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Introduction: The Danube Delta coast is part of the Danube Delta Biosphere
Reserve, thus being aimed to preserve its typical natural habitats. Over the last
decades, human interventions along the Danube River, as well as coastal
navigation and harbour protection works on the Romanian coast, have
determined the reduction of sediment supply along the Danube Delta coast,
which is nowadays affected by erosion on its widest part. Sustainable
management plans for the Danube Delta coast include the use of working-
with-nature solutions. In this work, the effectiveness of artificial reefs along the
Danube Delta coast has been assessed, from the hydrodynamic point of view.

Methods: The results of a previous wave climate study and a wave model have
been used for this purpose. Simulations have been performed for different setup
of artificial reefs, with different heights, and for extreme storms with various
return periods, to test their effectiveness in reducing wave height and energy. Sea
level rise has also been taken into account.

Results:Our results show that artificial reefs are significantly effective in reducing
the wave heights along the Danube Delta coast.

Discussion: However, further detailed analysis concerning the impact of such a
coastal protection solution is still needed, especially on the shoreline evolution
and the local hydrodynamics.
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1 Introduction

Recent studies at the global level indicate that climate change may lead to increasing sea
level rise (Church et al., 2013), as well as to an increasing frequency of storm surges events
(Cid et al., 2016).

The global mean sea level has been rising at a faster rate during the satellite altimetry
period (1993–2014) than previous decades, and is expected to accelerate further over the
coming century (Church et al., 2013; Chen et al., 2017). Almost all the coastlines worldwide
will be affected by sea level rise by the end of the 21st century, according to Cazenave and Le
Cozannet, 2013. Moreover, the global mean sea level rise directly influences the coastal
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environment, such as erosion in coastal areas and higher flood risk
(Nicholls et al., 2014; Yi et al., 2015).

By 2,100, the global mean sea level should be on average higher
than today in the range of 0.40–0.75 m, depending on the radiative
forcing scenario, while accounting for model dispersion leads to a
larger range from 0.25 to 0.95 m (Cazenave and Le Cozannet, 2013;
Hinkel et al., 2014; 2015 discuss that the global mean sea level is
likely to rise by 0.26–0.55 m, from the 1986–2005 period, to
2081–2,100, under the lowest greenhouse-gas concentration
scenario (RCP2.6), and by 0.45–0.82 m, under the highest
greenhouse-gas concentration scenario considered (RCP8.5).
Jevrejeva et al., 2014 have constructed the probability density
function for global sea level rise at 2,100 and calculated that a
rise of 1.80 m has only a 5% probability of being exceeded.

The multi-mission gridded satellite altimetry data from January
1993 to May 2017 indicated a mean rate of sea level rise of 2.5 ±
0.5 mm/year over the entire Black Sea (Avșar and Kutoğlu, 2020).
However, a significant variation was seen until 2014, and the rise in
the mean sea level has been estimated at about 3.2 ± 0.6 mm/year.

Sea level rise is expected to aggravate coastal erosion and
extreme marine flooding (Nicholls and Cazenave, 2010).

Vousdoukas et al., 2017 states that the average Relative Sea Level
Rise (RSLR) across Europe is projected around 0.21 and 0.24 m by
the 2050s under RCP4.5 and RCP8.5, respectively. RSLR is projected
to accelerate during the present century under both RCPs, reaching
0.53 and 0.77 m by the year 2,100. The largest increases in mean sea
level are projected along North Sea and Atlantic coasts, followed by
the Black Sea.

According to Panin, 2005, the regression of beaches will
continue all along the Northwestern and Western Black Sea
coast, in response to the forecasted sea level rise of 20–30 cm, for
2020–2030. For the Danube Delta coast, this results in a high risk to
be flooded.

Allenbach et al., 2015 discuss that all the Black Sea beaches will
be seriously impacted by the previsioned storminess increase and sea
level rise. The coastline of Romania is listed among the most affected
by erosion, with 37%, while the highest erosion rates are recorded
locally along the Danube Delta coast. Although sea level rise
represents nowadays a limited risk for the Black Sea, due to its
tideless environment, in the context of increasing effects of global
climate change expected for the next decades, it can become a major
issue in the near future (Tătui et al., 2019).

Storm surges pose a significant threat to coastal areas due to
their potential to cause rapid and extreme flooding. The
combination of storm surge and strong currents can lead to
beach erosion. Climate change exacerbates these threats.

Androulidakis et al., 2015 analysed the trends of storm surge
extremes in the Mediterranean Sea for a period of 150 years, from
1951 to 2,100, revealing that higher surges, compared to the past
climate, can still be expected in regional seas, like theMediterranean.
The Romanian Black Sea coast belongs almost entirely to the
Northern Mediterranean region (Kelley et al., 2012), that extends
between 5° and 30° E and 38° and 45° N.

Taking into account the present-day climate change trends,
most probably leading to sea level rise (Sánchez-Arcilla et al.,
2016; Grases et al., 2020), new approaches for coastal protection
are highly needed. Integration of nature-based solutions in the
Danube Delta coast may result in providing effective flood

protection, conserving biodiversity, fighting climate change and,
thus, contributing to a sustainable delta management.

Nature-based solutions are nowadays considered as a helping
measure to reduce wave energy (Ruckelshaus et al., 2016; Joyce et al.,
2017; Sutton-Grier et al., 2018; Ruangpan et al., 2020).

The Master Plan for Protection Against Erosion and
Rehabilitation of the Romanian Coastal Zone (HALCROW UK
et al., 2012) is a comprehensive strategy aimed at mitigating coastal
erosion and restoring degraded coastal areas along Romania’s Black
Sea shoreline.

