 0 1 0
Hexaplex kueste-
rianus 0 0 0 1

Ancilla farsiana 0 0 0 1

Pinctada radiata 0 1 0 1
Pillucina vietna-
mica 7 8 0 5

Chama reflexa 0 0 0 1

Tellina pinguis 0 3 1 1
Musculista 
senhousia 0 1 0 0

Bivalvia Musculus costu-
latus 0 2 0 0
Cardiolucina 
sempriana 0 7 0 0

Circe rugifera 0 3 0 0

Solamen vaillantii 1 0 0 0
Pterelectroma 
zebra 1 0 0 0

Dosinia ceylonica 1 0 0 0

Corbula sulculosa 2 0 0 0
Gafrarium pecti-
natum 0 0 0 2

Ophionereis dubia 1 3 0 3
Ophiu-
roidea Amphiuridae sp. 0 1 0 0

Ophiodermatidae 
sp. 0 0 1 0

Ascida-
ceae Styelidae 0 1 0 3

Didemnidae 0 0 0 4

Isopoda Sphaeromatidae 
sp. 3 3 0 0

Gobiidae sp. 1 0 0 0
Asteroi-
dae

Aquilonastra 
burtoni 5 1 0 0

Scaphi-
poda Laevidentalium sp. 0 0 0 1

3.4 Statistical Analysis 
Correlation analyses between the species 
diversity and other environmental parameters 
and seagrass coverages have shown a negative 
significant correlation between water salinity 
and species evenness. Moreover, a positive 
significant correlation has resulted between 

water pH and species evenness. 
Despite the notable variations in the measured 
biotic parameters (seagrass coverage and 
species richness) at both spatial and temporal 
dimensions, T-test analyses have not shown 
such significant differences. However, the 
Shannon diversity index analyses indicated 
that the NPA had the highest species diversity 
at H = 3.061 during winter, while the PA 
had the lowest diversity H = 2.3328 during 
summer (Figure 8). Like the diversity index, 
evenness analysis showed that the highest 
similarity in number of each different species 
(e^H/S = 0.8211) occurred during winter 
at the NPA, while the PA had the lowest 
similarity in number of each different species 
(e^H/S = 0.5425) (Figure 6 A-B).

a

b

Figure 6 A-B: Overall species diversity (A) 
and Evenness (B) at both sites and in both 

seasons
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For the specific analyses of class diversity, 
the results showed that Polychaeta and 
Malacostraca for the PA biodiversity during 
winter were higher than their diversity 
during summer. While the diversity of the 
gastropods and bivalves was higher during 
winter, than that of the summer season. 
Overall, the evenness was higher during 
winter across all classes, it was highest 
in Bivalvia, during winter, and lowest in 
Gastropods during summer. At the NPA, 
Polychaeta, Malacostraca and Gastropods 
had a higher diversity during winter, while 
Bivalvia had a slightly higher diversity 
during summer. Moreover, the evenness of 
the species distribution was relatively high 
across all classes, and during both seasons.

4 DISCUSSION 
Conservation of both terrestrial and aquatic 
habitats is the stated mission of many 
countries, for the sake of maintaining 
biodiversity and environmental sustainability. 
One of the most effective tools used to 
achieve this is the protection of specific areas 
that host endangered species and/or unique 
features that support the equilibrium of food 
webs within different ecosystems. Protection 
of such areas within terrestrial biomes is 
much easier than for aquatic ones, simply 
because of the dynamic nature of the latter. 
There are many marine protected areas along 
the extended coast of UAE, and specifically 
along the Abu Dhabi coast. 
In the present study, selected sampling points 
for comparison included the Non-Protected 
Area referred to as Halat Al Bahrani (NPA), 
and at the Marawah Marine Protected Area 
(PA), the latter being declared as a UNESCO 
Biosphere Reserve. The PA extends over an 
area of 5,450 square kilometers and is the 
largest marine protected area managed by the 
Abu Dhabi Environment Agency.  This area 

hosts several important marine species, such 
as dugongs, green turtles, and Indo-Pacific 
bottlenose dolphins that are supported by the 
seagrass beds (EAD report, 2017). The large 
distance between the two sites was intended 
to help find distinct and partially influenced 
features from the system dynamism.
The variability within environmental 
parameters at PA and NPA is exemplified by 
the slight differences in water temperatures, 
which could be attributed to the sampling time, 
especially at shallow depths. Another reason 
could be the intensive human activities at the 
NPA that is responsible for microclimatic 
variations at the two sites (Robert and Heninz, 
1998; Brodie and N’Yeurt, 2018). The higher 
pH levels at the PA compared to the NPA can 
be attributed to the high seagrass cover in the 
protected area, which releases more oxygen 
from photosynthesis into the water leading 
to the increase in the water pH (Chislock et 
al., 2013). Moreover, the differences of water 
salinity and its reversed trend between the two 
sites for the two seasons may result from the 
geographical position of the sampling points 
as well as the tidal effect and the slope of the 
studied area at the time of the measurements. 
This study also shows that the dominant type 
of sediment at the PA site was coarse sand, 
while mud made the smallest contribution. 
This may suggest that the heavier coarse 
sand particles mark areas where the absolute 
current  velocity  is  smaller  than 0.02  mm/
second, under which conditions coarse sand 
will remain deposited compared to other 
sediment grain sizes (Fonseca and Friedman 
1986). The fine and coarse sandy sediments 
are uniformly distributed within the NPA. 
This could be due to coastal development 
and dredging activities as well as the fast 
motorboats that mix and cause the suspension 
of particle within the water column in this 
area. In his study, Wright (1993) concluded 
that seagrasses grew and survived well on a 
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medium  to  fine  sandy  substrate.   Another
study by Horrigan et al, (2017) found that the 
theoretical maximum coverage of seagrass 
in a healthy environment is 98%, based on 
quadrate photo evaluations. This does not 
exactly match our results, where the average 
seagrass coverage during the summer season 
was around 81-82% at both PA and NPA, 
respectively. The difference could be due to 
the harsh environmental conditions of the 
Arabian Gulf, where water temperatures may 
reach 37°C and water salinity >45 ppt (Hamza 
& Munawar, 2009). Additionally, it may also 
depend on the number of herbivores that feed 
on the seagrass beds. On the other hand, the 
sharp drop in the percentage cover and the 
biomass of seagrasses at the NPA, compared 
with the PA, during the winter season, could 
be attributed to the seasonal life cycle of the 
inhabited species. In their study, Alcoverro 
et al. (1998) mentioned that temperature and 
light conditions during winter can affect the 
survival rate of certain organisms, and the 
dynamics of these conditions can affect the 
density of seagrass meadows, whereby solar 
radiation is reduced, and exposure is reduced 
due to shorter days, resulting in reduced rates 
of photosynthesis and metabolic processes. 
Here, it is important to underline that in both 
seasons the seagrass biomasses (wet weight 
and dry weight) were much higher at the PA 
than the NPA. This could be mainly due to 
less exposure to heavy ships traffic in the PA 
site. In the non-protected area, anthropogenic 
activities can directly affect the water quality 
negatively, and the presence of silted water 
will reduce light penetration, leading to a 
reduction in photosynthetic rates (Kelly 
et al. 2017). In the present study, Halodule 
uninervis was the dominant species in terms 
of spatial and temporal distribution, while 
Halophila stipula was not recorded during 
winter. Although Fraser (2012) mentioned 
that the Halophila species can tolerate hostile 

and non-hostile conditions, the absence of 
this species during winter season at both 
sites could be due to the intensive feeding by 
herbivores, such as dugongs and sea turtles.

In parallel with the high biomass of 
seagrasses in the PA, the present study has 
identified nine different classes of benthic 
macro fauna, which include a variety of 
species. This is to be compared with only 
seven classes at the NPA. However, species 
composition and its diversity during winter 
were greater at the NPA. The reason could 
be the increase in the Polychaeta species that 
mainly feed on detritus materials produced by 
the decay of the seagrasses. Additionally, the 
exposure of the NPA to organic anthropogenic 
discharges can attract different Polychaeta 
species, especially when sediment grain 
sizes are medium to fine sands that facilitate 
the burrowing of such organisms (Qiu et al., 
2014).  In fact, the densities of populations 
belonging to other classes such as gastropods 
and bivalves were higher at the PA, compared 
to the NPA, while the densities of similar 
populations were less abundant at the NPA, 
which reveals the lower carrying capacity of 
populations that prefer different grain size 
and better quality of sediments. The absence 
of Isopoda and Asteroidea classes from the 
winter samples at both areas may result from 
their high mobility and their migration to 
occupy other niches for their varied feeding 
grounds (Hall et al., 2009).
In conclusion, the present study has shown 
that there were differences between the 
macro-benthic faunal communities of the 
two locations due to variations in sediment 
grain sizes and seagrass cover. The macro-
benthic fauna diversity was in favor of the 
non-protected area, especially in winter, due 
to the increase in Polychaeta species, due to 
anthropogenic inputs. However, the carrying 
capacity of the PA was much higher especially 
for gastropods and bivalves. This study also 
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highlights the importance of protection of 
specific marine areas and its continuous 
monitoring, especially for seagrass beds of 
Abu Dhabi coastal waters. Other pelagic 
organisms inhabit the PA due to its high-
water quality and its better oxygenation. 
The absence of significant differences 
between the NPA and PA for certain biotic 
parameters, could be due to the peculiar 
features of the Arabian Gulf hydrodynamics 
and hydrographic. That is in addition to the 
intensive human activities in coastal waters, 
not only at United Arab Emirates, but also 
in the neighboring countries, which have 
equally influenced both protected and non-
protected areas, especially when water that 
carries pollutants, becomes simply like air 
that has no boundaries. Moreover, the short 
residence time of water in the Gulf basin 
(2-3 years), and the differences in the diurnal 
tidal level and time with the connected Sea of 
Oman, have their role in continuous mixing 
of the water columns in different parts of the 
Gulf basin (Hamza and Munawar, 2009).
Finally, the obtained results may not be 
satisfying policymakers, however the study 
emphasized the importance of establishing 
marine protected areas; not only for the 
ultimate goals (which are to protect marine 
threatened species and critical habitats), but 
also to build up healthy ecosystems capable 
of sustaining higher densities and more 
diversified food webs to satisfy the living 
biota. This study also suggests carrying 
out other investigations in different marine 
environments to be able to quantify the 
benefits of establishing marine protected 
areas.
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ABSTRACT
This study assesses wave energy resources in two remote, yet populated islands in the Indian 
Ocean, i.e., Reunion and Mauritius. The suitable areas for future consideration for development 
were specified using the criteria defined for the sustainability of wave energy, including high 
energy potential and low intra-annual variation and long-term change in the future due to 
climate change. For climate projections, a super-high-resolution climate model was used to 
simulate the wave characteristics in both historical and future periods. The wave model has 
been downscaled on a local scale using the boundary condition generated by a parent model 
covering the whole Indian Ocean. The results show that in both islands, the wave power is the 
highest in the southeast and southern parts. There is higher stability for wave power in terms of 
monthly fluctuations in the southern parts of both islands. However, the north of Mauritius and 
south of Reunion show a lower future change in available mean wave power. In general, the 
southwest of Reunion and northwest of Mauritius are suggested to be more suitable locations 
for future development of wave energy farms considering their potential and sustainability.

https://studiumeditore.it/riviste/coastal-and-offshore-science-and-engineering/
https://doi.org/10.53256/COSE_220104

Wave resource assessment 
and climate change impacts 
in Reunion and Mauritius
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1 INTRODUCTION
Ocean renewable energies (OREs) are 
considered as a promising alternative to 
fossil fuels resources, thus contributing to 
the reduction of Greenhouse gas emissions 
and climate neutrality targets. In particular, 
wave energy can supply an important part 
of the electricity demand where providing 
the energy is challenging even with popular 
renewables such as wind and solar energy 
due to the limitation of land use (e.g., Rusu 
and Guedes Soares, 2012; Vicinanza et al., 
2013; Sierra et al., 2017). Other forms of 
OREs include ocean current energy, ocean 
thermal energy conversion (OTEC), salinity 
gradient (or the so-called blue energy), 
offshore wind, and tidal energy. However, 
except for offshore wind and wave energy, the 
other types of OREs are limited to particular 
areas due to their nature (Neill and Hashemi 
2018). With its high density and lower visual 
and environmental impacts, wave energy can 
add to the diversity of the renewable energy 
mix. The exploitation of wave energy may
furthermore pave the way for innovative
solutions in terms of coastal protection (e.g.,
against erosion, coastal surge and marine
inundation, etc.), desalination, hydrogen
production, pumping, and heating processes
(Rodriguez-Delgado et al. 2019a; b; Zheng
et al. 2017).
Although OREs have been considered a
measure to tackle global warming, the ocean
climate is also highly affected by climate
change (Kamranzad and Takara 2020).
Therefore, such uncertainty due to changes
in ocean climate should be taken into account
in future planning for renewable energy

exploitation. Wave climate projections 
are traditionally investigated based on the 
comparison of future and historical wave data. 
Thus, the future projections of wind climate 
are available from Global Climate Models 
(GCMs), whereas the historical data may be 
retrieved from the same GCMs, re-analysis 
hindcasts, or any long-term observations. The 
wind data extracted from GCMs can be used 
as an input for wave models to simulate the 
future wave climate. The former generation 
of Coupled Model Intercomparison Project 
(CMIP) models, i.e., CMIP3 models, were the 
model ensemble for the Intergovernmental 
Panel on Climate Change (IPCC)’s Fourth 
Assessment Report (AR4) with the Special 
Report on Emissions Scenarios (SRES) 
(Nakićenović and Swart, 2010). The 
SRES were replaced by Representative 
Concentration Pathways (RCPs) in the 
Coupled Model Intercomparison Project 
Phase 5 (CMIP5) (Moss et al. 2010) and 
Shared Socioeconomic Pathways (SSPs) in 
the Coupled Model Intercomparison Project 
Phase 6 (CMIP6) (Eyring et al. 2016).
Aside from the uncertainties associated with 
climate change projections, the numerical 
wave modeling itself contains inaccuracies 
mainly associated with the inaccuracy in 
input wind data, and the results of wave 
predictions are sensitive to the input winds 
(e.g., Teixeira et al., 1995; Ponce de León and 
Guedes Soares, 2008; Holthuijsen et al., 1996; 
Alizadeh et al., 2019; Alizadeh et al., 2020; 
Salah et al. 2016). Hence, a reliable high-
resolution wind field is required for accurate 
wave modeling. This concerns especially 
the local scales where an increased spatial 
resolution is needed to optimize the selection 
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of location/technology for the installation 
of wind and wave farms (Kamranzad and 
Hadadpour 2020; Kamranzad and Lin 2020; 
Karunarathna et al. 2020a; b; Etemad-
Shahidi, et al., 2011).
This paper assesses wave energy resources 
and their sustainability considering the 
climate change impacts in Reunion and 
Mauritius islands located in the southern 
Indian Ocean, west of Madagascar. These 
two islands are excellent case studies for 
wave energy assessment due to their vicinity 
to vast resources in the Indian Ocean and 
the growing energy demand associated 
with an increasing population, especially in 
Reunion Island (INSEE, 2011). However, the 
electricity supply still relies on a significant 
proportion of fossil fuels resources. Thus, in 
2015, petrol, coal, and gas generated more 
than 85% of the primary energy consumption 
within these islands territories (ORE 2016; 
Selosse et al. 2018b). In Mauritius, where 
population growth is approaching zero, 
its density is among the highest globally 
(Bowman 2021). Although Mauritius has 
been highly dependent on fossil fuels (83.6% 
in 2015) (Bundhoo 2018), the long-term 
energy strategy forecasts a share of 35% of 
electricity production by renewable energies 
by 2025 (Ministry of Renewable Energy and 
Public Utilities, 2009). A previous study by 
the authors in the Indian Ocean indicated 
that Reunion and Mauritius are among the 
promising areas considering their high wave 
energy potential, low monthly variation 
of the resources, and higher stability in 
terms of future changes (two conditions 
liable to reduce the intermittency of energy 
production and facilitate its integration into 
the grid) (Kamranzad et al. 2020). Further 
local studies specifically assessed the wave 
characteristics and energy potential and its 
viability in Reunion (e.g., Selosse et al., 
2018a,b; Praene et al., 2012; Lecacheux et 

al., 2012) and Mauritius (e.g., INSEE, 2011; 
Ministry of Renewable Energy and Public 
Utilities, 2009) based on refined available 
estimated resources. However, assessing the 
sustainability of the wave energy resource 
and the role of climate change in selecting 
the proper locations for energy exploitation 
around these islands has not been carried out.
This paper studies the wave resources as 
a promising energy supply for these two 
islands and investigates the sustainability 
of resources considering climate change 
impacts. For this purpose, a super-high-
resolution wind field obtained from CMIP5 
climate projections is exploited to drive 
a numerical wave model which generates 
the high-resolution wave characteristics in 
historical and future periods in the study 
area. The spatio-temporal variation of wave 
energy is investigated in both periods, and 
a sustainability index is implemented to 
identify the suitable locations for further 
downscaling and future development plans. 
The methodology, including the case study, 
data, and modeling, is described in Section 2. 
Section 3 contains the results and discussions, 
and Section 4 provides the summary and 
conclusions.