The Master Plan provides solutions for every sector of the
Romanian coast, taking into account its specific features. One of
the objectives of the Master Plan is to protect the economic and
transport infrastructure, being a constraining factor for the coastal
management policies. This plan significantly influences coastal
management practices and explicitly endorses the use of artificial
reefs as a measure to protect and rehabilitate the coastal zone.

The Danube Delta Biosphere Reserve, a UNESCO site spanning
around 6,000 km2, stands as one of Europe’s most significant natural
regions, offering both ecological richness and socio-economic
benefits. The delta is a biodiversity hotspot, being home to
around 3,500 animal species and 2000 plant species. For over
500 years, the delta’s ecosystem has provided subsistence and
income through activities such as fishing, hunting, reed
harvesting, livestock raising, and agriculture. Moreover, the
Danube Delta attracts tourists, boosting local economy and
promoting conservation awareness.

The Romanian part of the Danube Delta coast consists of low-
lying natural beaches with fine sands transported by the Danube
River. The Danube Delta coast is highly sensitive to erosion, due to
upstream river modifications and local alterations disrupting natural
sediment dynamics, both resulting in a diminished sediment supply,
as discussed in the works of Panin, 1996, 1998, 2005; Stănică et al.,
2007, 2011; Stănică and Panin, 2009; Dan et al., 2007, 2009;
Vespremeanu-Stroe et al., 2007; Tătui et al., 2014. The delta’s
low-lying nature makes it particularly vulnerable to sea level rise
associated with climate change.

A nature-based solution to reduce wave height, wave energy and,
thus, erosion on the Danube Delta coast, could be construction of
artificial reefs. Such structures can be built for various specific
purposes, such as to improve fisheries by increasing the harvest
of algae, fishes and other fauna (Bohnsack and Sutherland, 1985), to
reduce fishing pressure on other stocks (Hammond et al., 1977), to
serve as breakwaters (Clady et al., 1979a; 1979b), or to control beach
erosion (Raymond, 1975; Wang Y. H., 1978; Lokesha et al., 2013)
state that, apart from their usual role of attracting living organisms
and enhance biodiversity, artificial reefs are supposed to reduce
wave energy.

Bohnsack and Sutherland, 1985 also stress the fact that, once the
physical and biological characteristics of potential sites have been
deemed suitable for artificial reef construction, the process of site
selection can then encompass stakeholders, scientists, managers,
potential users of the resources, as well as the local citizens.

According to O’Leary et al., 2001, reef site selection is one of the
most critical decisions in the entire reef building process, and the
most frequent cause of artificial reef failures. A comprehensive
literature review on the use of artificial reefs has been carried out
by Baine, 2001, also evaluating the degree to which these structures
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met their specific objectives. Case studies analysed in this work
spread all over the world. Most of them are in the United States, far-
east Asia (especially in Japan), Europe (especially in Italy, UK, and
Spain). Baine, 2001 mentions concrete as the most favoured reef
material, followed by natural stone and rock.

Closer to our study area, Lök et al., 2002 mention the first
artificial reef project in the Aegean Sea, in Izmir Bay. This one was
followed by several artificial reefs, made of concrete, located along
the Aegean Sea (Lök et al., 2012) and Black Sea (Düzbastilar et al.,
2006) coasts of Turkey.

Our analysis is aimed at providing an answer concerning the
effectiveness of artificial reefs placed at two proposed locations on
the Danube Delta coast, from the hydrodynamic point of view. We
have used numerical modelling for this purpose.

2 Materials and methods

2.1 The study area

The Danube Delta coast (Figure 1) extends on about 240 km
both in Ukraine and Romania. It is part of the Danube Delta
Biosphere Reserve, a UNESCO site, covering around 6,000 km2.
The Romanian part of the Danube Delta coast is a 160 km stretch of
low-lying natural beaches, generally consisting of fine sands brought
by the Danube River and redistributed by waves and currents.

The Danube River discharges into the Black Sea through three
distributaries: Kiliya (or Chilia in Romanian), the northernmost,

which forms a secondary delta in Ukraine, Sulina, the major
waterway, and Sf. Gheorghe, the southernmost.

The Danube Delta’s coastal morphology is significantly
influenced by the sediment transport dynamics of the three
distributaries, as each one contributes differently to sediment
deposition and coastal shaping due to variations in water
discharge, sediment load, and interactions with marine processes.

The high sediment deposition from the Kiliya branch results in
progradation, contributing to the expansion of the delta front into
the Black Sea (Panin, 2005; Stănică et al., 2011). The modifications
along the Sulina distributary have led to a reduction in sediment
deposition at the mouth, contributing to coastal erosion in adjacent
areas due to the diminished sediment supply (Dan et al., 2009;
Stănică and Panin, 2009; Stănică et al., 2011). The sediment
deposition from the Sf. Gheorghe distributary has led to the
development of barrier islands (Stănică and Panin, 2009) and
spits (Dan et al., 2009), influencing the coastal configuration, and
providing protection against wave action.

The Danube Delta coast has been affected by human
interventions such as construction of various structures along the
Danube and the Romanian Black Sea coast, as discussed in the works
of Stănică et al., 2007, 2011; Stănică and Panin, 2009; Dan et al.,
2007, 2009. The most important structures are the dams of the
hydropower plants Iron Gates I and II, built in 1970 and,
respectively, in 1983, at the entrance of the Danube in Romania,
approximately 900 km upstream from the Black Sea (Figure 1).

Besides serving as part of an important source of energy, these
dams have acted as sediment traps, reducing almost by half the

FIGURE 1
The Danube Delta coast; the location of the Iron Gates hydropower system is shown in the upper panel; the dotted orange lines mark the extension
of the Danube Delta coast and the dotted green line marks the position of the Sulina jetties; detail on the Razelm – Sinoe Lagoon System is shown in the
left panel; the proposed locations for the artificial reefs, as well as the output points used in the analysis, are shown on the right panels, marked by yellow
dotted rectangles; the purple line is the 5 m isobath and the red line is the 7 m isobath.
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sediment fluxes reaching the Danube Delta (Panin, 1996; 1998;
Giosan et al., 1999; Ungureanu and Stãnicã, 2001; Stănică et al.,
2007; Stănică and Panin, 2009).

Other structures that have a strong impact on the distribution of
sediments along the Danube Delta coast are the Sulina jetties
(Figure 1), built in the mid-19th century, for navigation
purposes. These structures were progressively extended, to reduce
the accumulation of sediments, until they reached 8 km long (Dan
et al., 2009; Stănică and Panin, 2009). The jetties block the
alongshore sediment transport and cause downdrift erosion south
of Sulina (Dan et al., 2009), as well as a dramatic decrease of
sediment supply to the southern shores of the Danube Delta
(Constantinescu et al., 2023).

Moreover, a minimum water depth of 8 m must be maintained
at the Sulina mouth for navigation purposes, by regular dredging of
the mouth bar and dumping the sand in offshore locations, which is
an additional cause for beach erosion in the Sulina–Sf. Gheorghe
area (Dan et al., 2009).

Summarizing, construction of the dams on the Danube led to
reduced sediment fluxes to the Danube Delta, installation of the
Sulina jetties caused downdrift erosion on the coast between Sulina
and Sf. Gheorghe, while dredging has disrupted the natural
sediment dynamics.

The hydro-sedimentary conditions of the Danube Delta coast
are shaped by the interaction of riverine, marine, and climatic
processes, creating a dynamic and evolving coastal system. The
Danube River delivers a large sediment load (~30–35 million tons/
year) to the delta, with deposition concentrated in the Sulina and
Kiliya branches. The sediment transport is affected by waves,
currents, and longshore drift, redistributing materials along the
coast (Stănică et al., 2011; Constantinescu et al., 2023). The
northern sector (north of the Sulina mouth) is progradational
(Panin, 2005), the Sulina sector has stabilized due to the presence
of jetties, while the southern sector (south of the Sulina mouth)
experiences erosion.

The coastal morphology is influenced by northeast and east
winds, generating longshore currents (Stănică and Panin, 2009;
Stănică et al., 2011; Dan et al., 2009; Dinu et al., 2013). The main
southward longshore current is due to the Danube’s buoyant flow
and transports sediment from the Danube’s mouths toward the
southern delta and further along the Romanian and Bulgarian coasts
(Stănică and Panin, 2009).

Stronger winds from the southern sector may change the current
direction. The presence of the Sulina jetties determines an eddy-like
anticyclone current (Dan et al., 2009; Stănică and Panin, 2009).
Along the Sf. Gheorghe beach, which is more exposed, current
velocities may exceed 30 cm/s for strong wind, with speed over 10m/
s (Dinu et al., 2013).

Wave heights range from 0.5 to 1.5 m, in moderate wind
conditions, and from 2 to 4 m, in extreme weather conditions.
According to Dan et al., 2009, waves from the northern sectors (N to
ENE) have the largest average wave heights and dominate the
shoreline behaviour. Higher energy events lead to increased
coastal erosion. Storm surges and seasonal variations influence
coastal sediment distribution and delta front shaping.

Due to its special status of nature reserve, only traditional
activities are allowed in the Danube Delta, such as fishing and
reed harvesting, as well as ecotourism. As most of the Danube Delta

coast is affected by erosion, the National Integrated Coastal Zone
Management (ICZM) legislation (Emergency Ordinance 202/
2002 replaced by the National Law 280/2003) foresees a setback
line, in which no permanent buildings are allowed, varying between
50 and 150 m from the shoreline. Impacts of extreme events and sea
level rise will accelerate the process of erosion.

ICZM frameworks prioritize the preservation of coastal
ecosystems. Artificial reefs are recognized within these
frameworks as tools to enhance marine habitats, promote
biodiversity, and restore degraded areas. In the Danube Delta,
artificial reefs can provide substrates for marine organisms,
contributing to habitat complexity and ecological resilience.
ICZM policies advocate for sustainable erosion mitigation
measures and encourages the incorporation of artificial reefs into
broader coastal management strategies. For instance, Romania’s
“Coastal Erosion Reduction Phase II (2014–2020)” project aligns
with ICZM principles by implementing measures such as artificial
reefs to rehabilitate and protect shorelines, adjacent lands, and
marine ecosystems.

Our study focuses on two areas along the Danube Delta coast,
described in the following sub-sections. Panin, 2005 discusses the
threat of sea level rise for the Danube Delta coast, leading to a
decrease of the water discharge and current velocities and, thus, of
the sediment transport capacity. Panin, 2005 also mentions the
selected areas among the most vulnerable sectors to climate change.

2.1.1 The zone north of the Sf. Gheorghe mouth
Most of the coastal zone between the Sulina and Sf. Gheorghe

mouths is directly affected by erosion, caused by the presence of the
Sulina jetties, as discussed by Dan et al., 2009; Stănică and Panin,
2009; Stănică et al., 2011.