2 Materials and Methods 
2.1 Study Area
The study area is located in the southern 
Indian Ocean, including the Reunion and 
Mauritius islands (Figure 1). These islands 
are both located in the east of Madagascar 
island. Reunion Island is an overseas region 
of France, whereas Mauritius island belongs 
to the Republic of Mauritius. Reunion is 
home to a human population of around 
859,959 residents (https://www.insee.fr/en/
accueil), while Mauritius’s population has 
been estimated to be around 1.27 million 
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(“Worldometer”). Both islands are isolated in 
the southern Indian Ocean, and the minimum 
distance from the closest major populated 
land (i.e., Madagascar) is around 680 km 
and 870 km for Reunion and Mauritius, 
respectively (according to Google Earth). 
Reunion and Mauritius cover furthermore 
the areas of 2,512 km2 and 2,040 km2, 
respectively. The length of the coastline is 
about 207 km and 150 km for Reunion and 
Mauritius, respectively. 

2.2 Dataset
Wave characteristics in the study area, 
including Reunion and Mauritius islands, 
were generated in two time slices, (i) 1979–
2003 (historical run) and (iii) 2075–2099 
(future run). These two time slices are 
therefore of equal length covering a period 
of 25 years, thus meeting the Technical 
Specification set up by the Marine Renewable 
Energy Technical Committee (TC114) of the 
International Electrotechnical Commission 
(IEC), which recommends a minimum 
period of ten years for wave energy resource 
assessment ( IEC, 2015). A super-high-
resolution wind dataset of MRI-AGCM3.2S 
(Mizuta et al. 2012) provided by the Japan 
Meteorological Research Institute (MRI) was 
used as an input for the wave model. This wind 
dataset has spatial and temporal resolutions 
of 20 km and 1 hour, respectively in both 
historical and future periods, and has been 
widely used in generating the wave dataset 
in the Indian Ocean area (e.g., Kamranzad 
and Lavidas, 2020, Kamranzad and Mori, 
2019). RCP (Representative Concentration 
Pathway) 8.5 projection was utilized as the 
future scenario of the wind field. Bathymetry 
data obtained from the General Bathymetric 
Chart of the Oceans (GEBCO) with a 30 
arc-sec spatial resolution was also used in 
numerical wave modeling.  
The numerical model used is Simulating 
WAves Nearshore (SWAN) Cycle III 
version 41.31 developed by Delft University 
of Technology (Booij et al. 1999). The 
computational domain covers the area 
between 53°E - 60°E in longitude and 17°S 
- 24°S in latitude (Figure 1). The spatial and
temporal resolution of the computational grid
was 0.05° and 30 minutes, respectively, while
the output grid was defined covering the area
between 54.5°E - 58.5°E in longitude and
18.5°S - 22.5°S in latitude and with spatial

Figure 1. Location of the computational 
domain (top) and bathymetry of the study area 

(bottom).
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(1)

and temporal resolutions of 0.05° and 6 
hours, respectively. 
The formulations of Komen et al. (Komen 
et al. 1984) and Hasselmann et al. 
(Hasselmann et al. 1985) were considered 
as the source terms for the wind energy and 
nonlinear 4-wave interaction (quadruplets), 
respectively. In addition, Komen et al. (1984) 
and Hasselmann et al. (1973) formulas were 
used for whitecapping and bottom friction, 
respectively. The rate of whitecapping 
dissipation was considered as 2.36e−5 
(default value), the friction coefficient 
was 0.038 according to the JONSWAP 
formulation, and the breaking coefficient was 
also considered as 1 for the proportionality 
coefficient of the rate of dissipation, and 
0.73 for the breaker index. The frequency 
domain in the computational grid included 
the range from 0.03 to 1 Hz with 36 bins 
on a logarithmic scale, and the directional 
computational grid consisted of 36 bins of 
10 degrees. The boundary condition of the 
model has been provided by the parent model 
covering the Indian Ocean (Kamranzad et al. 
2020) and has been calibrated and verified 
against remote-sensing satellite observations 
(Kamranzad and Mori 2019a). 
The wave energy and power are obtained 
from the wave characteristics generated 
by the numerical model. The wave energy 
density (E) is calculated using (Hughes and 
Heap 2010):

 ρ

in which ρ, g, and SWH are the water density, 
gravitational acceleration, and significant 
wave height, respectively. The wave power 
(P) is calculated as:

where Cg, C, and n are the wave group 
velocity, the phase speed of the wave, and the 
ratio of the wave group speed to the phase 
speed, respectively. C can be calculated as the 
ratio of wavelength (gT2/2π for deep water) 
to the wave period (T), and n is considered 
approximately equal to 0.5 for deep water 
condition. Hence, equation (2) can be re-
written as:

The actual sea state includes a large number 
of regular waves. Hence, a variance spectral 
density function is used to describe a mixture 
of different amplitudes, frequencies, and 
directions. Therefore, the energy period (Te) 
is introduced to calculate the wave power 
(deep water approximation) (Abbaspour and 
Rahimi, 2011):

Equation 4 thus expressed the available wave 
energy flux for deep waters in kW/m (Guillou, 
2020). Te can be obtained based on the wave 
peak period multiplied by a factor, which 
for instance, is 0.9 for a standard JONSWAP 
spectrum with a peak enhancement factor 
of γ = 0.33 (Abbaspour and Rahimi, 2011). 
Te is equal to the parameter Tm-10 in SWAN 
outputs and is calculated by m-1/m0. mn is the 
n-th moment of the energy density spectrum
(E(f)) in which f is the frequency (SWAN 
scientific and technical documentation, 
2019):

The deep water approximation was used to 
calculate the available wave power in all 

(2)

(3)

(4)

(5)
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output grid points of the domain. Based on 
the wave power generated in both historical 
and future periods, the results, spatio-
temporal analysis, and stability of resources 
are discussed in the next section.

3 RESULTS AND DISCUSSION
The generated wave characteristics in the 
two periods -historical and future- and 
the calculated wave power were used for 
the spatio-temporal assessment. Figure 2 
shows the annual mean values of various 
wave parameters, including SWH, swell 
wave height (HSWELL), mean wave period 
(MWP), and wave power (P) in the historical 
period and their relative future changes (in 
percentage) during 2075–2099. Figure 3 
represents the mentioned values in nearshore 
areas of Reunion and Mauritius. The 
nearshore area has been defined by two grid 
points around the land on the outputs (i.e., the 
distance of around 0.1°). According to Figure 
2, the dominant wave direction is from S-SE, 
and hence, the presence of the islands reduces 
the wave power in their northern side due 
to the sheltering effect. The wave power in 
the southern side of the islands is around 25 
kW/m which is reduced to around 10 kW/m 
on the northern side, implying a reduction of 
around 60% due to the sheltering effect. The 
reduction in SWH from the southern (around 
2.2 m) to the northern side (around 1.2 m) 
of the islands is about 45%, while it is about 
60% and 25% for HSWELL and MWP. It 
indicates that the reduction of HSWELL 
has a higher impact on reducing P from the 
southern to the northern side of the islands. 
Comparing the future and historical periods 
shows that according to RCP 8.5, SWH, 
HSWELL, MWP, and P may decrease in 
the future. However, the reduction does not 
exceed 10% for P and HSWELL and 5% for 
SWH and MWP in the domain. In nearshore

Figure 2. Annual mean values of various wave 
parameters (right column) and their relative 

change (%) in the future (left column). Arrows 
show the wave propagation direction.

areas (Figure 3), the future decrease in all 
parameters does not exceed 2-3%, while 
for HSWELL it is more than 5%. Extracted 
from a global study, Camus et al. (2017) also 
showed a future reduction in SWH there. The 
largest relative reduction in wave power and 
HSWELL exists in the north of the Reunion.
Figure 4 shows the seasonal variation of 
P and its relative change (in percentage) in 
different seasons. MAM, JJA, SON, and DJF 
correspond to March-April-May (austral 
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Figure 3. Annual mean values of various wave 
parameters (right column) and their relative 

change (%) in the future (left column) in 
nearshore areas.

autumn), June-July-August (austral winter), 
September-October-November (austral 
spring), December-January-February (austral 
summer), respectively. According to this 
figure, the highest mean seasonal wave power 
of about 35 kW/m can be found during austral 
winter in the southern parts of the islands. 
The wave power fluctuates seasonally and 
reaches the lowest values of 25 kW/m and 
13 kW/m during SON in the southern and 

northern sides of the islands, respectively. 
Figure 4 indicates that the future change 
in austral winter and spring wave power 
is nearly negligible, while there is a slight 
increase (about 10%) during austral autumn 
and a decrease of about 10% during austral 
summer in future available wave power in 
the northern part of the domain, according to 
RCP8.5. This decrease of the mean seasonal 
wave power during austral summer appears 
particularly marked in the northern part of 
Reunion.

Figure 4. Seasonal variation of mean wave 
power (kW/m) (right column) and the relative 

change (%) in the future (left column). Arrows 
show the wave propagation direction.

Coastal and Offshore Science and Engineering  
Year I – 2022 – ISSN 2785-797260



In order to investigate the short-term variation 
of the wave energy resource, the Monthly 
Variability Index (MVI) was calculated based 
on the ratio of the difference between the 
maximum and minimum monthly average 
wave power and the mean annual wave 
power (e.g., Camus et al., 2017). 

Figure 5. MVI values for wave power in histo-
rical period (right column) and in the future 

(left column).

Lower amounts of MVI imply higher stability 
in terms of monthly variation, whereas 

higher values account for increased temporal 
variability and, therefore, unattractive 
conditions for the implementation of wave 
energy converters (Guillou and Chapalain, 
2018). Figure 5 shows the spatial distribution 
of MVI for various wave parameters in both 
historical and future periods. According to 
this figure, MWP shows the lowest monthly 
variability in the domain in both historical 
and future periods. However, the monthly 
variability of the wave period was found to 
be increased around Reunion in the future. 
For all parameters, the comparison of MVIs 
for historical and future periods exhibits an 
increase in monthly variability, implying 
lower stability of future resources.
Climate Stability Index (CSI) has been 
defined by both short-term variation (MVI) 
and long-term change (relative change) of 
specified parameters (Kamranzad et al. 2020; 
Kamranzad and Mori 2019b):

where H and F represent historical and future 
periods, respectively, and X refers to the 
annual mean values. Therefore, the higher 
values of CSI account for a higher stability 
of the wave parameters in both short- and 
long-terms. CSI was calculated based on the 
results discussed in the previous sections 
and shown in nearshore areas of the domain 
(Figure 6). According to Figure 6, CSI shows 
higher stability of wave power in the south  
and southwest of Reunion and in the north, 
northwest, and west of Mauritius. This result 
is consistent with previous studies, showing 
that the south of Reunion is a suitable 
location for wave energy extraction (Camus 
et al., 2017; Guillou et al., 2020; Guillou 

(6)
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and Chapalain, 2018; Kamranzad and Mori, 
2019). Although the stability of SWH is 
higher in the north and northeast of Reunion, 
swells also demonstrate stable conditions in 
its southwest. This shows that the stability 
of wave power is more dependent on the 
stability of swell than on the resultant of seas 
and swells and also wave period. Such an 
outcome can be due to the domination of swell 
in the southern ocean, which also propagates 
toward the northern Indian Ocean ( SWAN 
scientific and technical documentation, 2019; 
Davy et al., 2016). A part of the nearshore 
regions around the islands, where wave 
power appears to be the more stable, finally 
corresponds to energetic locations. This 
concerns especially the northern part of 
Reunion and Mauritius.

Figure 6. CSI values for different wave 
parameters in nearshore areas

4 SUMMARY AND CONCLUSIONS
Super-high-resolution wind data were used 
to generate the downscaled high-resolution 
wave characteristics around Reunion and 
Mauritius islands in the southern Indian 
Ocean. Such high-resolution wave data 

provided the opportunity of assessing the 
wave climate and energy seasonally and 
directionally for two 25-yearly periods, i.e., 
historical (1979–2003) and future (2075–
2099) periods. The future projections were 
estimated based on the RCP8.5 scenario, and 
the boundary conditions were obtained from 
a previous study covering the Indian Ocean. 
The analysis showed that considering the 
dominant wave propagation direction (from 
south and southeast), the islands play an 
important role in reducing the wave energy 
in their northern side (sheltering effect). A 
reduction of around 45% and 25% was found 
in significant wave height and wave period, 
respectively, due to wave propagation from 
the energetic southern parts to the northern 
part of the islands. Such a reduction causes 
a considerable reduction of around 60% in 
available wave power in the northern side of 
the islands due to the sheltering effect. The 
results also indicated that the spatial change 
of wave power is more dependent on swell 
climate rather than locally generated waves 
(wind seas). 
The seasonality of wave climate was also 
investigated around the Reunion and Mauritius 
islands, and the results demonstrated the 
highest available wave power to reach around 
35 kW/m during austral winter (JJA), which 
is reduced to the lowest value of 13 kW/m 
during austral spring (SON) in the northern 
side of the islands. Monthly variability of 
the resources was also investigated, and the 
results showed a nearly stable condition for 
the wave period.
The comparison between the wave 
characteristics in historical and future periods 
showed a reduction in the amount of all wave 
parameters and, consequently, wave power. 
However, the most predictable reduction in 
the domain was found to be about 10% for 
wave power and swell wave height found in 
the north of Reunion. The future reduction in 
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nearshore wave power does not exceed 3%. 
The future change in the seasonal variation of 
wave power is negligible during austral winter 
and spring, while there is an increase and 
decrease of about 10% in wave power during 
austral autumn and spring, respectively. The 
analysis also demonstrated an increase in 
monthly variability (i.e., lower stability) of 
wave characteristics in the future.
In order to consider the impact of both short-
term variability and long-term change in the 
suitability of locations around the islands for 
wave energy extraction, the CSI factor was 
finally implemented and applied to wave 
power characteristics. The results showed 
that the stability of wave climate in terms 
of monthly variation and relative future 
change is various in different areas around 
the islands and for different parameters. For 
instance, the significant wave height shows 
higher CSI values in the north and northeast 
of Reunion, whereas swells are more stable 
in the southwest areas. In addition, the south 
and southwest of Reunion and the north, 
northwest, and west of Mauritius demonstrate 
higher climate stability for wave power. This 
again highlights the stronger relationship 
between the stability of wave power and 
the stability of swells, which is due to the 
domination of swells in the study areas. Such 
an outcome can be used in climate projections 
of the wave energy based on the projection of 
swell climate in swell-dominated areas.
The results of this study emphasize the 
importance of assessing the long-term 
stability of wave climate and resources as a 
key element for future planning and for the 
installation of wave farms. Further analysis 
can be conducted for the updated projection 
scenarios and based on ensemble models 
to reduce the uncertainties associated with 
future projections.

ACKNOWLEDGEMENTS
The authors are thankful to the Meteorological 
Research Institute of Japan for the model 
inputs. This work was supported by the 
Hakubi Center for Advanced Research at 
Kyoto University and JSPS Grant-in-Aid 
for Scientific Research (KAKENHI) No. 
20K04705, supported by the Ministry of 
Education, Culture, Sports, Science, and 
Technology of Japan (MEXT).

REFERENCES

Abbaspour, M., Rahimi, R. (2011). “Iran 
atlas of offshore renewable energies.” 
Renewable Energy, 36, 388-398.

Alizadeh, M. J., Kavianpour, M. R., 
Kamranzad, B., and Etemad-Shahidi, A. 
(2019). “A Weibull Distribution Based 
Technique for Downscaling of Climatic 
Wind Field.” Asia-Pacific Journal of 
Atmospheric Sciences, 55(4).

Alizadeh, M. J., Kavianpour, M. R., 
Kamranzad, B., and Etemad-Shahidi, A. 
(2020). “A distributed wind downscaling 
technique for wave climate modeling 
under future scenarios.” Ocean 
Modelling, 145, 101513.

Booij, N., Ris, R. C., and Holthuijsen, L. H. 
(1999). “A third-generation wave model 
for coastal regions: 1. Model description 
and validation.” Journal of Geophysical 
Research: Oceans, John Wiley & Sons, 
Ltd, 104(C4), 7649–7666.

Bowman, L. W. (2021). “‘Mauritius.’” 
Encyclopedia Britannica,<https://www.
britannica.com/place/Mauritius>.

Bundhoo, Z. M. A. (2018). “Renewable 
energy exploitation in the small island 
developing state of Mauritius: Current 
practice and future potential.” Renewable 

Coastal and Offshore Science and Engineering  
Year I – 2022 – ISSN 2785-7972 63Coastal and Offshore Science and Engineering  #  

Year I – 2022 – ISSN 1234-567



and Sustainable Energy Reviews, 82, 
2029–2038.

Camus, P., Losada, I.J., Izaguirre, C., Espejo, 
A., Menéndez, M., and Pérez, J. (2017). 
“Statistical wave climate projections for 
coastal impact assessments.” Earth’s Futur, 
5, 918-933.

Davy, C., Barruol, G., Fontaine, F. R., and 
Cordier, E. (2016). “Analyses of extreme 
swell events on La Réunion Island from 
microseismic noise.” Geophysical Journal 
International, 207(3), 1767–1782.

Etemad-Shahidi A, Kamranzad B, and 
Chegini V. “Wave energy estimation in the 
Persian Gulf.” (2011). Proceedings of the 
International Conference on Environmental 
Pollution and Remediation.

Eyring, V., Bony, S., Meehl, G. A., Senior, 
C. A., Stevens, B., Stouffer, R. J., and
Taylor, K. E. (2016). “Overview of the
Coupled Model Intercomparison Project
Phase 6 (CMIP6) experimental design
and organization.” Geoscientific Model
Development, 9(5), 1937–1958.

INSEE, “French National Institute for 
Statistics and Economic Studies” 
(2011). <https://www.insee.fr/fr/
statistiques/2011101?geo=DEP-
974#chiffre-cle-1>.

Guillou, N., and Chapalain, G. (2018). 
“Annual and seasonal variabilities in the 
performances of wave energy converters.” 
Energy, 165, 812–823.

Guillou, N., Lavidas, G., and Chapalain, 
G. (2020). “Wave Energy Resource
Assessment for Exploitation—A
Review.” Journal of Marine Science and
Engineering, 8(9).

Hammar, L., Ehnberg, J., Mavume, A., 
Cuamba, B. C., and Molander, S. (2012). 
“Renewable ocean energy in the Western 

Indian Ocean.” Renewable and Sustainable 
Energy Reviews, 16(7), 4938–4950.

Hasselmann, K., Barnett, T. P., Bouws, E., 
Carlson, H., Cartwright, D. E., Enke, K., 
Ewing, J. A., Gienapp, H., Hasselmann, D. 
E., Kruseman, P., Meerburg, A., Müller, 
P., Olbers, D. J., Richter, K., Sell, W., 
and Walden, H. (1973). “Measurements 
of wind−wave growth and swell decay 
during the Joint North Sea Wave Project 
(JONSWAP).” Ergänzung zur Deut. 
Hydrogr. Z., 12(A8), 1–95.4950.

Hasselmann, S., Hasselmann, K., Allender, 
J. H., and Barnett, T. P. (1985).
“Computations and Parameterizations
of the Nonlinear Energy Transfer in
a Gravity-Wave Specturm. Part II:
Parameterizations of the Nonlinear Energy
Transfer for Application in Wave Models.”
Journal of Physical Oceanography, 15(11),
1378–1391.

Holthuijsen, L. H., Booij, N., and Bertotti, 
L. (1996). “The Propagation of Wind
Errors Through Ocean Wave Hindcasts.”
Journal of Offshore Mechanics and Arctic
Engineering, 118(3), 184–189.

Hughes, M. G., and Heap, A. D. (2010). 
“National-scale wave energy resource 
assessment for Australia.” Renewable 
Energy, 35(8), 1783–1791.

Kamranzad, B., and Hadadpour, S. (2020). 
“A multi-criteria approach for selection of 
wave energy converter/location.” Energy, 
204, 117924.

Kamranzad, B., and Lavidas, G. (2020). 
“Change of nearshore extreme wind and 
wave climate in southeast Africa.” Italian 
Journal of Engineering Geology and 
Environment, 20(1), 59–63.

Kamranzad, B., Lavidas, G., and Takara, K. 
(2020). “Spatio-Temporal Assessment of 

Coastal and Offshore Science and Engineering  
Year I – 2022 – ISSN 2785-797264



Climate Change Impact on Wave Energy 
Resources Using Various Time Dependent 
Criteria.” Energies, 13(3), 768.

Kamranzad, B., and Lin, P. (2020). 
“Sustainability of wave energy resources 
in the South China Sea based on five 
decades of changing climate.” Energy, 210, 
118604.

Kamranzad, B., and Mori, N. (2019a). 
“Future wind and wave climate projections 
in the Indian Ocean based on a super-
high-resolution MRI-AGCM3.2S model 
projection.” Climate Dynamics, 53(3), 
2391–2410.

Kamranzad, B., and Mori, N. (2019b). 
“Future wind and wave climate projections 
in the Indian Ocean based on a super-
high-resolution MRI-AGCM3.2S model 
projection.” Climate Dynamics, 53(3–4).

Kamranzad, B., and Takara, K. (2020). “A 
climate-dependent sustainability index for 
wave energy resources in Northeast Asia.” 
Energy, 209, 118466.

Karunarathna, H., Maduwantha, P., 
Kamranzad, B., Rathnasooriya, H., and de 
Silva, K. (2020a). “Evaluation of spatio-
temporal variability of ocean wave power 
resource around Sri Lanka.” Energy, 200, 
117503.

Karunarathna, H., Maduwantha, P., 
Kamranzad, B., Rathnasooriya, H., and 
De Silva, K. (2020b). “Impacts of Global 
Climate Change on the Future Ocean Wave 
Power Potential: A Case Study from the 
Indian Ocean.” Energies.

Komen, G. J., Hasselmann, K., and 
Hasselmann, K. (1984). “On the Existence 
of a Fully Developed Wind-Sea Spectrum.” 
Journal of Physical Oceanography, 14(8), 
1271–1285.

Lecacheux, S., Pedreros, R., Le Cozannet, G., 
Thiébot, J., De La Torre, Y., and Bulteau, 
T. (2012). “A method to characterize
the different extreme waves for islands
exposed to various wave regimes: a case
study devoted to Reunion Island.” Natural
Hazards and Earth System Sciences, 12(7),
2425–2437.

IEC (2015) “Marine energy - Wave, tidal 
and other water current converters - Part 
101: Wave energy resource assessment 
and characterization.” 53. Ministry of 
Renewable Energy and Public Utilities. 
Long-term energy strategy 2009–2025. 
(2009).

Mizuta, R., Yoshimura, H., Murakami, 
H., Matsueda, M., Endo, H., Ose, T., 
Kamiguchi, K., Hosaka, M., Sugi, M., 
Yukimoto, S., Kusunoki, S., and Kitoh, A. 
(2012). “Climate Simulations Using MRI-
AGCM3.2 with 20-km Grid.” Journal of 
the Meteorological Society of Japan. Ser. 
II, 90A, 233–258.

Moss, R. H., Edmonds, J. A., Hibbard, K. A., 
Manning, M. R., Rose, S. K., van Vuuren, 
D. P., Carter, T. R., Emori, S., Kainuma,
M., Kram, T., Meehl, G. A., Mitchell, J. F.
B., Nakicenovic, N., Riahi, K., Smith, S. J.,
Stouffer, R. J., Thomson, A. M., Weyant,
J. P., and Wilbanks, T. J. (2010). “The
next generation of scenarios for climate
change research and assessment.” Nature,
463(7282), 747–756.

Nakićenović, N., and Swart, R. (Eds.). (2010). 
Special Report on Emissions Scenarios: 
A special report of Working Group III of 
the Intergovernmental Panel on Climate 
Change. Cambridge University Press.

“National Institute of Statistics and Economic 
Studies.” <https://www.insee.fr/en/
accueil>.

Coastal and Offshore Science and Engineering  
Year I – 2022 – ISSN 2785-7972 65Coastal and Offshore Science and Engineering  #  

Year I – 2022 – ISSN 1234-567



Neill, S. P., and Hashemi, M. R. (2018). 
Fundamentals of Ocean Renewable 
Energy.

ORE. (2016). Bilan énergétique de l’île de 
La Réunion 2015. Observatoire Energie 
Réunion, Agence régionale énergie 
Réunion, ARER 78 pp. [Last visited: 
February 28th, 2018].

Ponce de León, S., and Guedes Soares, 
C. (2008). “Sensitivity of wave model
predictions to wind fields in the Western
Mediterranean sea.” Coastal Engineering,
55(11), 920–929.

Praene, J. P., David, M., Sinama, F., Morau, 
D., and Marc, O. (2012). “Renewable 
energy: Progressing towards a net zero 
energy island, the case of Reunion Island.” 
Renewable and Sustainable Energy 
Reviews, 16(1), 426–442.

Rodriguez-Delgado, C., Bergillos, R. J., and 
Iglesias, G. (2019a). “Dual wave farms 
and coastline dynamics: The role of inter-
device spacing.” Science of The Total 
Environment, 646, 1241–1252.

Rodriguez-Delgado, C., Bergillos, R. J., and 
Iglesias, G. (2019b). “Dual wave farms for 
energy production and coastal protection 
under sea level rise.” Journal of Cleaner 
Production, 222, 364–372.

Rusu, L., and Guedes Soares, C. (2012). 
“Wave energy assessments in the Azores 
islands.” Renewable Energy, 45, 183–196.

Salah, P., Reisi-Dehkordi, A., and Kamranzad, 
B. (2016). “A hybrid approach to estimate
the nearshore wave characteristics in the
Persian Gulf.” Applied Ocean Research,
57, 1–7.

Selosse, S., Garabedian, S., Ricci, O., and 
Maïzi, N. (2018a). “The renewable energy 
revolution of reunion island.” Renewable 
and Sustainable Energy Reviews, 89, 

99–105.

Selosse, S., Ricci, O., Garabedian, S., and 
Maïzi, N. (2018b). “Exploring sustainable 
energy future in Reunion Island.” Utilities 
Policy, Utilities Policy, Elsevier, 55(C), 
158–166.

Sierra, J. P., Casas-Prat, M., and Campins, E. 
(2017). “Impact of climate change on wave 
energy resource: The case of Menorca 
(Spain).” Renewable Energy, 101, 275–
285.

SWAN scientific and technical documentation. 
2019.

Teixeira, J. C., Abreu, M. P., and Guedes 
Soares, C. (1995). “Uncertainty of Ocean 
Wave Hindcasts Due to Wind Modeling.” 
Journal of Offshore Mechanics and Arctic 
Engineering, 117(4), 294–297.

Vicinanza, D., Contestabile, P., and Ferrante, 
V. (2013). “Wave energy potential in the
northwest of Sardinia (Italy).” Renewable
Energy, 50, 506–521.

“Worldometer.”, <https://www.worldometers.
info/world-population/mauritius-
population/#:~:text=The current 
population of Mauritius,of the total world 
population.>.

Zheng, C. W., Wang, Q., and Li, C. Y. (2017). 
“An overview of medium- to long-
term predictions of global wave energy 
resources.” Renewable and Sustainable 
Energy Reviews, 79, 1492–1502.

Coastal and Offshore Science and Engineering  
Year I – 2022 – ISSN 2785-797266



Coastal and Offshore Science and Engineering  
Year I – 2022 – ISSN 2785-7972 67Coastal and Offshore Science and Engineering  #  

Year I – 2022 – ISSN 1234-567



G. Scaravaglionea,*, J.-P. Lathamb, J. Xiangb, A. Franconec,
G. R. Tomasicchioc

a Department of Civil, Environmental, Building Engineering and Chemistry, Polytechnic of 
Bari, Bari, IT
b Department of Earth Science and Engineering, Imperial College London, London, UK
c Department of Engineering for Innovation, University of Salento, Lecce, IT

* Corresponding author: author: giulio.scaravaglione@poliba.it, Tel.: +39-334-1578-606

ABSTRACT
Breakwaters have been built for thousands of years to protect harbours and coasts against wave 
attacks during violent storms. In the recent past, several newly constructed breakwaters were 
severely damaged (e.g., Sines in Portugal, 1978; Arzew El Djedid in Algeria, 1980; Crescent City 
in California, 1983; etc). These examples of breakwater failures have one feature in common: 
a design error in the assumed structural behaviour of the Concrete Armour Units (CAUs). The 
present paper aims to describe the historical phases and key steps that focused the attention of 
the coastal engineer on the structural strength aspects of CAUs adopted in the armour layer 
of rubble-mound breakwaters. In particular, the main lessons learned from recent breakwater 
failures related to structural integrity are pointed out, explaining the developments over the 
years of the different methodologies used to assess the structural integrity of unreinforced 
CAUs. Despite all the advice and the increasingly sophisticated methods of analysis available in 
recent years, failure of structures attributed to the armour layer still occurs. The themes revisited 
in this review highlight the many attempts by engineers to bridge the gap between hydraulic 
and structural knowledge in what are essentially gigantic, typically granular structures. The 
overview ends with on-site practice and current research concerning the structural integrity of 
CAUs.

https://studiumeditore.it/riviste/coastal-and-offshore-science-and-engineering/
https://doi.org/10.53256/COSE_220105

Historical overview of 
the structural integrity 
of Concrete Armour Units

Coastal and Offshore Science and Engineering  
Year I – 2022 – ISSN 2785-797268



KEYWORDS

Breakwater, CAUs, Structural strength, Small-scale experiments, Prototype full-scale 
experiments, Numerical model

1 INTRODUCTION
Rubble-mound coastal structures are 
amongst the most effective and widely 
adopted structures for breakwaters in harbour 
construction and coastal defence. They rely 
on concrete units or pieces of rock, placed 
on the seaward slope in granular layers to 
withstand and dissipate the forces of the 
storm waves. This part of the structure is 
known as the armour layer. The higher the 
waves attacking the breakwater, the larger 
the size of units needed for the armour layer. 
If local quarries cannot provide the necessary 
number of large enough stones for the armour, 
usually Concrete Armour Units (CAUs) 
must be cast and manoeuvred intoposition 
to construct the armour layer (Fig. 1a,b).In 
the last few decades, the coastal engineering 
profession has overwhelmingly encouraged 
the use of CAUs for the protection of the 
areas exposed to severe wave attacks. 
Many engineering manuals (e.g., Shore 
Protection Manual (SPM) (CERC 1984), 
Coastal Engineering Manual (CEM) (CERC 
2004), and the Rock Manual (CIRIA/CUR/
CETMEF 2007)) provide descriptive guides 
of the most popular units. The choice of 
CAUs for a project does not arise merely by 
following objective quantitative criteria; the 
type of unit must be selected at the designer’s 
discretion, i.e., there is no objective decision-
tree to follow that leads to the best unit for 
the job, and there probably never will be. 
However, hydraulic and structural stability 
occupy a large part of the decision making.

Figure 1. (a) Al Faw Core-Loc breakwater, 
Iraq (courtesy, CLI). (b) Armour layer of 

Accropode™ Units on Le Havre Breakwater, 
France (from Latham et al., 2009).