The most extended part of the coast between Sulina and Sf.
Gheorghe, of about 20 km, is retreating at high rates, between 5 and
25 m/year, as discussed by Ungureanu and Stănică, 2001; Stănică
and Panin, 2009; Stănică et al., 2011. Two restricted areas of the
Sulina–Sf. Gheorghe coast show different trend: the northern one,
up to 6–7 km south of the Sulina jetties, which is prograding, due to
the sheltering from northern waves (Dan et al., 2009), and the
southern one, 6 km north of the Sf. Gheorghe mouth, which is stable
(Stănică and Panin, 2009; Stănică et al., 2011).

Vespremeanu-Stroe et al., 2017 discuss that the coast between
Sulina and Sf. Gheorghe experienced maximum erosion rates,
reaching 20–25 m/year between 1961 and 1979, which
diminished considerably to 10 m/year after 1980. These authors
state that coastal areas affected by accelerated erosion did not extend
their length during the 1961–1979 more energetic interval, but
expanded alongshore with more than 13 km during the less
active 1979–2006 interval. Moreover, they discuss that there is a
marked difference between the 1961–1979 time interval,
characterised by dominantly negative North Atlantic Oscillation
(NAO) phase, which determined active storminess, inducing high
shoreline mobility, and the 1979–2006 period, which showed less
dynamic coastlines, as a result of the lower storminess imposed by
the dominance of positive NAO phase.

2.1.2 The Gura Portiţei zone
This zone is part of the Razelm-Sinoe Lagoon System (Figure 1),

originally a marine bay, that became isolated from the sea, following
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the accumulation and redistribution of sand bars. Human
interventions aimed at connecting the Razelm (also known as
Razim) Lagoon to the Sf. Gheorghe branch of the Danube, via
two channels, that ended up being dredged at the beginning of the
XXth century. During the 1950s, management plans involved
decrease of the salinity in the lagoon system, to increase the
freshwater fish culture productivity. Thus, between 1960 and
1990, the lagoon system was controlled by hydrotechnic locks, in
order to be used for irrigation and also for fish breeding. In 1973, the
Portiţa inlet of the Razelm Lagoon was completely closed by a
system of breakwaters and groins. The Razelm Lagoon and the Sinoe
Lagoon were connected via two artificial canals, but only one of
them, Canal V, is open nowadays (Figure 1). The water circulation
between the Sinoe Lagoon and the Black Sea is controlled by the
Periboina and Edighiol locks.

All these human interventions have triggered major changes of
the hydrologic regime and of the sediment dynamics. The barrier
beach separating the lagoon system from the sea is almost entirely
affected by coastal erosion. In the sector situated south of the former
Portiţa inlet, due to the hard coastal defence structure, the erosion
increased in intensity (Spătaru, 1990; Vespremeanu-Stroe et al.,
2007; Dinu et al., 2015).

As this area is important for fish breeding and also for tourism,
there is a high need to protect it from the effects of climate change.
Artificial reefs could enhance fish stocks and provide economic
opportunities for the local community.

2.1.3 Adaptation strategy for the Danube
Delta coast

The BaU (Business as Usual) strategy for the Danube Delta coast
involves maintenance for the existing hydrotechnical works at
Periboina and Edighiol, as well as the harbour jetties in Sulina
and Cape Midia, north of Constanţa city (Figure 1). Structural
measures, set by the Master Plan for the protection against erosion
and rehabilitation of the Romanian coastal zone (HALCROW UK
et al., 2012), involve sediment bypass of the Sulina jetties and
artificial nourishment. Both measures have started to be
implemented after the approval of the third Stage of the Coastal
Protection Plan (after 2023) and should become operational by
2026 at the latest. The adaptation strategy extends the BaU strategy
with additional green measures, such as channelization (Giosan
et al., 2013; 2014), planting reedbeds (Möller et al., 2022) and
construction of artificial reefs (Sheehy, 1981; 1982; Shomomura,
1982; Bohnsack and Sutherland, 1985; Mathews, 1985; Baine, 2001;
Lokesha et al., 2013)).

Any type of coastal protection against coastal erosion along the
Danube Delta coast must take into account the specific status of this
area. Since the Danube Delta territory is a Nature Sanctuary
(Biosphere Reserve, part of the Man and the Biosphere
Programme of the UNESCO), with most of the coast left in the
wild, with very few permanent buildings, classical hard coastal
protection measures would never be accepted neither by the
coastal managers, nor by the delta authority or wider public. In
the meanwhile, the coastal erosion rates are much higher than the
natural processes due to the significant human interventions in the
sediment budget, either upstream the river or at its mouths. With a
forecasted increase of the erosional phenomena due to climate
change signals (HALCROW UK et al., 2012), if no measure of

coastal protection is taken, the coastal ecosystems along the entire
delta are under risk to be affected.

Hence the need to combine methods of coastal protection
that would be effective but, in the same time, respect some
specific requests, such as the need to deal with the negative
visual impact of classic wave breakers or other hard
engineering structures.

Artificial reefs are man-made structures placed in marine
environments to protect coastlines and enhance marine life or
support fisheries. These structures mimic natural reefs by
providing hard surfaces for marine organisms to attach to, which
in turn attract larger species. Materials used for artificial reefs
include concrete, steel, repurposed ships, and purpose-built
reef modules.

Artificial reefs act as submerged breakwaters, reducing wave
height and energy. They also provide shelter and breeding
conditions for marine species, thus supporting commercial and
recreational fishing.

The main benefits of artificial reefs are enhancement of
biodiversity, by attracting various marine species, improvement
of fisheries, coastal protection. However, there are also
environmental challenges related to their presence. Poorly placed
artificial reefs can disrupt natural sediment flows or introduce
pollutants. They involve high costs, as construction and
maintenance require significant investments. Materials can break
down and create marine debris. They may attract too many fish and
become vulnerable to overfishing.