While an extensive recent review by Campos 
et al., 2020a,b of the long developments in 
hydraulic stability and damage assessment 
refers to the research of a great many key 
contributors and over one hundred papers, 
it is reasonable to say Professor Hans 
Burcharth has been the figurehead who 
has driven structural stability research and 
its link to hydraulic stability in the CAU 
rubble-mound design process. Following the 
dramatic 1970s and 1980s with breakwater 
failures, Burcharth (1987) distilled the 
lessons learned from these disasters and 
presented a state-of-the-art summary of 
design innovations (Burcharth, 1992). To 
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introduce the motivation and structure of this 
paper, we present a short lay summary of the 
key introductory points from his works. 
The crux of the problem, as explained later 
in the context of historical developments, is 
that when dealing with rubble mounds the 
loading and especially the resistance of the 
structure cannot be easily determined using 
methods adopted widely in civil engineering 
because of inherent uncertainties. Rubble-
mound designs with CAUs emerged in the 
1950’s embracing the so-called “random 
orientation” unit placement methods, in 
double layer granular systems. These have a 
stochastic resistance response that needs to 
be understood for safe design. The resistance 
created by a more regular pattern placement 
where the performance more closely 
resembles a jointed monolithic structure can 
be more confidently constructed to deliver a 
certain level of “armour layer strength” and 
be safe. Burcharth emphasises characteristic 
damage development and failure styles, with 
the possibility that a single armour layer 
system can be very brittle, i.e., at a certain 
level, a certain increase in wave height will 
cause the collapse of an otherwise visually 
stable armour. With random unit placements, 
the system has more gradual and progressive 
damage in response to ongoing storm waves. 
Depending on the hydraulic stability (the 
number and magnitude of unit displacements 
determined from flume tests for given 
irregular-design wave conditions) and on the 
designer’s tolerance for damage indicated by 
the damage criterion, different amounts of 
unit displacements or damage to the cross-
shore profile will be deemed acceptable as 
part of the optimization for a cost-effective 
solution. 
This acknowledgement that there will be unit 
movements in the form of sliding, rotating, 
rocking and even rolling contributing to 
dynamic loads in addition to static and 

sometimes fiercely pulsating loads, brings 
into consideration the structural stability of 
the armour layer design and the structural 
integrity of each CAU as there will be 
knocks and dynamic stresses generated in 
the concrete units. In the context of rubble 
mound structures, the structural integrity is 
the ability of each CAU to retain its highly 
non-spherical geometric form, shapes usually 
characterized by arms or legs protruding from 
the unit centre and encouraging the property 
of “neighbour hooking” or “entangling” 
or what is more commonly termed 
“interlocking” to resist the pull-apart action 
of storm wave loadings. This resistance to 
movement is distinct from contact friction 
between units and varies stochastically 
throughout the interlocking entanglement 
of potentially fragile units. This means the 
designer should also ensure the concrete unit 
will resist major fracture and breakage loss of 
a protruding part when subjected to loadings 
and movements resulting from the inevitably 
imperfect hydraulic stability. 
As we will learn later in this paper from the 
history of these rubble-mound structures, 
ensuring the fact that units are robust, 
resist breakage and remain intact has been 
a major driver of research but the problem 
has remained a virtually intractable one. 
Whether the rocking of a given unit gives 
rise to cracking and breakages depends on 
an often subjectively assessed ‘robustness’ 
characteristic of the unit’s shape. This 
robustness measure should quantify the 
susceptibility of the unit shape to amplify 
tensile and shear stress to critical levels if 
loaded with a sharp knock from a rocking 
neighbour unit. It also depends on the rocking 
impact magnitude, and hence the unit’s 
relative size together with concrete strength. 
In the rubble-mound scheme of things with 
such highly stochastic variables, the concrete 
strength can generally be under good quality 
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control and have low variability (Franco et 
al., 2000). If the high dynamic tensile and 
shear stresses cause breakages such that 
interlocks between units are then impaired 
and, over time, areas become loosened, this 
can become very dangerous for the whole 
armour layer integrity and possibly lead 
to a major unravelling of the cover layer, 
exposure of the easily removed material of 
the underlayer and eventual failure of the 
breakwater. Therefore, it is evident that an 
objective measure of structural integrity 
or structural robustness of the CAUs, the 
building blocks of the rubble-mound armour 
layer, needs to be demonstrated to the 
breakwater owner, even if it is not easy to 
define in detail. The approach, if following 
other branches of civil engineering, would 
be to quantify objectively the contact force 
boundary conditions from an understanding 
of in-service storm wave loadings and assess 
stresses and strains, but this is not available 
for breakwaters. 
What tends to happen in practice today at a 
time where single armour layer systems are 
popular is that the design choices for CAUs 
follow from empirical generalized hydraulic 
stability formulae and the hydraulic stability 
performance is verified for the site-specific 
geometric design using small or moderate 
scale model tests for the various candidate 
types of CAU. The final dimension 
requirements (e.g., tonnage) of the units in the 
breakwaters are then simply the consequence 
of the hydraulic stability study, the size 
categories available, and airing on the side 
of caution when setting confidence limits for 
the design value. For structural stability and 
in the absence of more objective methods, 
it is not uncommon for the risk of fracture 
breakages to be left to the quality control 
of the construction protocol set by the unit 
designers, that attempts to ensure the units are 
placed tightly and with good interlocking; for 

example, see the discussion in Anastasaki et 
al., (2015) regarding the rules to be adopted to 
assure a good performance of systems of units 
allowing random orientation placements. An 
indicative test of the structural integrity of 
the proposed CAU would ideally be a good 
proxy for in-service dynamic loading. Such 
testing, if used at all in a contract, is likely 
to be what can only fairly be described as a 
‘confidence building demonstration’ using 
drop tests or overturning tests of the full-
scale unit in nominally repeatable conditions, 
e.g., at the stocking yard or construction site.
The robustness under in-service conditions is
then judged based on the unit’s survivability
in the ‘better than nothing’ proxy test,
sometimes after being subjected to repeated
drops. Below, we argue that this practice is
far from satisfactory and needs a significant
overhaul.
The main objective of this paper is therefore
to give a historical overview, from past
to present, of the structural integrity
developments of CAUs, retracing the major
breakwater failures and pointing the way
forward. First, in Section 2, we revisit
the main breakwater failures that led to a
paradigm shift in the 1980s. Next, in Section
3, the classification of the most popular CAUs
is briefly presented, bringing us to today’s
state-of-the-art. Section 4 describes the most
widely acknowledged methods to assess the
structural integrity of CAUs, from past to
present. Lastly, a discussion and concluding
remarks are given in Section 5, in the context
of future coastal engineering opportunities.

2 HISTORY OF MAJOR BREAKWATER 
FAILURES

The design and construction of breakwaters 
is a classical task in coastal engineering. 
Breakwaters have been historically built, 
damaged, and repaired for hundreds of 

Coastal and Offshore Science and Engineering  
Year I – 2022 – ISSN 2785-7972 71Coastal and Offshore Science and Engineering  #  

Year I – 2022 – ISSN 1234-567



years. Despite the fact that it is generally 
acknowledged that coastal structures design 
has significantly improved during the last 20 
years, failures still occur. Such failures are, 
however, rarely due to a single “error”, but 
can be the combination of deficiencies in 
their design or their construction (Maddrell 
2005). Many of the dramatic failures of 
several large rubble-mound breakwaters 
in the 1980s were caused by the breakage 
of concrete armour units. Breakages were 
found to take place relatively early in the 
storm and before the hydraulic instability 
of intact units in the armour layers was 
reflected in significant movements. Thus, this 
showed how there was no balance between 
the strength (structural integrity) of the units 
and the hydraulic stability (resistance to 
displacements) of the armour layers in the 
design. While the hydraulic stability can be 
roughly estimated by formulae and further 
evaluated in conventional hydraulic model 
tests, it is much more complicated to assess 
the structural integrity of the armour units 
because of the intangible nature of the loading 
forces. These significant unit breakages could 
have been avoided if structural integrity had 
been considered more carefully at the time 
of design. Once a structure is damaged, 
especially during construction, the damage 
can progress quite rapidly, even though the 
subsequent storms are not as severe (Melby 
1999). This is especially so for the more 
sophisticated armour units, which rely on 
their interlocking properties. The hydraulic 
stability of armour layers is hampered if 
the protruding parts of the armour units 
break away and disintegrate because of the 
associated reduction of the hooking reaction 
forces from neighbouring units that maintain 
the good interlocking effects. Moreover, 
broken armour units’ pieces can be thrown 
around by wave action and, thereby, trigger 
accelerated breakage. To prevent this, it is 

necessary to ensure the structural integrity of 
the armour units.
This section aims to present some examples 
of studies and subsequent experiences 
gained from breakwater failures, which 
can be of general importance for the design 
process of similar structures and the overall 
understanding of the physics of rubble-
mound breakwaters. Hopefully, the more 
information made available in the future, 
the smaller the number of severely damaged 
structures will be, which many times has 
resulted in large costs to the client/owner 
of the breakwater structure. Many reviews 
charting breakwater failures are present 
in the literature, for example, Magoon & 
Baird (1977), Jensen (1984), Sørensen and 
Jensen (1986), Burcharth (1987), Maddrell 
(2005), and Jensen (2014), etc. Research 
has progressed, and as detailed below, new 
information has seen various shifts in best 
practice. Reasons for breakwater failures are 
many and usually involve highly coupled 
processes, but the present paper focuses 
only on breakwater failures that can be 
clearly attributable to the limited mechanical 
strength of CAUs. The following examples 
will be described:

• The Sines breakwater, Portugal (1978).
• The Arzew El Djedid breakwater, Algeria

(1980).
• The Crescent City breakwater, California

(1983).
• Other examples worldwide.

2.1 The Sines breakwater, Portugal
The breakwater at Port Sines was the largest 
of its kind (in terms of rock volume) in the 
world at the moment of its construction. 
It was built between 1974-1978 and is 
situated in a previously untried combination 
of unusually deep water and a condition 
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of severe exposure to waves (Ligteringen 
1987). The harbour is protected by a 2 km 
long breakwater constructed in water depths 
up to 50 m. The design (made by a UK firm) 
consisted of a main armour layer with 21,000 
42-t non-reinforced Dolosse (Fig. 2) of waist
ratio 0.35 on a slope of 1:1.5.

Figure 2. 42-t Dolosse. Sines, Portugal
(from Burcharth, 1993)

The wave statistics for the design criteria 
were based on six years of visual observation 
at a nearby location and two years of records 
off Sines, Campos Morais (Burcharth 1987). 
Significant wave heights up to 11-12 m and 
peak periods up to 16 s were considered in 
the design. In February 1978 a storm with 
an estimated deep-water Hs of 9 m and 
peak periods Tp of approximately 18-20 s 
destroyed (broke and removed) a major part 
of the dolos armour layer and eroded the 
seaward breakwater profile (Herzog 1982). 
Consequently, the concrete superstructure 
was severely damaged as a result of 
undermining and a wave impact on the front 
face where loss of the Dolosse has occurred 
(Fig. 3a). In December 1978 another storm 
with Hs = 8-8.5 m and Tp = 16 s occurred and 
in February 1979 the structure was hit again 
by a heavy storm of Hs = 9 m and Tp = 19 s. 
The last two storms destroyed approximately 
5,000 Dolosse (some of which had a light 
steel bar reinforcement) placed as a repair 

after the first storm (Baird et al., 1980). 
According to the design criteria, such storms 
should not have caused significant damage 
to the breakwater. According to Edge et al. 
(1982), in the early stages of the storm, when 
the significant wave height reached 6 m, some 
dolos units began to move in the vicinity of 
the mean water level. These units were the 
ones that had been placed in a relatively 
unstable position and had little support from 
the adjacent units. The initial movements 
occurred when a larger wave ran up through 
the armour layer. As the wave height and 
period increased, the movements became 
more severe, and the units were accelerated 
to the velocity of the uprushing wave. 

Figure 3. Pictures of the Sines failure, ASCE 
report (from Edge et al., 1982)

The following impact with adjacent units 
produced stresses in the units that exceeded 
the strength of the concrete, leading to the 
breakage of units, and the movement of 
pieces by the uprushing or downrushing 
wave. During this process, the pieces 
themselves collided with other units, in some 
cases causing additional breakage. At the 
peak of the storm, when the significant wave 
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height exceeded 8 m, many units located just 
below the water level broke. As the pieces 
were carried away, adjacent units were free 
to move, and a rapid disintegration of the 
armour layer occurred. During the final 
stages of the storm, the armour layer was 
completely removed at some locations. The 
broken dolos pieces were displaced to the 
base of the armour layer and the underlying 
stone layers were exposed. Wave action then 
moved these exposed stones over the broken 
dolos pieces. 
Continuing wave action eroded the core 
material and began to undermine the 
superstructure (Fig. 3b).
The dolos units rocked, broke, and moved in 
the armour layer under the wave conditions 
and the armour layer settlements happened 
due to the loose packing density (Jensen 
2014). It was proven that it was attributable 
to a limited and highly variable mechanical 
strength of the large Dolosse which was 
not adequately considered in the design. 
Additionally, local high waves in the spectrum 
combined with refraction effects resulted in 
wave heights up to 20 m – nearly twice the 
significant height of the design wave of 11 m 
(Burcharth 1987).

Figure 4. Picture of provisional repair with 
90-t Antifer cube, ASCE report (from Edge et 

al., 1982)

For the provisional repair, it was decided 
to use 90-t grooved cubes (Antifer type) as 
main armour units placed in a very wide 
horizontal berm on a flat slope in front of the 
still-intact wave wall at the inner part of the 
breakwater. The grooved cube was chosen 
because of its relatively good mechanical 
strength (i.e., lack of exposure to bending 
loading conditions and tensile stress) and 
good hydraulic stability (Fig. 4) (Edge et al., 
1982). 
The destruction of the Sines breakwater is 
probably the most notorious failure that ever 
occurred in breakwater history and gave birth 
to major studies about the strength of CAUs 
(specifically the dolos units; see, for example, 
Burcharth et al., 2000).

2.2 The Arzew El Djedid 
breakwater, Algeria

In Algeria, a large industrial port, Port 
d’Arzew El Djedid, protected by a 2 km long 
main breakwater constructed in water depths 
of about 25 m, catastrophically failed during 
a severe storm in 1981. The breakwater 
armoured with two layers of 48-t Tetrapods 
on a relatively steep slope of 1:1.33 was 
built between 1976-1979 and was developed 
during model tests for a sea state with Hs 
= 9.8 m and Tp = 12.5 s (Jensen 2014). 
Nevertheless, the breakwater failed for a 
sea state with only Hs = 7 m. A study of the 
damage is presented in Abdelbaki and Jensen 
(1983) and Heijdra and den Boer (1984).
Half of the trunk was severely destroyed with 
almost every Tetrapod broken and washed 
down the slope and subsequent undermining 
and destruction of the concrete superstructure 
(Fig. 5a). Along with other parts of the trunk, 
the profile seemed almost intact, however, 
with large settlements in the armour layer and 
a substantial percentage of broken Tetrapods 
(up to 80 percent below sea water level) but 
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with many broken ones still more or less in 
their original position (Fig. 5b) (Maddrell 
2005).

Figure 5. Photos of the Arzew El Djedid 
breakwater damage. (a) The most damaged 

sections. (b) A section with the settlement 
of the armour layer and related 40-t broken 

Tetrapods (from Jensen, 2014)

In spite of the units being placed at a packing 
density recommended by the empirical 
formulae, it was in subsequent model 
test investigations that the recommended 
porosity/packing density was shown to allow 
for too much settlement and compaction. 
Consequently, the wave impacts during the 
storm led to compaction and settlements of the 
entire armour layer leading to the breakage of 
the units and, hence, the loss of interlocking 
and failure of the armour layer (Abdelbaki and 
Jensen 1983). Model tests using traditional 
model armour units demonstrated that large 
settlements/compaction of the entire armour 
layer occurred during the run-up/run-down 
process of waves. The tests also indicated 
that both the interlock forces created by the 
over-tightening compressive compaction of 
the armour during the wave action and the 
consequent loss of the support for the upper 

slope units because of the units that settled 
further downslope caused the breakages of 
a major part of the Tetrapods (Burcharth 
1987). Needless to say, the physical model 
did not simulate the fragility of the units 
and, consequently, did not reproduce the 
severe damage observed in the prototype. In 
summary, it appears that the settlements of 
the units could be due to hydraulic instability 
owing to insufficient packing density being 
achieved during construction with such large 
units (Jensen 2014). (It is now generally 
recognised by unit designers, such as CLI, 
that achieving tight packing densities that are 
possible in model tests becomes increasingly 
more difficult in practice for very large units). 
Subsequently, it seems reasonable to suggest, 
the rotation of units and the high static 
stresses derived by down-slope compaction 
and presumably associated cantilever-type 
bending moments with excessive tensile 
stresses, caused the breakage of such overly 
massive units. 
From this experience, it became evident 
to the coastal engineering profession that 
the basics of scaling laws and mechanics 
had been overlooked. The forces and hence 
stresses in such armour units increase with 
their size, whereas concrete has the same 
strength and properties no matter how large 
the armour unit (Burcharth 1987). It further 
became evident that extreme care should be 
exercised in the interpretation of results from 
small-scale model tests where the fragility of 
the units could not be modelled and where 
the pieces making up the armour layer in 
the model would always remain intact after 
the tests. The minor rocking of some units 
and settlements of the armour layer looked 
innocent in the model, but, in reality, it would 
mean breakage of units and possible failure 
of the breakwater. 
The breakwater’s failures such as those in 
Arzew El Djedid and Sines spurred a lot of 
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interest and became the subject for many 
papers and discussions, for example the crisis 
in the industry elicited an article in New Civil 
Engineer entitled “Breakwater boffins back 
to basics” by Simon Fullalove on May 5th, 
1983, with the cover detail shown in Fig. 6.
One very interesting research programme 
was reported by Timco and Mansard (1982) 
who tried to design a recipe using calcium 
sulphate (plaster) based material to cast 
model units with the appropriate scaling and 
reduced strength for use in flume studies 
(Fig. 7). However, they were impractical 
for repeated use in water flumes and proved 
simply too fragile and costly.

Figure 6. Cover detail of the New Civil Engi-
neer magazine entitled “Breakwater boffins 
back to basics”. (Simon Fullalove, May 5th, 

1983, copyright Thomas Telford).

Studies, especially those by Professor 
Burcharth from Aalborg University, 
documented the scaling laws, fragility 

and limitations of unreinforced Dolosse 
and Tetrapods; see e.g.  Burcharth (1988), 
Burcharth & Liu (1993) and Burcharth et al. 
(1995).

Figure 7. Photograph of strength-simulated 
model with Dolos, Cube Antifer and Tetrapod 

(from Timco & Mansard 1982).

2.3 The Crescent City breakwater, 
California

Crescent City harbour is located on the 
northern section of the California coastline. 
The initial breakwater was constructed to 
a length of 684 m with a 10-t armourstone. 
In 1974, two layers (246 units) of 40-t 
unreinforced Dolosse were placed on the 
seaward slope. A survey of broken Dolosse 
was conducted in August 1982 that showed 
approximately 70 of the original 246 Dolosse 
were broken, 22 of which were documented 
as broken during placement (Myrick and 
Melby 2005). 
An extensive monitoring effort has been 
conducted on the Crescent City breakwater 
since the 1986 rehabilitation. Detailed broken 
armour unit surveys were conducted in 1993 
and 2004. In 1993, Melby and Turk (1995) 
found 14 Dolosse broken that were cast in 
1986. They also found 33 broken Dolosse 
cast in 1974. A comprehensive broken armour 
unit survey of above water Dolosse was 
conducted in August 2004. This inventory 
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revealed a total of 50 visible broken Dolosse 
with different types of fractures such as 
mid-shank, fluke-shank, and shank-fluke to 
differentiate between a break that is primarily 
in the fluke from one that is primarily in the 
shank, respectively (Fig. 8) (Myrick and 
Melby 2005). 

Figure 8. Crescent City breakwater, Califor-
nia, USA (from Myrick and Melby 2005). (a) 

Example of a straight fluke-shank broken Do-
los. (b) Example of shank-fluke Dolos break. 

(c) Example of mid-shank Dolos break.

The concrete strength (tested by compressive 
test crushing of cores taken from the units) 
of both the 1974 and the 1986 Dolosse have 
increased substantially since construction. 
The concrete strength increase was much less 
near the still water level than near the cap, 
suggesting strength reduction due to fatigue 
of the highly loaded units (Myrick and Melby 
2005).
It is another example of a huge breakwater 
failure due to a less than ideal mechanical 
integrity. However, although the lack of 
strength scaling equivalence between the 

model and the as-constructed prototype 
became perfectly clear for the concrete 
material strength, there remained some 
doubts that the packing achieved on site 
for this generation of slender units was 
sufficiently represented by the small-scale 
model unit studies. 

2.4 Examples of other major 
failures worldwide

Other examples of breakwater failures are 
reported in this section to give an idea of the 
frequent occurrences of these phenomena 
worldwide. The breakwater of San Cyprian 
on the north-western coast of Spain was 
designed and built between 1977-1979. 
Located at a depth of 29 m, the structure 
was smaller than that in Sines, but the design 
wave height was established at 13 m, which 
led to the choice of Dolosse in the armour 
layer. Only a year after completion, breakage 
of these units was observed after storms 
with peak wave heights in the order of 5 m 
(Sørensen and Jensen 1986). 
The breakwater at the Azzawiya Refinery in 
Libya was constructed in 1977, with a Dolos 
armour layer resting directly on the sloping 
rocky seabed. During a storm in January 1979, 
the entire seaward armour layer sustained 
severe damage and a very high percentage of 
the units broke. After large dolos pieces were 
broken off, subsequent wave action washed 
the debris onto the undamaged units resulting 
in progression and spreading of the damage 
(Maddrell 2005).
Significant Tetrapod failures have also 
been seen in several structures around the 
world, including Tripoli in Libya (1981). 
It should be noted that the design wave 
was underestimated at Tripoli, but the units 
suffered from stress related to the impacts, 
with legs being broken off and the broken 
pieces then acting as battering rams causing 
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further damage within the armour 
layer. Stresses in these units were 
examined by d’Angremond et al. (1995).
Other examples can be mentioned such 
as Dolosse in Gioja Tauro (Italy) in 1980, 
Tribars in Diablo Canyon (California) 
in 1981, Dolosse in Jalali (Oman) in 1983 
(Fig. 9a), etc.
In Section 3, in the context of the 
different classes of CAUs, a new 
generation of units designed to be placed 
in single layers typified b y t he A 
ccropode, C ore-Loc and Xbloc was 
developed to overcome the problems 
posed by the poor structural integrity 
of the slender units like Dolosse and 
Tetrapods. Nevertheless,  in various, possibly 
exceptional circumstances, with these new 
“Monolayer” armour unit structures, see 
also Jensen (2014), even these new bulky 
units experienced several incidences when 
significant n umbers o f u nits h ave been 
broken; for example, the 9 m3 Accropode™ 
on a coastal revetment in Scarborough (UK) 
in 2004 (ref. New Civil Engineer, 2004 
and New Civil Engineer, 2008) (Fig. 9b) 
without significant impact on the overall 
resilience of the structure (approximately 15 
out of 4,040), and the 6.3 m3 Core-Locs 
used in Port St Francis (South Africa) in 
1996/7. The failure of Port Francis was 
mostly attributed to the storm arriving 
during construction and the low 
dimensionless packing density adopted 
(Phelp, Holtzhausen, and Melby 1999). 
This example shows how it is extremely 
important to assess and predict the stresses 
induced by practical construction issues to 
guarantee structural integrity for any aspect 
of the project. All these breakwater failures 
represent examples where the fragility of the 
concrete armour units has proven to be of 
vital importance.

Figure 9. (a) The Jajali dolos revetment 
after the storm (from Maddrell 2005). 

(b) The broken Accropode at the damaged
seawall of Scarborough (UK) (from de

Rover et al., 2008).

3 CLASSIFICATION OF CAUs
The wave loads during a design storm may 
show the need for an armour rock size, 
which cannot be economically produced 
and transported to the site. For this reason, 
concrete armour units become a competitive 
alternative. A large variety of CAUs has been 
developed in the past 50 years and coastal 
engineers can choose between numerous 
completely different breakwater armour 
concepts for the cover layer. 
This chapter is intended to give an overview 
of the different types of concrete armour 
units adopted in coastal structures.
The first CAU used in the construction of 
rubble mound breakwaters was the cube 
(parallel-epipedic shape), placed both 
uniformly and randomly (Bakker et al., 2003) 
(Fig. 10). 
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Figure 10. Barcelona breakwater construction 
with rectangular blocks exceeding 100 tonnes, 

note the difficulty in producing a homogene-
ously random orientation armour layer with 

crane placement of such large units, (from 
Latham et al., 2008). 

Breakwaters were mostly designed with 
gentle slopes and relatively large armour 
units mainly stabilized by their weight. 
It was only after the Second World War that 
other shapes started to be introduced. The 
1950s witnessed an upsurge of interest in 
developing and using concrete armour units 
for rubble mound breakwaters. In 1950, the 
first “engineered” precast concrete armour 
unit, called the Tetrapod, was invented 
and patented by Neyrpic Inc., France and 
placed according to the “Système Sotramer” 
developed by Sotramer, France. The main 
advantage of the Tetrapod was an improved 
interlocking and a larger porosity of the 
armour layer, which causes wave energy 
dissipation and reduces the wave run-up. 
Many other concrete armour units were 
developed between 1950-1970 by different 
institutions. These armour units are typically 
either randomly or uniformly placed in 
double layers or single layers. The principles 
governing stability are the units’ own weight, 
their so-called interlocking properties 
discussed earlier, or their neighbour-to-
neighbour friction. 

The failure of the Sines breakwater (1978) 
and the introduction of the Accropode by 
Sogreah in 1980 set an end to the rapid 
development of randomly placed concrete 
armour units. Furthermore, the numerous 
failures mentioned above in Section 2, 
indicated that slender armour units designed 
for maximum interlocking are statistically 
not sufficiently resistant to movement. The 
overly large units that were dimensioned 
to match the design storm requirements in 
deep water breakwaters provided insufficient 
structural stability. Consequently, a paradigm 
shift ushered in the new generation of bulky 
single layer randomly placed units, soon to 
be used worldwide. The Accropode was the 
first block of this new generation of armour 
units and became the leading armour unit 
for the next 20 years (further examples of 
this type are the Core-Loc, the A-Jack, the 
Xbloc and the Accropode II). The success of 
this generation of units is due to their high 
interlocking with neighbour units and their 
single layer regularly spaced placement 
regime with varying degrees of placement 
rules for quality control being introduced. 
These were found to be essential to safeguard 
good interlocking on site, and this is usually 
achieved by unit designer guidance that 
recognizes the maximum packing densities 
achievable on site and specifies these along 
with declared stabilising principles. Keeping 
the structure tight increases the breakwater’s 
hydraulic stability performance (but can 
increase run-up) and completing it with just 
one armour layer decreases construction 
costs. These units need to go to massive 
sizes for deep water ocean harbours, but 
the stabilising principle tied to the requisite 
packing density makes it possible to thwart 
the concrete’s inherently low tensile strength. 
Should some of the units work loose, they 
are of a robust enough geometry that the 
protuberances will not offer easy targets for 
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tensile stress development. These efforts to 
make more robust but equally well interlocked 
units have driven innovations in the original 
Core-Loc and Accropode designs, resulting 
in their higher tech ‘mark two’ versions.  
As an alternative to the rubble-mound 
systems of Dolosse and Tetrapods, a parallel 
development of a completely different type 
of armour concept started in the late 1960s, 
consisting of hollow blocks. These were 
designed to control the site of the turbulent 
energy dissipation within each block and 
allow a much-tamed flow into the mound. 
The blocks are placed uniformly in a single 
layer (cobblestone-concept), but their hollow 
nature distinguishes them from placed block 
revetments used widely on Dutch dykes. 
Each block is tied to its position by the 
neighbouring blocks. Indeed, it is not based 
on weight or interlocking but on friction, 
which provides an extremely high hydraulic 
stability (Fig. 11a). Typical examples of 
these armour blocks are the Cob, Shed, and 
Seabee. 
A recent development in the design of 
breakwater concrete armour units has been 
to prioritize unit shapes that can remove 
altogether the issue of subjectivity in the CAU 
armour layer placement and hence greatly 
simplify the construction quality control and 
the difficult process of quality assurance. 
This has resulted in an additional sub-group 
of fixed orientation and location “pattern-
placed” units such as the C-Roc™ (Perrin et 
al., 2018), and the XblocPlus (Jacobs et al., 
2018), etc (Fig. 11b). 
The Cubipod® shown in the context of 
Section 4, (Medina et al., 2011a), which has 
been around now since 2007, is a curious 
unit to classify. It is the first armour unit 
capable of being used in single- and double-
layer armouring with random placement and 
regular pattern (i.e., symmetric) placement 
(for example in the construction of the 

breakwater for the outer port of La Coruña 
[Spain] a single-layer patterned array armour 
was used in the trunk and a random orientation 
placement in a double-layer armour was 
required for the roundhead [Corredor et al., 
2018]). It achieves a good number of contacts 
with neighbour units and is a robust shape 
in so far as the interlocking of eight corners 
plus six face-centred protuberances do not 
project far from the unit’s mean perimeter. 
The cantilevering bending forces that 
might generate tensile stresses are therefore 
minimized so they ‘can be considered bulky’ 
and ‘robust’ units. One further advantage 
is that for typical random orientation use, 
together with the set placement spacings, 

a

b

Figure 11. (a) The use of Shed units in the 
North Pier of Bangor (UK). (cc-by-sa/2.0 - © 

Albert Bridge – geograph.org.uk/p/483781, 
together with the Shed unit system detail). (b) 
Placement of 6.5 t XblocPlus on a staggered 

grid (from Jacobs et al., 2018), note the reten-
tion of porosity between units and the overlap-
ping of the second row leading to interlocking.
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there really are no placement rules for the 
orientation such that units will naturally 
find their resting attitude and reliably obtain 
their requisite average number of contacts 
with neighbours to ensure low variability of 
porosity and interlocking. In the Cubipod 
Manual (Medina & Gomez-Martin, 2016), 
it is said that the random placement and the 
self-arranging tendency of Cubipod units 
maintain evenly the initial armour porosity 
with few variations. The manual also alerts 
the engineer to the possible risk during the 
placement operation following a tight grid 
spacing that occasionally units can be “lost”; 
probably a side effect of its greater overall 
sphericity and resultant rollability.   Notably, 
they say it is not an ‘interlocking’ single layer 
unit, presumably to distinguish its resistance 
to breakage and associate it more with 
massive cubes. Its name implies it is a cube-
like unit. But it has a shape innovation to 
inhibit the evolution during its service life for 
heterogeneous packing to occur, which tends 
to happen with cubes. Therefore, it appears to 
be an innovative development between robust 
single-layer interlocking units, massive units 
and the latest generation of pattern placed 
interlocking blocks like XblocPlus, which 
actually came after Cubipod. 
Recently, because the design wave height has 
been increasing as a result of climate change, 
the Korean government decided to develop 
new shapes, characterized by a slender-and-
bulky type of body (e.g., the Chi Block (Park 
et al., 2019)). Similarly, the Japanese firm 
Fudo Tetra continues to innovate with new 
random orientation units, (Tetraneo, Dolos II, 
etc.) as well as flat type regular array blocks 
to meet the demands and needs of the new 
era of CAUs. 
Many new unit shapes have been invented 
and developed, some of which are at the 
key stage where design issues have been 
identified during model testing studies, see 

for example the Crablock (Salauddin et al., 
2017). The step to field trials always requires 
a very substantial investment. 
In this classification section where we have 
so far focused on the evolution of design 
ideas, the breakwater concrete armour units 
are also classified by coastal engineers into 
their shape, their placement pattern method, 
and the number of layers recommended by 
their inventors.

3.1 Shape and placement method 
classification

Burcharth (1993) classified breakwater 
armour units into four categories based on 
the fragility of their shape in:

• Massive or blocky
• Bulky
• Slender
• Multi-hole cubes or hollow

For massive armour units, random placement 
is usually applied to ensure the porosity of the 
armour layers and to avoid the excess pore 
pressure inside the breakwater which may 
lift the units. In fact, as just mentioned when 
discussing the Cubipod, there is a tendency 
for cuboidal units to settle into close-pack 
towers and wall-stacking structures if they 
are not very large units where friction and 
irregular keying to the underlay help maintain 
an irregular pack, (see also discussion by 
Medina et al., 2014). However, in the case of 
slender armour units, like Tetrapods, hydraulic 
stability depends mainly on interlocking 
and the average hydraulic stability is quite 
large. In contrast to hydraulic stability, for 
slender armour units, the structural stability 
is relatively low. For armour units bulky in 
shape, like Accropodes, Core-Locs, Xblocs, 
among others, random placement in a single-
layer system is mostly applied. These armour 
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units completely depend on interlocking to 
provide the hydraulic stability of the armour 
layer, rather than sheer massiveness. In fact, 
a one-layer system reacts as an integral layer, 
whereas a two-layer system reacts on stability 
as individual units. The advantage of the 
single layer is its economic feasibility with 
respect to the quantity of concrete, storage, 
handling, and installation. On the other 
hand, some potential disadvantages are also 
present, such as brittle collapse, relatively 
high overtopping rate, and relatively low 
wave dissipation compared with the double 
layer (Van der Meer 1999). The current trend 
of CAUs is the transition from the double 
layer to the more cost-effective single layer.

3.2 Shape and placement method 
classification

In the case of hollow blocks, like Seabees, 
the governing stabilising principle is friction, 
not interlocking. In some cases, these 
armour layers are more homogeneous than 
interlocking ones and are also very stable. 
However, due to difficulties in underwater 
placement, and the high tolerances needed for 
underlayer uniformity as a foundation to the 
neat array of holed out units, the application 
of these armour units is limited. 
The different categories of units are not equally 
likely to suffer breakage. Slender units are the 
most vulnerable because the limited cross-
sectional areas give rise to relatively large 
tensile stresses when exposed in cantilever or 
beam configurations. Therefore, despite their 
good hydraulic stability, slender blocks shall 
be considered as a system with a large risk of 
a quite rapid progressive failure. In contrast, 
massive units will have the smallest tensile 
stresses due to the large cross-sectional 
areas. However, breakage can take place if 
the units are impacted by loose neighbours 
due to the application of poor construction 

methods allowing areas of packing densities 
below those required by the unit designer, 
and therefore less well imposed hydraulic 
stability. If the concrete quality control is poor 
resulting in a significant proportion with low 
tensile strength, that may produce problems. 
Franco et al. (2000) investigated the concrete 
properties (tensile strength, compressive 
strength, porosity, etc.) after a long-term 
exposure at sea in three Italian breakwaters. 
Despite the different breakwater locations 
and concrete types, it was concluded that 
for some Italian breakwaters (it may also be 
true in general) the tensile strength showed 
an average of about 4 MPa, but it varied 
with a wide range between 1.5 MPa and 5.5 
MPa (with a variation coefficient of around 
20%). See also the discussion of controls 
on concrete strength and strength variability 
by Medina & Gomez-Martin (2016), that 
arise from unit size and heat of hydration. 
If ‘massive’ units are made of good quality 
concrete units (thermal cracking is limited) 
and not damaged during handling, and are 
designed for marginal displacements, there 
will be no breakage problems. Indeed, they 
have a very good structural resistance, but 
as they act on the basis of their weight and 
friction alone, only low hydraulic stability 
is guaranteed. Thus, the armour layer of 
massive units can be considered as a system 
with a low risk of progressive failures that 
might be brought about by an acceleration of 
unit breakages. With the same precautions, 
this statement holds also for the ‘bulky’ units. 
Multi-hole units placed in regular arrays will 
exhibit very small solid impact loads when 
placed correctly in patterns that exclude 
significant relative movements of the blocks. 
Furthermore, CAUs can be grouped into 
three main categories by their scope to 
perform well under either random or uniform 
placement (pattern-placed), (Bakker et al., 
2003), or both (Fig. 12).
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1 Randomly placed armour units: the 
governing stability attributes are self-
weight and interlocking between adjacent 
units. These have been known to have 
sometimes been placed in a pattern but 
often with very poor performance or 
even disastrous consequences (www.
clascertification.com). 