Therefore, such a nature-based solution requires proper
planning and material selection, as well as monitoring, to ensure
that it would provide long-term benefits without unintended
consequences.

In this study we evaluate the feasibility of artificial reefs as
measure to counteract the present coastal erosion. The analysis
considers the present conditions and a set of climate change
scenarios. A sensitivity test of the functioning of artificial reefs is
performed for the two proposed locations with intense erosion,
along the Danube Delta coast: north of Sf. Gheorghe mouth and at
Gura Portiţei (Figure 1), on the barrier beach separating the Razelm-
Sinoe Lagoon System from the Black Sea. Such artificial reefs could
be made of concrete.

2.2 Methodology

Figure 2 shows the flow chart with the methodology followed in
this study to assess the effectiveness of artificial reefs to protect the
two locations on the Danube Delta coast. The analysis has been done
by means of the numerical model SWAN (Simulating WAves
Nearshore) (Booij et al., 1999).

Simulations have been run for a mean wave climate and for
extreme storms. A hindcast data set, available from a previous work
by Lin-Ye et al., 2018, has been used for the mean wave climate. We
have also used extreme storms, available from a previous work
performed by Johnson, 2011. Numerical simulations consider mean
wave conditions and extreme storm events.

For all the analysed wave conditions, the first simulations have
been run for the most updated existing bathymetry. Then, the
bathymetry has been changed at the selected locations, in order
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to represent the freeboard of artificial reefs. The simulations in the
same wave conditions have been repeated, with modified
bathymetry. In this manner, we have analysed the effect of
several artificial reefs layouts. Details are given in the
following sections.

2.2.1 Mean wave climate
The wave data used to derive the mean wave climate is available

from a previous study, performed by Lin-Ye et al., 2018, that
characterized the extreme wave climate for the northwestern
Black Sea with a hybrid strategy under two climate change
scenarios, Representative Concentration Pathways (RCPs) 4.5 and
8.5 (Church et al., 2013; Stocker et al., 2013). Lin-Ye et al., 2018 used
as input the RCP4.5 and RCP8.5 wind fields obtained by the
ALADIN model (Colin et al., 2010; Farda et al., 2010; Herrmann
et al., 2011) and downloaded from the Mediterranean Coordinated
Regional Downscaling Experiment (Med-CORDEX) initiative (Ruti
et al., 2016). The winds fields were used as inputs for the SWAN
spectral wave model, run in a non-stationary mode, for the
1950–2,100 period (Figure 2). The wind fields for the
1950–2005 period were common for both scenarios, but they
differed for the 2005–2,100 period. The computational domain
spanned the whole Black Sea with a regular grid of 9 km ×
9 km. The wave outputs were saved hourly in 34 computational
nodes of the northwestern Black Sea, shown in Supplementary
Appendix Figure SA1.

Lin-Ye et al., 2018 used the SWAN outputs to produce wave-
climate projections for the northwestern part of the Black Sea. For
both emission scenarios, the validation data set was the ERA-Interim
reanalysis data set (Dee et al., 2011), provided by the European
Centre for MediumWeather Forecast (ECMWF), covering 38 years,
from 1979 to 2016.

The data set used in our study is from the points 18 and 26,
available from Lin-Ye et al., 2018 (Supplementary Appendix Figure
SA1). Point 18 is in front of the proposed location north of the Sf.
Gheorghe mouth, and has the coordinates 30.045 °E, 44.896 °N.
Point 26 is in front of the proposed location at Gura Portiţei, and has
the coordinates 29.512 °E, 44.480 °N.

The original wave data set covers 150 years. We decided it would
be reasonable to use a subset of 18 years for this work, from 1988 to
2005. This time interval can be considered as featuring the present
climate. For both points 18 and 26, the data set provides hourly
values of significant wave height, associated wave period and
wave direction.

For our study, first we have taken into account the wave
directions that would impact the Danube Delta coast–NNE, NE,
ENE, E, ESE, SE, SSE, and S.

Several wave height intervals, in 0.5 m bins, and wave period
intervals, in 2 s bins, have been established for each of these
directions. Then wave height values have been counted for each
of these intervals. Finally, the frequency of occurrence has been
computed for each case, by dividing the number of above-
mentioned values by the total number of observations.

Hmorf is defined as the wave height that synthesizes the wave
information (Equation 1), for every analysed direction:

Hmorf �
���������������∑H2

i f i( )/ ∑ f i( )√
L[ ], (1)

where i is the number of a registered wave height between certain
limits, Hi is the wave height and fi is its frequency of occurrence.

The Hi values have been considered in the middle of every wave
height incremental interval. So, for the interval 0–0.5 m, the
corresponding Hi value is 0.25 m; for the interval 0.5–1 m, the
corresponding Hi value is 0.75 m.

FIGURE 2
The workflow illustrating the methodology used.
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The frequencies of occurrence for all the wave directions, in the
points 18 and 26 from Lin-Ye et al., 2018, are reported in
Supplementary Appendix Table SA1-A6.

The results of the Hmorf calculations for the points 18 and
26 available from Lin-Ye et al., 2018, are presented in
Supplementary Appendix Table SA7.

As theHmorf results for various directions are very close, we have
decided to simplify the wave climate used in our simulations and
focus on the main wave directions that may impact the Danube
Delta coast–NE, E, SE, and S. Moreover, since we are treating mean
wave conditions in this section, we have chosen only the ones for the
average wave periods of 5, 7, and 9 s.

Finally, for the mean wave climate analysis performed in our
study, we have chosen the highest Hmorf value corresponding to the
average wave periods of 5, 7, and 9 s. These mean wave conditions
are reported in Table 1.

2.2.2 Extreme storms from wave climate analysis
The hydrodynamic response of the proposed artificial reefs to

high energetic events has been analysed taking into account the wave
climate study carried out by Johnson, 2011, as part of the Master
Plan for the protection against erosion and rehabilitation of the
Romanian coastal zone (HALCROW UK et al., 2012). The analysis
considers the storms that may impact the Danube Delta coast.

The data used in the wave climate study performed by Johnson,
2011 originated from the European Center for Medium Range
Forecasting (ECMWF) WAM model (The WAMDI Group, 1988)
archive and are validated and calibrated against a global buoy and
satellite altimeter database. The data provided are six-hourly wind
and wave parameters covering the 18.5 years period from 1 July
1992 to 31 December 2010. Johnson, 2011 carried out an Extreme
Value analysis, using the MIKE EVA software by DHI (Danish
Hydraulic Institute), for one offshore point, with the coordinates
44.5 °N, 30.0 °E, that was considered characteristic for the
Romanian coast.

Finally, Johnson, 2011 provided extreme wave heights and
associated wave periods that characterize the extreme storms for

the Romanian coast. For our analysis, we selected the waves from the
main directions that may impact the Danube Delta coast (from NE,
E, SE, and S) with the following return periods (RPs): 1, 2, 5, 10, 20,
50, and 100 years. The waves, characterized by significant wave
heights and associated wave periods, are shown on Table 2.

Johnson, 2011 carried out an Extreme Value analysis on a
water level data set, available from a previous project (JICA,
2008) and provided the sea level rise associated to extreme
storms, from the same main directions that may impact the
Danube Delta coast. That 11 years water level data set covered
the water level from January 1993 to December 2004. As
mentioned above, the wind and wave data set used for the
wave climate analysis (Johnson, 2011) covered the period from
1 July 1992 to 31 December 2010.

Because of this difference in number of years of the data sets, we
have decided to cover a range of 1 m at different increments. Thus,
more simulations have been run, progressively increasing the sea
level from 0 to 1 m, by 0.2 m increments. Moreover, this value of 1 m
can be considered an extreme for the Romanian Black Sea coast,
according to the wave climate analysis performed by Johnson, 2011.

2.3 The wave model

The SWAN (Simulating WAves Nearshore) model is a third
generation, phase-averaged, open-source numerical model that
computes waves in coastal zones. The model is based the
Eulerian formulation of the discrete spectral balance of action
density, that accounts for refractive propagation over arbitrary
bathymetry and current fields (Booij et al., 1999). The spectral
energy balance models reproduce the specific wave
transformation processes occurring when waves approach the
coastline - refraction, diffraction, shoaling, generation, dissipation
and wave -wave interactions (Holthuijsen et al., 2003;
Holthuijsen, 2007).

The SWAN model solves the action balance equation with the
associated source and sink terms. without any a priori restriction on
the wave spectrum. For this case study, the nearshore wave
propagation terms have been activated, while the wave
generation, which is more suited to deep waters, has been
deactivated.

TABLE 1 Mean Wave Climate conditions.

Wave direction Wave height (m) Wave period (s)

NE sector 1.25 5

2.22 7

2.71 9

E sector 1.25 5

2.15 7

2.37 9

SE sector 1.27 5

2.18 7

2.61 9

S sector 1.25 5

2.18 7

2.62 9

TABLE 2 Extreme storms considered, characterized by significant wave
height Hs and associated return period T available from Johnson, 2011.

NE sector E sector SE sector S sector

RP
(years)

Hs (m) T (s) Hs (m) T (s) Hs (m) T (s) Hs (m) T (s)

1 3.05 7.80 1.85 7.03 1.40 6.02 2.40 7.01

2 4.10 8.63 2.90 8.16 2.05 7.01 3.40 8.11

5 4.95 9.20 3.85 8.96 2.60 7.71 4.00 8.68

10 5.50 9.53 4.45 9.39 3.00 8.16 4.30 8.95

20 6.00 9.82 5.05 9.79 3.40 8.58 4.55 9.16

50 6.70 10.20 5.90 10.31 3.95 9.11 4.80 9.37

100 7.20 10.45 6.50 10.65 4.35 9.47 4.95 9.49
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The wave energy dissipation has been modelled through depth-
induced bottom friction (Madsen et al., 1988), with the equivalent
roughness length scale of the bottom 0.05 m, and depth-induced
wave breaking (Battjes and Janssen, 1978), with a breaker index that
scales with both the bottom slope and the dimensionless depth.
Triad wave-wave interactions have been activated as well, with the
method of Eldeberky and Battjes, 1996 and a proportionality
coefficient of 0.65.

Grid spacing may affect significantly the SWANmodel accuracy.
A coarse grid may reduce computation time, but it can lead to loss of
small-scale features, especially in nearshore areas, with rapid depth
changes. It may not provide a good representation of the
bathymetry. A fine grid may increase computational cost, but it
may also capture bathymetry variations and provide a more accurate
representation of the wave transformation processes.

The grid was created using SURFER ©, with an initial resolution
of 0.0025 decimal degrees. The grid extension was adjusted to have a
good representation of the bathymetry, especially at the boundaries
of the modelled domain. The resolution has been progressively
increased, first to 0.0015, then to 0.001 decimal degrees spacing on x
and y directions, until the bathymetry contours were smoothed.

In order to run the SWAN model on our modelled domain, we
have used the waves from the main directions that may impact the
Danube Delta coast. These are NE, E, SE, and S.