2 Pattern-placed armour units: these 
might be better termed ‘symmetrically 
pattern-placed’ or simply ‘pattern-placed’ 
as they are designed not to be placed 
randomly. There are now two subgroups. 

2.1 Non-interlocking pattern-placed: 
their stability is based on friction between 
neighbouring blocks and depends primarily 
on layer thickness and partly also on self-
weight. Friction-type armour layers have 
properties that are more homogeneously 
distributed than randomly interlocking 
armour layers and are very stable. 
Examples are Cobs, Sheds, Seabees, 
Haros, Diahitisses, and Hollow Cubes. 

2.2 Interlocking pattern-placed: units 
are placed on a staggered grid with a 
uniform unit orientation (i.e., the position 
and orientation of the symmetry axes 
of each armour unit on the breakwater 
slope is defined) and there is an element 
of unit overlap from one row to the next, 
providing a controlled predictable degree 
of interlocking. Examples are C-Roc™ 
(Perrin et al., 2018) and XblocPlus 
(Jacobs et al., 2018). 

3 Massive units for pattern- or random 
placement: characterized by a robust 
shape whose stability attributes are the 
interlocking between adjacent units 
together with self-weight and frictional 
contacts. The interlocking is not of an 
entanglement or hooking effect. Such units 
can perform well when in both pattern-
placed arrays of a single-layer armour 
or in random orientation placement in 
double-layer armour. The only known 
example in this class is the Cubipod® unit 
(Medina et al., 2014)

Figure 12. Classifications of CAUs

Coastal and Offshore Science and Engineering  
Year I – 2022 – ISSN 2785-7972 83Coastal and Offshore Science and Engineering  #  

Year I – 2022 – ISSN 1234-567

http://www.clascertification.com/clas-certification-en.html
http://www.clascertification.com/clas-certification-en.html


4 HISTORICAL OVERVIEW OF THE 
MAIN METHODS TO ASSESS THE 
STRUCTURAL INTEGRITY OF CAUs

During their lifecycle, CAUs experience 
different types of loads which induce different 
types of stress inside the block. Burcharth 
(1993), listed the types of loads and their 
origin in Tab. 1.

Table 1. Types and origins of loads (from 
Burcharth, 1993)

Types of 
loads Origins of loads

Static Weight of units

Prestressing of units due to 
wedge effect and arching 
caused by movement under 
dynamic loads

Dynamic Pulsa-
ting Gradually varying wave forces

Earthquake

Impact Rocking/Rolling of units

Missiles of broken units

Collisions during handling, 
transport and placing
High-frequency wave slam-
ming

Abrasion Suspended material

Thermal
Temperature differences 
during the hardening (setting) 
process after casting

Freeze-thaw

Chemical Corrosion of reinforcement

Sulphate reaction etc.

Concrete armour units are essentially 
subjected to three types of loading: static, 
pulsating (hydrodynamic) and impact. 
Static loads are due to unit self-weight, unit-
unit wedging and breakwater settlement. 
Hydrodynamic loads result from wave action 
directly on the structure, which may also 
generate the rocking of units and subsequent 
impact loads. Impact loads are numerous and 
are generally a consequence of collisions 
between CAUs when rocking or rolling, the 
impact of pieces of broken CAUs, as well 
as impacts during transport, handling, and 
placement. All these situations could produce 
tensile stress waves inside the block able to 
overcome in the critical section the tensile 
strength, leading to cracks and fragmentation 
of the concrete. 
Researchers in the field of breakwater design 
and construction have indicated the need for 
information related to the structural response 
of armour units to wave-induced impact. The 
dynamic impact loads are dominating for the 
exposed units sitting freely in the top layer 
of the armour, thus having a greater chance 
for rocking, or even rolling up and down or 
being hit by fractions of other units. On the 
other hand, if the units are not moving and 
the missiles are non-existent, it is obvious 
that only static and pulsating dynamic loads 
are present (Burcharth 1980). 
Static, pulsating and impact loads are critical 
for slender units whereas impact loads and 
thermal loads are the most important for 
massive and bulky units (Burcharth 1983, 
1992). 
Burcharth and Brejnegaard-Neilsen (1986) 
demonstrated that the scaling laws for static-
pulsating stresses and impact stresses are 
different. This means that in general the 
two categories of stresses must be identified 
and measured separately in the model to 
produce a correct up-scaling of the total 
stresses to prototype conditions. Moreover, 
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it is seen that static and pulsating stresses 
scale linearly with the length scale (e.g., the 
nominal side length of the equivalent volume 
cube, Dn) whereas the impact stresses scale 
with the square root of the length scale. This 
means that the static stresses grow much 
more rapidly with the size of the armour than 
the impact stresses. Consequently, the static 
stresses are often dominating in the very 
large slender armour units. Finally, it is worth 
pointing out that the fatigue of concrete 
should always be considered when repeated 
stress cycling up to levels near to the critical 
value for crack extension is significant, e.g., 
the sea waves will cause repeated pulsating 
and impact forces on the armour units due 
to rocking collisions can easily be near to 
critical (Burcharth 1994, Burcharth & Liu, 
1995).
This section gives an overview of the 
main methods used to assess the structural 
integrity of concrete armour units adopted 
in coastal structures. The following three 
methodologies are now discussed:

• Small-scale experiments
• Full-scale prototype experiments
• Numerical models

4.1 Small-scale experiments
The damage related to the structural integrity 
of the armour units can be characterized by 
the number of broken units within a certain 
area of the slope. Due to the costs involved, it 
is not always possible to perform parametric 
studies of stresses in armour units at prototype 
scales. Generally, small-scale model tests 
and subsequent up-scaling to prototype must 
be performed. One of the main problems is 
that the two main failure modes for armours, 
namely displacements (hydraulic instability) 
and breakages (structural instability) are 
interrelated and should be studied together. 

However, while the first can be studied 
conveniently in small Froude scale models, 
the second cannot because the stress levels 
are too small to cause any breakage on the 
model armour units. 
A common approach to assess the structural 
integrity of CAUs is to link the armour unit 
movements under wave attack to the forces 
applied to the blocks. Many authors (e.g., 
van der Meer and Heydra 1990) estimated 
impact velocities through cine/video or by 
accelerometers installed inside the units at 
small-scale on the basis of which impact 
loads and related stresses can be estimated 
by theoretical calculations. However, there 
are many limitations. Cine/video techniques 
generally fail to give information in the splash 
zone, and it is difficult to estimate the size and 
direction of velocities from accelerometers. 
Moreover, it is almost impossible to arrive at 
good estimates of stresses from information 
regarding only the movements of the 
impinging body.
Scott et al. (1987) presented an instrumented 
method in small-scale experiments to 
measure only the bending and the torsion 
moments through a load-cell, able to record 
the component forces and moments, inserted 
into the critical section of the units. The critical 
sections are those where the largest stresses 
and, consequently, the fractures generally 
occur. From the recorded component forces 
and moments, it is then necessary to estimate 
the stress field in the section of the armour 
unit using some appropriate theory. The 
limitation of the method is the small strain 
values in the case of small units exposed 
only to static and pulsating loads. The 
method cannot be applied also to large model 
armour units, say of 50 kg, unless a very 
sophisticated strain gauge technique is used. 
The material in question is unreinforced 
concrete in which crack formation takes 
place when the tensile stress at any point 

Coastal and Offshore Science and Engineering  
Year I – 2022 – ISSN 2785-7972 85Coastal and Offshore Science and Engineering  #  

Year I – 2022 – ISSN 1234-567



exceeds the tensile strength. Consequently, 
the maximum tensile stress in the body is the 
target parameter. While static and pulsating 
(quasi-static) stresses can be studied using 
load cells, it is not possible directly to study 
impact stresses. This is so because the load 
cell destroys the homogeneity of the material 
and changes Young’s modulus on which the 
scaling law for impact stresses depends (Fig. 
13). So, the time series of the maximum 
principal tensile stress, σt, in a critical cross-
section is calculated from the load cell strain 
recordings. Then, these time series must 
be converted to prototype scale. Due to the 
involved two different scaling laws, it is 
necessary to separate the stress signal into 
an impact portion and a non-impact portion, 
the latter covering static plus pulsating 
stresses. Finally, using the transformation 
law it is possible to get the stress peaks at the 
prototype scale.

Figure 13. Load cell inside a Dolos unit
(from Scott et al., 1987)

Many examples of small-scale instrumented 
CAUs have been used to assess the static and 
hydrodynamic loads on CAUs. Nishigori et al. 
(1987) tested surface strains on 5-kg Tetrapods 
to assess the behaviour under wave attack. In 
1988 CERC developed a very sensitive load-
cell that was able to record bending moments 
and torque in one shank-fluke section of the 
200 g model Dolosse (Markle 1990). Scott 
et al. (1990) analysed the static and wave-
induced forces on small-scale 0.5 kg dolos 

CAUs, using internal load cells to measure 
bending moments and torque. Burcharth et 
al. (1991) experimented with 200 kg and 0.2 
kg load-cell instrumented Dolosse to analyse 
static and wave-generated stresses and scale 
effect (Fig. 14). Burcharth et al. (1995) 
presented a formula for the prediction of the 
number of units that will break given the 
wave climate and the size and the strength of 
the Tetrapods. This formula was derived by 
means of small-scale experiments with load-
cell instrumented Tetrapods.

Figure 14. Impact test for a 200 g
instrumented Dolos (from Burcharth 1993).

The stochastic nature of the problem and 
the variety of the structural geometry and 
sea states make it necessary to investigate 
a very large number of situations. This can 
be performed at reasonable costs only by 
small-scale experiments with instrumented 
armour units because no theory is available 
for quantitative calculations, and large-scale 
or prototype experiments are very expensive. 
However, all known types of small-scale 
model experiments produce insufficient 
information about the armour unit stress 
distribution and involve scale and model 
effects of various kinds. Currently, these 
small-scale methods are becoming obsolete 
because of the large limitations they produce. 
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4.2 Prototype full-scale 
experiments

Despite breakwaters being designed based 
on the hydraulic stability results of Froude’s 
similarity small-scale models, CAU 
structural integrity should be guaranteed 
at the prototype scale. At present, the 
variables and degrees of freedom affecting 
CAU integrity are so numerous that it is 
impossible to quantify the entire process for 
complex shapes. Therefore, it is necessary 
to simplify the assessment of CAU integrity 
by reducing the variables and degrees of 
freedom to an acceptable number. From the 
numerous structural load types influencing 
CAU integrity, only a few can be considered 
for testing specific loading scenarios. Small-
scale drop tests and previous numerical 
models were not very reliable when assessing 
CAU structural strength; therefore, several 
prototype scale dynamic tests have been 
used, over the past three decades, to assess 
the structural strength of different types of 
CAUs. Prototype tests are expensive and 
heavily dependent on both available local 
facilities and geometric characteristics of the 
specific CAU to be tested. The best type of 
test depends on the CAU shape, available 
testing facilities, resources, and financial 
support and must be chosen case by case.
Burcharth (1980) designed specific hammer 
drop tests and pendulum tests for Dolosse 
on a specially designed reinforced concrete 
base. He investigated the fracture patterns 
under different dynamic loading conditions, 
as well as the influence of reinforcement 
and concrete properties. Silva (1983) used a 
railway and supporting cars to test up to 27-t 
cubic blocks, forcing face-to-face impacts. 
Nishigori et al. (1989), Zwamborn and 
Phelp (1989), Burcharth (1980) and others 
have tested both Dolosse and Tetrapods to 
destruction using drop tests. Turk and Melby 

(1998) reported anvil, hammer and tipping 
drop tests of 9-t Core-Locs and 11-t Dolos 
CAUs on a concrete base. Hakenberg et 
al. (2005) carried out free-fall and several 
overturning tests comparable to anvil, 
hammer, and tipping drop tests with 9-t 
Xblocs on a reinforced concrete base covered 
with a thin steel plate (Fig. 15a,b). Later, 
Muttray et al. (2005) described the drop 
test results corresponding to 9-t Xblocs, 9-t 
Core-Locs and 15-t Accropodes. Medina et 
al. (2011b) performed different types of drop 
tests (free-fall anvil drop test, edge drop test, 
random drop test, overturning drop test and 
extreme free-fall drop tests) on massive units 
(15-t cube and 16-t Cubipod) which fall on a 
thick concrete platform (Fig. 15c,d).  
These types of tests are designed to 
demonstrate robustness in a repeatable 
way that can give reassurance on relative 
performance for scenarios that may arise 
for collisions between CAUs when rocking 
and rolling, as well as the impacts generated 
during handling, transport, and placing of 
the blocks on the armour layer. For example, 
overturning drop tests are those in which a 
prototype has multiple low energetic impacts 
on a stiff base, while free-fall tests are those in 
which a prototype is dropped on a relatively 
stiff base. All the phases of handling, 
transport and placing can be simplified as 
being represented by drop tests in a laboratory 
environment; whereas impact loading, when 
pieces of broken units (missiles) are thrown 
against other units by the waves, can be 
simplified as being equivalent to pendulum 
type tests. 
It is very important to design accurately 
the prototype test to obtain data that might 
be comparable with those of different units 
described in the literature. 
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Figure 15. Free fall test (a) and overturning 
test (b) of a 9-t Xbloc unit (from Hakenberg et 

al., 2004). Overturning test (c) and free-fall 
drop test (d) of a 16-t Cubipod unit (from 

Cubipod manual 2016).

4.3 Numerical model experiments
Given this picture, it is not surprising that 
a couple of numerical models that handle 
the hydraulic, structural, and geotechnical 
interactions are now considered urgent 
technologies for the early 21st century. A 
critical task in building this technology is 
to develop and validate numerical models 
for the analysis of the 3D multi-body solid 
skeleton of units. One developing area that 
continues to attract more and more interest is 
the use of numerical modelling programs to 
simulate the structural integrity of concrete 
units. The numerical modelling approach 
has many advantages for coastal engineers. 
One is that it can significantly reduce the cost 
and labour needed for physical experiments. 
Another is that numerical modelling can 
accurately control loading and set up extreme 
conditions representative of full-scale units, 
which would help investigate complicated 
conditions that are difficult to set up in 
laboratories in a repeatable way.
Tedesco et al. (1987, 1988, 1991, 1992), 
Scott et al. (1990b) and Rosson and Tedesco 

(1992, 1993) have all applied FEM-based 
numerical programs to simulate the structural 
response of the Dolos unit under static and 
dynamic loading conditions. They plotted 
time histories of stresses at several key points 
on dolosse units and derived iso-stress curves 
for dolosse units of different sizes.   Tedesco 
et al. (2003) applied this method for A-Jack 
units. The 3D finite-element method (FEM) 
has been used extensively to estimate the 
static load scenarios representing prototype 
handling and storage. Melby & Turk (1995, 
1997) compared the results of FEM models for 
Tribar, Dolos, Accropode and Core-Loc units 
under a variety of static loading conditions, 
while Hakenberg et al. (2005) compared 
the results obtained from FEM models of 
Accropode I, Core-Loc and Xbloc. However, 
both static and dynamic FEM models present 
serious limitations for representing real 
conditions. On the one hand, static FEM 
models are used for a limited number of 
prescribed static loads; on the other hand, 
the results of dynamic FEM models are 
very sensitive to the properties and platform 
stiffness of theoretical materials, as well as 
to the idealistic impact conditions. Although 
many insights were obtained by examining 
the stress fields in many unit types, these 
modelling tools cannot explicitly initiate 
and develop discrete fractures. Furthermore, 
without the multi-body interaction capability 
of the discrete element method (DEM), their 
FEM codes alone cannot capture the multi-
body loading of all the contacts existing 
in a real granular armour layer system of 
interlocking units. 
 The use of the combined finite-discrete 
element method (FEMDEM, or FDEM) as 
a method to help solve coastal conundrums 
was first proposed by Latham (2002).  The 
combined finite-discrete element method 
(FDEM) combines the advantages of the 
finite element method (FEM) for modelling 
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solid continuum deformations/stresses and 
the discrete element method (DEM) for 
simulating contact interactions between 
solid bodies (multi-body interaction). It can 
simulate crack initiation and propagation 
using the cohesive zone model. Xiang et al. 
(2009) proposed a finite strain, a finite rotation 
quadratic tetrahedral element for FDEM, and 
developed a 3D FDEM code named “Y3D”, 
which is the first 3D multibody transient 
dynamic model of FDEM. It has been 
applied to simulate complex 3D deformable 
shapes of CAUs for coastal engineering 
applications. Since 2009, many researchers 
have further developed the 3D FDEM code 
and applied their models to the research of 
the concrete armour layer (Latham et al., 
2008, 2009b, 2011; Xiang et al., 2011). Xiang 
and Latham, in 2013, implemented a new 
tool called “POSITIT” which can deposit 
rocks and units in a computational domain 
to produce a realistic prototype construction 
and then use the FDEM solver to subject 
them to vibration loading as a proxy for wave 
loads with a view to examine the effect of 
packing density on subsequent settlement, 
see e.g., Latham et al. (2009a, 2013, 2014), 
Anastasaki et al. (2015, 2016) and Xiang et 
al. (2019). Karantzoulis (2017) implemented 
in his Ph.D. dissertation an elastic-plastic 
model in the 3D FDEM code and applied it to 
investigate the effect of plastic deformation 
during collisions between CAUs. Guo et 
al. (2015) implemented a 3D cohesive zone 
fracture model which can simulate crack 
initiation and propagation caused by the 
collision between CAUs (Fig. 16). Recently, 
Drs. Latham and Xiang renamed their multi-
purpose Open-Source Software Platform, 
Solidity, which is a leading combined finite-
discrete element method (FDEM) code that 
has discrete fracturing modelling capabilities. 
Scaravaglione et al. (2021) used Solidity to 
simulate the behaviour of CAUs during free-

fall tests, using a three-dimensional fracture 
model. Firstly, the numerical model and then 
the structural strength of a 15-t cube unit and 
a 16-t Cubipod unit were investigated during 
free-fall anvil drop tests (Fig. 17). 

Figure 16.  Comparison between physical 
experiments on the left (from Burcharth, 1980) 

and numerical simulation on the right (from 
Guo et al., 2015) of the pendulum test of a 

Dolos unit.

Figure 17. Set up of the free-fall anvil drop 
test (on the left) and the fractures generated 

inside a 16-t Cubipod unit after a free-fall 
drop test (on the right) (from Scaravaglione et 

al., 2021).

The combined finite-discrete element method 
(FDEM) appears uniquely well-suited as a 
means to study an armour layer’s behaviour, 
and this has led to considerable advances in 
the ability of numerical methods to examine 
the latest generation of single-layer unit 
systems. The new fracture model of the 
deformable FDEM program is used to model 
internal dynamic stresses and fractures in 
armour units. 
One key aspect to be addressed before 
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numerical modelling can be applied in design 
work is to define and find a means of applying 
the wave loading boundary conditions that 
units are exposed to. The complexity of the in 
situ loading conditions makes it very difficult 
(even impossible) to accurately represent 
the real full-scale conditions in numerical 
simulations. The hydraulic and local contact 
forces acting on the units are complex to 
track over time for a significant region of a 
breakwater but considerable progress with a 
‘fast wave proxy’ approach is reported in a 
recent paper by Xiang et al., (2022). 
Despite the numerous advantages of the 
numerical methodologies in the evaluation 
of the structural integrity of CAUs, they also 
show several drawbacks (i.e., computational 
time, coupling, validation, etc.). For example, 
numerical models for the assessment of 
mechanical strength are not yet able to 
simulate material fatigue and cyclicloading. 
Repeated loads cause an accumulative effect 
which might result in macro cracks and, 
consequently, breakage of the structural 
element. A remaining modelling problem is 
to quantify the accumulated fatigue effect 
when the stress field changes from load 
cycle to load cycle as is the case when 
there are rocking movements. On the other 
hand, the rocking-induced stress during the 
wave motion would need to be represented 
somehow. A rational method for capturing 
fatigue is still missing but it is not considered 
fundamentally problematic to implement. 
Additionally, it is extremely important to find 
the optimum size of the mesh element to gain 
the best combination between a reasonable 
CPU time and a consistent expression and 
distribution of crushing crack networks and 
propagating discrete cracks. 
Nevertheless, a general numerical model 
able to study both the hydraulic stability of 
the armour layer and the entire structural 
strength of CAUs in the breakwaters would 

bring enormous benefits to the design of 
rubble mound breakwaters. A further remark 
pointing towards a possible way forward is 
included in Section 5.
The results of these methodologies help us 
to assess qualitatively the relative structural 
integrity of different CAUs of the same 
mass/volume, subjected to different random 
types of loads (maybe by using the relative 
loss of mass (RLM) depicted by Medina, 
or the fracture area from the model output 
analysis), but we don’t think these parameters 
can be used directly for design. They do help 
us in detecting the fracture paths and the 
weakest planes where the breakage happens 
and the numerical modelling approach 
could potentially be useful in refining the 
optimal slenderness ratio and unit mass for 
a given hydraulic stability for an acceptable 
threshold of breakage behaviour as indicated 
by a numerically imposed dynamic load. 

5 CONCLUDING REMARKS
A historical overview of the structural 
integrity of concrete armour units adopted 
in the armour layer of coastal structures has 
been described in this manuscript. 
The well-known breakwater failures of Sines 
(1978), Arzew El Djedid (1980) and Crescent 
City (1983) still serve to remind us of the 
importance of structural integrity of CAUs 
in the design of rubble-mound breakwaters. 
Recognising the fundamental mistakes made 
ushered in a new phase of innovation with 
the so-called robust single layer (monolayer) 
units that remain the most popular group. In 
Section 3, a brief review of the classifications 
of the main concrete blocks follows a 
historical evolution of shapes and placement 
patterns that can be seen to circumvent 
concrete’s inherently low tensile strength 
while ensuring hydraulic stability. The more 
established methodologies used to assess the 
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structural strength of CAUs have increasingly 
embraced numerical methods. 
Currently, small-scale experiments to assess 
the robustness of CAUs are becoming 
obsolete, whereas full-scale and numerical 
methodologies are broadly widespread. 
Numerical 3D static and dynamic FEMs and 
instrumented small-scale physical models 
have been used in the past to estimate the 
structural stress levels in CAUs, but they 
have serious limitations for representing real 
conditions. In contrast, full-scale instrumented 
prototypes (such as drop tests) are very 
expensive and much more difficult to control, 
despite results being more likely to represent 
real conditions.  It is worth mentioning that, 
in engineering practice today, numerical, 
and full-scale methodologies are considered 
complementary, and both should be carried 
out to achieve the best understanding 
of performance under different loading 
conditions. Full-scale experiments provide 
data for the calibration of the numerical 
models. 
However, the comparison between the results 
of the two methodologies is not so easy. 
Indeed, both the boundary conditions of the 
tests and the outputs of the analysis are very 
different and difficult to control. Prototype 
tests may not be truly representative of the 
intrinsic structural behaviour of the unit 
because unconfirmed changed boundary 
conditions may overwhelmingly influence 
the results of the tests. On the contrary, the 
numerical model overcame these uncertainty 
limitations and faithfully reproduced the 
physical phenomenon, providing a more 
realistic trend of the fracture path. It is worth 
mentioning that even a small motion of an 
armour unit can cause it to suffer severe 
breakage.
Despite some limitations of computational 
power, FDEM dynamic loading simulations 
now have the potential to solve  unit fracturing 

and breakage for any boundary conditions, not 
only those of a brutally simplistic drop test. 
If the simulation can be set up with scenarios 
for temporo-spatial boundary conditions 
that are extracted directly from the output of 
simulations from realistic in-service storm 
sea states, and a fast wave proxy approach to 
achieve this has now been presented in Xiang 
et al., (2022), the fracture and breakage 
simulations would have more applicability 
to breakwaters. In the wave proxy approach 
the armour unit experiences body forces, 
neighbouring unit normal and shear contact 
forces and collision forces, together with 
the hydraulic pulsating buoyancy, inertia, 
form and viscous drag forces. To discover 
such critical combinations of loadings from 
computer simulations represents a possible 
new frontier for the CAUs’ hydraulic and 
structural integrity evaluation and a shift 
away from robustness testing by means of 
dropping units.
Soon, with the advent of physics-informed 
AI technology and the exploitation of 
parallelised architectures of HPC and 
supercomputers, together with further 
optimisation and improvement of the current 
numerical models, the numerical simulation 
will probably render obsolete the use of 
physical drop tests which are quite expensive 
and potentially dangerous. However, a few 
fundamental aspects must be addressed in 
the future: the occurrence and significance 
of rocking and the consequences for concrete 
fatigue. Another is devising a range of loading 
condition scenarios that can be considered 
a better range of conditions to test the in-
service storm wave loading in the vulnerable 
still water level region of the structure. 
It can be concluded that, while the ongoing 
development of numerical models will show 
significant progress in the next few years, the 
experimental methodologies will continue 
to have a dominant role in many coastal 
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engineering projects. Numerical models will 
one day allow the coastal engineer to design 
breakwaters and concrete armour units with 
a conventional, physical based approach, 
accounting for hydrodynamic loading and 
stresses and strains within each individual 
unit. However, due to computational time, 
according to Baird et al., (2016), this approach 
is not likely to be available to practicing 
engineers for a further 5 years or more. In the 
meantime, the structural integrity of CAUs 
will continue to be demonstrated employing 
prototype full-scale experiments, increasingly 
supported by numerical simulations. 
Besides, steel rebar or steel fibre reinforcement 
of armour units have never been a popular 
idea in aggressive marine environments 
with the risk of rust expansion cracking, 
and it substantially increases the cost of 
these already expensive structures. Recently, 
researchers are looking to improve traditional 
mass concrete mixes with alternative fibre-
reinforced concrete for armour units (such 
as polypropylene, bio-composite and micro 
synthetic materials, etc.) which are able to 
sew cracks, providing a residual mechanical 
strength, when and where cracks start to 
generate (Hardy et al., 2018; Maciá et al., 
2016). However, due to the excessive mass of 
concrete required in armour layer breakwater, 
the use of these alternative solutions has not 
been proven yet to be completely safe in such 
an aggressive environment and economically 
viable in a mass casting operation. 
It is also interesting to wonder whether low 
carbon concrete can be rapidly introduced for 
coastal structures and if so, surely numerical 
models capturing different, possibly reduced, 
strength behaviours can play a very useful 
role in such a transition. 
Finally, it is interesting to speculate whether 
a recent development in the design of 
breakwater concrete armour units will take 
a significant hold amongst breakwater 

designers and clients. The additional sub-
group of fixed orientation and location 
“pattern-placed” units such as the C-Roc™ 
(Perrin et al., 2018), and the XblocPlus 
(Jacobs et al., 2018), for the first time 
combine interlocking, frictional contact, 
self-weight, porosity, robust geometry and 
the reassuring knowledge that the contractor 
will always know when the block has been 
placed correctly before moving to the next 
one. The coastal engineering community 
that for two decades has mostly relied on 
robust single layer (monolayer) units has 
simultaneously in recent years redoubled its 
efforts to build safer structures. Companies 
independent of unit designers are now 
setting up quality control and certification 
system services (e.g., Clas-certification) and 
structure condition monitoring services (e.g., 
Breakwater-heath-scan) as there is clearly a 
market for reducing uncertainties that arise 
from the stochastic nature of units placed 
with no strict orientation pattern and the 
potential for breakages that arise therefrom.
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ABSTRACT
Density currents induced by large-scale catastrophic events (earthquakes and typhoons) may cause 
various potential environmental hazards such as submarine and seafloor equipment damages.  
Approximately 150 to 200 fiber-optic cable break events are recorded each year in the area 
between the Gaoping Submarine Canyon (GPSC) and the Manila Trench. However, how 
density currents were triggered by catastrophic events is not well understood. This study aimed 
to reproduce the flow field and sediment transport processes of the density currents of the 
2008-flood events during Typhoons Kalmaegi and Fong Wong using numerical models. The 
model results showed that the riverine flow was affected by the tidal currents and descended 
to the submarine canyon. In the submarine canyon, the density current was enhanced during 
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flood tides and attenuated during ebb tides. The river discharge and SSC required for the 
occurrence of density currents were approximately 1500~3200 m3/s and 12 g/L. The internal 
Froude number exceeded the critical value of 0.8, but the required SSC was much lower than 
the critical concentration for the occurrence of the density current. 

KEYWORDS
small mountainous river, submarine canyon, typhoon, density current, fiber-optic cable break. 

1 INTRODUCTION
Approximately 150 to 200 fiber-optic cable 
break events are recorded each year in the 
area between the Gaoping Submarine Canyon 
(GPSC) and the Manila Trench (Burnett, 
2014; Carter et al., 2014). Density currents 
induced by large-scale catastrophic events 
(earthquakes and typhoons) may cause various 
potential environmental hazards such as 
submarine and seafloor equipment damages. 
The average cost of repairing a submarine 
cable is 1–3 million USD (Veverka, 2014). 
Due to the high cost of telecommunication 
assets and the complexity of maintenance, 
this study aims to study the formation and the 
transport process of density currents from the 
river mouth to the deep sea. 
Typhoon-triggered river floods are known as 
one of the major causes for the occurrence 
of density currents that directly impose 
into the continental shelf and the adjacent 
submarine canyon (Liu et al., 2012; Porcile 
et al., 2020). During extreme flood events, 
small mountainous rivers (SMRs) can 
transport a significant amount of terrestrial 
sediment through the formation of density 
currents from the river mouth to the ocean 
basin (Mulder et al., 2003). Over the past 
decade, typhoon-triggered density currents 
have been widely studied to reduce their 
impacts on subsea fiber-optic cables (Carter 
et al., 2014; Gavey et al., 2016; Pope et al., 
2017; Sequeiros et al., 2019; Talling, 2014). 

At least 17 subsea telecommunication cable 
failures across the GPSC and Manila Trench 
in the Luzon Strait between Taiwan and the 
Philippines were recorded (Gavey et al., 
2016). Further insights regarding the cause of 
damaging telecommunication cables are still 
required to be further investigated. 
The geometric feature of the Gaoping River 
(GPR) and the GPSC (see Figs. 1a and 1b) 
represents a good example of source-to-
sink sediment transport system for studying 
submarine geohazards (Liu et al., 2013, 
2016). The GPSC and the Manila Trench have 
experienced multiple cable break events over 
the past decade that were possibly triggered 
by typhoon-induced density currents 
(Carter et al., 2012; Gavey et al., 2016). 
The mean annual sediment yield of Taiwan 
is approximately 9500 t km-2 y-1, which is 
about 60 times greater than the global average  
of 150 t km-2 y-1 (Kao and Milliman, 2008). 
In this region, tropical cyclone-(typhoon) 
induced floods play a significant role in 
terrestrial sediment transport (Dadson et al., 
2005; Hilton et al., 2008; Liu et al., 2012; 
Lyons et al., 2002). For example, Typhoon 
Kalmaegi passed through the northeast 
corner of Taiwan during 16–18th July, 2008, 
inducing the peak river discharge of 7,670 
m3/s and the peak SSC of 21.72 g/L (Liu et 
al., 2013). A sediment-trap mooring deployed 
in the GPSC has captured the field evidence 
of density currents that efficiently transported 
terrestrial sediments to the deep sea (Liu et 
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al., 2012). Huh et al. (2009b) also reported 
that sediment transport became dominated by 
down-canyon movements with warmer water 
associated with the Typhoon-trigger density 
current on 17th July. One week after Typhoon 
Kalmaegi, Typhoon Fong Wong  induced a 
maximum river discharge of 4,500 m3/s and a 
peak SSC of 32 g/L recorded at Linko Bridge 
on 26–29th July, 2008 (National Chiao Tung 
University, 2008). A landfall occurred during 
this typhoon period resulting in floods and 
extremely high sediment fluxes in the GPSC 
(Selvaraj et al., 2015). However, how density 
currents were triggered by the peak SSC 
lower than the threshold of 40 g/L is not well 
understood (Eidam et al., 2019; Kineke et al., 
1996; Milliman et al., 2007; Ross and Mehta, 
1989).In this study, a numerical simulation 
was used to investigate the occurrence of 
density currents from the mouth of the GPR 
to the submarine canyon during Typhoons 
Kalmaegi and Fong Wong. The Hydrologic 
Engineering Centre’s River Analysis System 
(HEC-RAS) and the Regional Ocean 
Modeling System (ROMS) were used to 

simulate the occurrence of typhoon-triggered 
density currents between the river mouth 
of the GPR and GPSC. The river discharge 
and SSC based on field observation were 
used as the basis for numerical simulations. 
The second section describes the study 
site, governing equations of HEC-RAS and 
ROMS, model configuration, and model 
validation. The model results demonstrating 
the formation and transport processes of 
density currents under flood events are 
discussed in the third section. The paper is 
concluded in the fourth section.