2.4 Simulations setup

The modelled domain extends from the Danube Delta coast to a
maximum depth of 82 m.

Reference simulations have been setup and run with the real
bathymetry and the wave forcings mentioned in Tables 1, 2, for the
analysed directions that may have a potential impact on the Danube
Delta coast. The real bathymetry corresponds to Layout 0.

Artificial reefs are represented in the model by adjusting the
bathymetry of the grid elements, at the proposed locations. The
adjusted bathymetry values correspond to the freeboard of the
proposed structures.

The 5–7 m depth range serves as an important habitat for
benthic organisms and fish species. Therefore, two locations, at 5 m
and 7 m deep, have been tested for placing artificial reefs both for the
zone north of Sf. Gheorghe mouth and the Gura Portiţei zone.

The model bathymetry was changed in the 5 m deep cells at both
proposed locations. Later, the same thing was done for the 7 m deep
cells. The artificial reefs proposed in our study are caisson
breakwaters, developed along the 5 m and 7 m deep isobaths
(Figure 1). No other shape or orientation have been analysed at
this stage of the study. For the proposed artificial reefs, three
freeboard values were tested: 3 m, 2.5 m, and 2 m. Table 3
summarizes the different simulated layouts, denoted as AR1 to
AR6, each of them resulting in a grid with adjusted bathymetry,
used for simulation.

The SWAN model has been run for various wave forcings,
characterized by significant wave height, associated wave period and
wave direction, in mean wave conditions and for extreme storms
with different return periods. For each wave forcing condition
considered, the values of significant wave height Hs and
associated wave period T correspond to the peak of the storm.

We have proceeded in the same manner for the mean wave
climate and for the extreme storms. The setup of the SWAN model
was repeated for specific wave conditions, characterized by the
significant wave height, associated wave period and wave direction.

For the extreme storms, the effect of sea level rise has been
analysed as well. In order to achieve this, we repeated the same
extreme wave conditions, shown on Table 2, in several simulations,
also considering sea level of 0, 0.2, 0.4, 0.6, 0.8, and 1 m.

A total number of 84 simulations have been setup and run for
the mean wave climate, for the three return periods and four
directions considered (Table 1) and for each of the seven
bathymetries used (the original bathymetry and six adjusted
bathymetries).

A total number of 1,176 simulations have been setup and run in
extreme storm conditions (Table 2), 168 simulations (4 directions
considered, seven values of the return period, six values for sea level
rise) for each of the seven bathymetries used (the original
bathymetry and six adjusted bathymetries).

A MATLAB © script has been used to plot the distribution of
wave heights on the represented domain.

2.5 Coefficient of transmission and wave
energy attenuation

The feasibility of artificial reefs for coastal protection is typically
evaluated based on the percentage of surface wave height reduction
over structures parallel to the shore (e.g., Shirlal and Rao, 2007).

Analysis of the results in our study area is based on two
characteristic indicators for the proposed structures.

The coefficient of transmission (Equation 2) of an artificial reef
(Pilarczyk, 1992; Fauzi et al., 2017; Jafarzadeh et al., 2021) is the ratio
between the transmitted wave height, between the structure and the
shoreline, and the incident wave height, in the offshore zone:

Kt � Ht/Hi -[ ], (2)
where Ht is the transmitted wave height (m) and Hi is the incident
wave height (m).

The Wave Energy (WE) (Equations 3, 4) can be expressed as
following, according to the formula for random irregular waves
(Holthuijsen, 2007):

TABLE 3 Layouts for the proposed artificial reefs.

Layout Model bathymetry (m)

initial adjusted

AR1 5 3

AR2 5 2.5

AR3 5 2

AR4 7 3

AR5 7 2.5

AR6 7 2
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WEi � 1/16( ) ρg H2
i M · T-2[ ], (3)

for the incident waves and

WEt � 1/16( ) ρg H2
t M · T-2[ ], (4)

for the transmitted waves.
In the formulas above,WE is the mean wave energy density per

unit horizontal area, ρ is the sea water density [M· L-3], g is the
gravitational acceleration, equal to 9.81 m/s2, and Hi, Ht are the
incident and transmitted significant wave heights [M].

The water density has been considered 1,015 kg/m3, based on
the available information for the Black Sea (Yankovsky
et al., 2004).

The Wave Energy density ratio (WEr) in the context of artificial
reefs refers to the proportion of wave energy dissipated or reduced
by the reef structure compared to the incoming wave energy. It is a
critical parameter in assessing the effectiveness of artificial reefs in
coastal protection, erosion control, and habitat enhancement. A
similar approach, denoted as “relative wave-energy reduction” has
been used in the work of Ghiasian et al., 2021.

The WE density ratio (WEr) is calculated as (Equation 5):

WEr � 100 ·WEt /WEi %[ ] (5)

3 Results

The results of all the simulations performed were extracted in
few output points, that are shown on Figure 1. The points 10 to
12 are placed between the shoreline and the artificial reef located at
the zone north of the Sf. Gheorghe mouth. The points 23 to 26 are
placed between the shoreline and the artificial reef located at the
Gura Portiţei zone.

The results of all the simulations, in the selected output points,
are presented in the Supplementary Material.

3.1 Simulations in mean wave conditions

The results of the simulations performed in mean wave
conditions are presented in Supplementary Appendix SB, in
7 Excel files, for each one of the output points. The output
points are indicated in the names of the files.

The lowest value of the coefficient of transmission is 0.17 and
occurs for the point 12, with the AR3 layout, for waves from the
eastern sector, with the RP of 9 s. The corresponding WEr also
reaches the minimum value of 3.02%.