2 METHODS
2.1 Study Site
The GPR, the second-longest river in Taiwan, 
has its main stem meanders from the Jade 
Mountain (Yushan, the elevation is over 3000 
m) toward the southwest, creating a drainage
basin of 3257 km2 (see Fig.1) (Huh et al.,
2009a; Yu and Chiang, 1997). The annual
average rainfall of the GPR is 3046 mm and
the mean river discharge is 222.72 m3/s,

a b

Figure 1: The yellow rectangle indicates the study area. (b) The enlarge view of the GPSC and the mouth 
of GPR. Red crosses (X) represent S1 (Donggang tidal Station) and S2 (Xiao Liuqiuo tidal Station).

Green dot represents the Wanda Bridge. The contours are isobaths from -2700 to 900 meters. 
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which delivers a maximum sediment load of 
24.19 Mt/d (Chiang et al., 2019; Huh et al., 
2009a; Milliman and Syvitski, 1991; WRA, 
1997).      
The distance between the GPR and the 
head of the GPSC is less than 1 km. The 
short and narrow continental shelf merges 
to the northern end of the GPSC, which 
is approximately 260 km away from the 
Manila Trench (Carter et al., 2014; Liu et al., 
2016; Yu et al., 2009). The slope between 
the river mouth to the head of the canyon is 
approximately 0.03 (Chiou et al., 2011) and 
then becomes as steep as 0.1 at the head of 
the canyon (Yu et al., 1993).

2.2 Governing Equations of Nume-
rical Models

2.2.1 The hydraulic model, HEC-RAS 
HEC-RAS, a commonly used hydraulic 
modeling software developed by the U.S. 
Army Corps of Engineers (USACE) is 
applied for the analysis of 1D unsteady 
flows in the river. The unsteady flow analysis 
is employed where the flash flood waves 
rapidly vary the flow and water level in the 
river channel (Brunner, 2016; Lee et al., 
2006; Sharkey, 2014). In this study, the HEC-
RAS 1D unsteady flow was used to simulate 
the propagation of a flood hydrograph in the 
GPR based on the cross-sectional bathymetry 
provided by the Ministry of the Interior, 
Taiwan (surveyed in November 2016). The 
unsteady flow routing solves the 1D Saint-
Venant equation and is expressed as: 

where h is the depth of flow, V is the average 
velocity, g is the acceleration due to gravity, 

S0 is the slope of the channel based on mean 
bed elevations, and Sf is the slope of the 
energy grade-line. 
The Manning Formula is used to provide 
average roughness (Brunner, 2010) as 
presented in Eqs. 2 and 3.  

where Q is the flow discharge, K is the channel 
conveyance, n is Manning’s roughness 
coefficient, A is the flow area, and R is the 
hydraulic radius.

2.2.2 The 3-D ocean model ROMS     
ROMS was used in this study to simulate the 
formation and sediment transport processes 
of density currents in the GPSC under flood 
events during Typhoons Kalmaegi and 
Fong Wong. ROMS is a 3-D, hydrostatic 
ocean model that solves the simplified 
Reynolds-averaged Navier–Stokes (RANS) 
equations using hydrostatic and Boussinesq 
approximations under the assumption that 
the fluid is incompressible (Chassignet et 
al., 2000; Haidvogel et al., 2000). The fluid 
continuity equation is: 

where Hz is the grid cell thickness; 
u, v, and Ω are the mean components of 
velocity in horizontal (x and y) and vertical 
(s) directions, respectively.
The momentum equation of ROMS is defined
as:

(1)

(2)

(3)

(4)
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where  is the velocity vector, f is Coriolis’ 
force coefficient (f= 2 Ω sinΦ), p is the 
total water pressure,  and  are the 
turbulence terms, ρ0 is the fluid reference 
density, and ρ is the fluid field density, Fu 
and Fv  are the external forces, and Du  and 
Dv  are the diffusion coefficients.
The governing equation for sediment 
transport of ROMS can be expressed as:

where C is the sediment concentration, w 
the is vertical-settling velocity of sediment 
(positive upwards),   is the turbulent 
flux, and vθ is the molecular diffusivity. 
ROMS provides several solutions for 
the parabolic equation, the K-Profile 
Parameterization, Mellor-Yamada level 2.5 
(MY-2.5) theory, and the Generic Length-
Scale (GLS) (Durski et al., 2004; Mellor and 
Yamada, 1982; Umlauf and Burchard, 2003). 

The GLS turbulent mixing mode formula is 
defined as: 

 with

with  

where k is the turbulent kinetic energy, KM 
is the turbulent eddy viscosity, σk and σψ are 
Schmidt’s number, PS is the turbulent shear 
force, PB is the turbulent buoyancy, ɛ is the 
turbulent flow energy dissipation rate, ψ is 
the vortex degree; c1, c2, c3 are the empirical 
parameters based on water stratification, cμ0 
is the stability coefficient, l is the turbulent 
mixing length, Ks is the horizontal eddy 
current viscosity, M is the shear frequency, 
and N is the buoyancy frequency. The k-ε 

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)
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turbulence closure is used in the model in 
which parameters are given as p=0.0; m=1.0; 
n=1.0; σk =1.96; σψ =1.96; c1=0.9; c2=0.52; 
c3+=2.5; c3-=1.0; cμ0=0.5544 (Warner et al., 
2005b). 

2.3 Model Configuration 
2.3.1 Model setup for HEC-RAS 
A total of 38 cross-sectional bathymetric 
surveys with a minimum resolution of 
20 m was applied to HEC-RAS (see Figs 
2-a,b,d). The friction slope and the Manning
coefficient were set as 0.0008 and 0.03,
respectively. The river discharge measured in
the Liling Bridge was used for the input of
the upper boundary (UB, see Fig. 2a). The
simulated time series of riverine discharge in
the lower boundary (LB) is implemented as
the input river boundary in ROMS.

2.3.1 Model setup for ROMS 
A topographic data with a 200 m resolution 
was used for making a grid model. The 
horizontal grid resolutions used in the model 
were 157.3 m (maximum) and 3 m (minimum) 
as shown in Fig. 2b. Meanwhile, the vertical 
grid resolutions were 45.07 m (maximum) 
and 0.16 m (minimum) as presented in 
Fig. 2c. The tidal constituents in the ocean 
boundary were provided by the global tidal 
level forecast of Oregon State University, the 
TPXO9_atlas_v4 data (Caogong Agricultural 
Foundation, 1999; Martin et al., 2009). The 
main tidal constituents in Kaohsiung were 
M2, O1, K1, S2. The boundary condition for 
surface elevation was the Chapman boundary 
condition (1985), and the boundary condition 
for the two-dimensional momentum equation 
boundary condition was the Flather boundary 
condition (1976).
The sediment properties, such as the grain 

Figure 2: (a) The river boundary conditions of HEC-RAS in which UB (green dot) and LB (red dot) repre-
sent the Upstream Boundary and Liling Bridge as the lower boundary, respectively. (b) The model domain 
with horizontal grid of ROMS. (c) The vertical grid along the canyon. (d) An example of the cross-section 

near UB.

a

b

c

d
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size distribution and the SSC of the GPR are 
applied to the river boundary condition. The 
median grain size for suspended particles is 
given as 0.015 mm (Lin 2019 and National 
Chiao Tung University 2008). The three 
months of field observation in the GPR 
Weir provided the rating curve between the 
riverine discharge and the SSC (Eq. 16).

where 𝑄 is the flow rate (m3/s); Qs is the 
sediment wash load (Mt/d). 
The sediment transport formula of Van Rijn 
(1993) was used to calculate the bed load 
transport. The representative particle size 
of the bed load is 0.33 mm (National Cheng 
Kung University, 2009).

Figure 3. Blue dots represent the measu-
red data of (a) temperature and (b) salinity 

observed at the mouth of GPR. The red curves 
represent the curve fitting.

The temperature and salinity field used for 
the initial condition of ROMS were based on 
the NOAA observation data from July 3rd–
August 8th, 2009 (dataset at https://www.
ncei.noaa.gov/access/world-ocean-database-
select/dbsearch.html), and the data measured 
near the river mouth by Yang (2010) 
from 2005 to 2009 (see Fig. 3). The state 
function of density considered the effect of 
temperature, salinity, and sediment density, 
while the effect of pressure was ignored. 

2.4Model Validation
2.4.1 Model Validation for Surface 

Elevation
The quantitative assessments between the 
model simulations and field observations 
provide the evaluation of the model’s 
predictive abilities (Legates and Mccabe, 
1999). In this study, the agreement between 
the model and field measurements was 
evaluated by the root-mean-square error 
(RMSE), correlation coefficient (R2), and 
model skill (S).

(16)

(17)

(18)

(19)
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Fig. 4. The comparisons water level between 
simulated model using HEC-RAS 1D and 

observed data during Typhoons Kalmaegi and 
Fong Wong.

where Mn and Cn are the measured data 
and the computed data at N discrete points. 
The overbar denotes the mean for the entire 
period of the evaluation. 
Eq. 17 represents the RMSE which indicates 
the dispersion of the predictive accuracy 
as the standard deviation of the residuals 
(the residual describes the distance of data 
points from the regression line). The RMSE 
ranges between 0 and 1, in which the smaller 
value presents the numerical model’s higher 
accuracy. For instance, if the distribution of 
data points lies precisely on the regression 
line, the RMSE is 0. The model evaluation 
R2 (scale 0.0 to 1.0) reflects the strength of 
linear association between the model and 
observed data, in which the higher values 
(S=1.0) indicate a better agreement as 
presented in Eq. 18. The model predictive 
skill (S) measurement proposed by Willmot 
(1981) was also used to compare the model 
parameters with observations as described 
in Eq. 19. The perfect agreement can be 
attained with of the value of S=1, while there 
is a complete disagreement with of S=0. 
This validation measurement was commonly 
used to evaluate the performance of the 

estuary (Warner et al., 2005a) and the coastal 
circulation models (Liu et al., 2009; Wilkin, 
2006).
Fig. 4 shows the comparison of the simulated 
water level using HEC-RAS 1D and the 
observation during Typhoons Kalmaegi and 
Fong Wong recorded at the Wanda Bridge 
Station (see the location in Fig. 1b). The 
values of RMSE and R2 were 0.13 m and 
0.67, respectively. The model predictive skill 
S of HEC-RAS 1D was 0.78.

Figure 5. Typhoon Kalmaegi-induced tidal 
elevation variations recorded at Xiao Liuqiuo 
Station compared with the model results using 

ROMS

Figure 6. Tidal elevation comparisons between 
the model results using ROMS and observed 
data during Typhoon Fong Wong recorded at 

Donggang Station.

The model evaluations in Fig. 5 show that 
Typhoon Kalmaegi-induced tidal variations 
were recorded at Xiao Liuqio Station in 
which the values RMSE, R2, and S were 
0.1125 m, 0.924, and 0.8875, respectively. 
Furthermore, the comparison between the 
observed data during Typhoon Fong Wong at 
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Donggang Station and the simulated model 
shows the values RMSE, R2, and S were 
0.144, 0.878, and 0.936, respectively (see 
Fig. 6). 

2.4.2 Model Validation for Flow Fields
The model results (Fig. 8) are compared 
with the observation data (Fig. 7; Wu 2007) 
in which the flow field changes along the 
continental shelf and in the GPSC during 

different tidal stages. The hydrodynamics and 
sediment transport of this system are affected 
by riverine flows, tidal currents, and canyon 
bathymetry, which consists of the river, the 
continental shelf, and the submarine canyon 
with slope topography. The model results 
revealed that the upper layer of seawater of the 
GPSC is affected by the interaction of riverine 
flows and tidal currents, while the slope of 
canyon bathymetry controls the lower layer 
of the density current (Wu, 1996). In general, 

Figure 7: The schematic diagram shows the observed flow field in the continental shelf and the GPSC 
during: (a) ebb tide (b) flood tide (Wu, 2007).

a b

Figure 8: (a) Surface elevation; The simulated flow field in the continental shelf during: (b) ebb tide and 
(c) flood tide; and in the submarine canyon during: (d) ebb tide and (e) flood tide.

c

a

b d e
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the tidal currents dominate the flow field 
in many submarine canyons and generate 
stronger energy (Kunze et al., 2002). The 
observation of Wu (2007) showed that the 
tidal currents in the continental shelf of the 
GPSC moved towards the Southeast during 
the ebb tide (see Fig. 7a). At the bottom of 
the canyon, the flow field moved towards the 
Northeast to the head of the canyon. During 
the flood tide, the simulated results showed 
that the tidal currents in the continental shelf 
moved towards the Northwest and descended 
along the submarine canyon; subsequently, 
the flow field moved towards the Southwest 
away from the head of the canyon (see Fig. 
7b). 

In this study, Figs. 8b and c represent the 
simulated tidal currents during the ebb tide 
(July 18th, 2008) and the flood tide (July 19th, 
2008) (see Fig. 8a for the timing of surface 
elevations) in the continental shelf which 
confirmed the same directions      with the 
field observations shown in Wu (2007). Figs 
8d and 8e highlighted the simulated flow 
field during the ebb tide and the flood tide 
along the canyon (indicated by red arrows). 
The directions of flow are shoreward during 
the ebb tide, and seaward during the flood 
tide, similar to the observation of Wu (2007). 
This means the model results have a good 
agreement with the observation, which is 
further used to simulate the occurrence and 

Figure 9: (a) The river discharge recorded at Donggang Station. Red and yellow dots indicate the river 
discharge during Typhoon Kalmaegi, while purple and green dots indicate the river discharge during 
Typhoon Fong Wong; The simulated results during Typhoon Kalmaegi: (b) the surface elevation; The 

simulated flow field and SSC in the continental shelf during: (c) ebb tide (d) flood tide; and the simulated 
flow field and SSC along the submarine canyon during: (e) ebb tide (f) flood tide.

a

b

Ebb Tide Flood Tide Ebb Tide Flood Tidec d e f
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behavior of density currents and sediment 
transport in the GPSC.

3 RESULTS AND DISCUSSION 
In this study, the model simulations were 
divided into two cases e.g. Case 1 during 
Typhoon Kalmaegi with a daily peak flow of 
2800 m3/s (July, 15–24th, 2008) and Case 2 
during Typhoon Fong Wong with a daily peak 
flow of 4500 m3/s (July, 24th–31st, 2008). 
The river discharges of the GPR (see Fig 
9a) carried a significant amount of terrestrial 
sediment, interacted with tidal currents, and 
consequently raised the complexity of the 
flow field and sediment transport patterns. 
The topography of the submarine canyon 
affected the directions of the flow field 
and sediment transport along the canyon. 
The tidal surface elevation near the river 
mouth is shown in Fig. 9b. The sediment-
laden density currents propagated down the 
continental shelf in the Southeast direction 
from the mouth of the GPR at the ebb tide 

as shown in Fig. 9c. The increase of tidal 
current velocity during flood tides caused 
the intensity of density currents to increase 
as well. Consequently, the sediments moved 
further southward as presented in Fig. 9d. In 
the submarine canyon, the density current 
moved shoreward during ebb tides (see Fig 
9e) and seaward during flood tides (see Fig 
9f). 

In order to understand the critical state for the 
occurrence of density currents, the critical 
Froude number (Jiahua, 1986) as shown 
in Eqs. (21) and (22) was applied for the 
analysis.

Figure 10. (a) The river discharge recorded at Donggang Station during Typhoon Fong Wong. The simu-
lated results during Typhoon Fong Wong: (b) the surface elevation; The simulated flow field in the conti-
nental shelf during: (c) ebb tide (d) flood tide; and the simulated flow field and SSC along the submarine 

canyon during: (e) ebb tide (f) flood tide. 

(21)

(22)

b c

a

d e

Coastal and Offshore Science and Engineering  
Year I – 2022 – ISSN 2785-7972110



where U is the velocity perpendicular to the 
river mouth,  is the reduced gravity, ho is 
the water depth,   is the density difference 
between the turbid inflow ( river discharge 
carrying sediment) and the impounded clear 
water (seawater),  is the density of the turbid 
inflow fluid.  
In Case 1 (Figs 11b and 11c), the density 
current occurred at 7pm on July 18th, 2008. 
The critical Froude number reached 0.8 while 
the SSC was 15.38 g/L and the discharge was 
2015 m3/s. In Case 2 (Figs 11d and 11e), 
the density current occurred at 10pm on 
July 29th, 2008. The critical Froude number 
reached 0.8 while the SSC was 18.18 g/L and 
the discharge was 2390 m3/s.

4 CONCLUSIONS
The unpredictable typhoon-induced density 
currents have increased the possibility of 
subsea telecommunication cable failures in 
the GPSC. The relationship between typhoon-
induced density currents and the occurrence 
of submarine cable disruptions is not well 

understood. Therefore, this study aimed 
to reproduce the flow field and sediment 
transport processes of density currents 
using HEC-RAS and ROMS regarding  the 
2008-typhoons Kalmaegi and Fong Wong 
on July 16–18th and 26–29th, respectively. 
The model results showed that typhoons 
transported a significant amount of sediment 
from the mouth of GPR. The density current 
further propagated through the continental 
shelf, the submarine canyon, and to the deep 
sea. 
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