Nevertheless, the behaviour of artificial reefs in extreme wave
conditions is of much higher interest and it is treated in the
following sections.

3.2 Distribution of wave heights in extreme
storm conditions

The results of the simulations performed in extreme wave
conditions are presented in Supplementary Appendix SC, in
7 Excel files, as well as in 7 Word files, containing tables with the

calculated coefficients of transmission, for each one of the output
points. The output points are indicated in the names of the files.

Figures 3, 4 show examples of wave height distributions, in the
zones north of Sf. Gheorghe and Gura Portiţei, for the reference
(REF) and layout 6 (AR6) simulations, for the extreme storm from
the southern sector, with the return period (RP) of 20 years and sea
level rise (SLR) of 0.4 m.

Details are needed in the lower snapshots, to see the differences
in the distribution of wave heights, between the proposed locations
of the artificial reefs and the shoreline.

Table 4 shows the wave heights in extreme storm conditions,
calculated in all the output points, for the REF and AR6 simulations
corresponding to the distributions shown in Figures 3, 4.

3.3 Coefficients of transmission for extreme
storm conditions

The lowest value of the calculated coefficients of transmission is
0.08 and occurs for the point 12, with the AR3 layout, for storms
from the eastern sector, with the RPs of 10 years and 100 years, both
with sea level rise (SLR) 0.

The highest value of the calculated coefficients of transmission is
0.99 and occurs for the point 26, with the AR1 layout, for storms
from the northeastern sector, with the RP of 1 year and SLR of 1 m.

For some specific conditions, calculated values slightly over 1 may
occur, e.g., in the point 26, with the AR3 layout, for storms from the
northeastern sector, with the RP of 1 year and SLR from 0.6 to 1 m.
Most probably, this is due to numerical artifacts.

Table 5 shows the lowest calculated coefficients of transmission
for every one of the output points. The layout and the storm for
which the lowest values occur are also reported. For a certain layout,
the same lowest Kt value can be reached for different wave
conditions. This happens for points 10, 12, 23, 25, and 26 (Table 5).

The lowest coefficient of transmission is 0.08 and it has been
determined in the point 12, with the AR3 layout, for waves from the
eastern sector with the RPs of 10 years and 100 years and SLR 0.

3.4 Wave energy attenuation in extreme
storm conditions

The lowest value of the calculatedWEr is 0.61% and occurs for the
point 12, with the AR3 layout, for the extreme storm from the eastern
sector, with the RP of 10 years and SLR 0. The AR3 layout with this
storm also gives the lowest value of the coefficient of transmission.

The highest value of the calculatedWEr is 99.15% and occurs for
the point 26, with the AR3 layout, for storms from the northeastern
sector, with the RP of 1 year and SLR of 0.6 m. For these specific
conditions, the calculated coefficient of transmission is 1, as shown
in the file for point 26 from the Supplementary Material.

For some specific conditions, calculated values slightly over
100% may occur, e.g., in the point 26, with the AR3 layout, for
storms from the northeastern sector, with the RP of 1 year and SLR
of 0.8 m and 1 m. These are the same wave conditions, in the same
point, for which the calculated values of the coefficient of
transmission are slightly over one and can be considered as
numerical artifacts.
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Table 6 shows the lowest calculated WEr for every one of the
output points. The layout and the storm for which the lowest values
occur are also reported.

The lowest value of the WEr is 0.61 and occurs in the Point 12,
with the AR3 layout and for waves from the eastern sector, with the
RP of 10 years and SLR 0. The lowest value of the coefficient of
transmission has been reached for the same layout and with the
same wave conditions.

TheWEr values for all the simulations, in all the output points, are
reported at the end of each result file from the Supplementary Material.
The lowest WEr values are associated with the lowest Kt values.

As previously mentioned, the lowest Kt values can be reached for
several wave conditions. In such cases, the WEr value could be an
indicator to estimate in which wave conditions an artificial reef
would provide the highest efficiency.

3.5 Analysing the results of the simulations in
extreme storm conditions

The main purpose of running so many simulations has been to
test the efficiency of the proposed artificial reefs in extreme storm
conditions.

In this section, we focus on the results extracted in two points
(Figure 1): Point 11 – located between the shoreline and the artificial
reef at the zone north of the Sf. Gheorghe mouth and Point
25 – located between the shoreline and the artificial reef at the
Gura Portiţei zone.

3.5.1 Coefficients of transmission
Mean water level (MWL) in Figures 5–8 stands for the

sea level rise.
Figure 5A; Figure 6A show the coefficients of transmission

(multiplied by 100) in the Points 11 and 25, for the storms from
the eastern sector, with different RPs, in the absence of sea level rise.

Figure 5B; Figure 6B show the coefficients of transmission
(multiplied by 100) in the Points 11 and 25, for the storms from
the eastern sector, with different RPs, with SLR of 1 m.

Figures 5, 6 show that, starting from the RP of 10 years, the
coefficients of transmission appear to have an asymptotic behaviour.
That means that the efficiency of the proposed structures appears to
reach its upper limit. The coefficients of transmission are of the same
order for extreme storms from the eastern sector with RPs starting
with 10 years.

Figure 7A; Figure 8A show the coefficients of transmission
(multiplied by 100) in the Points 11 and 25, for the storms from

FIGURE 3
Distribution of wave heights for the reference (REF) and layout 6 (AR6) simulations in the zone north of the Sf. Gheorghe mouth, for the extreme
storm from the southern sector, with RP 20 years and SLR 0.4 m; the lower snapshots show details in the area between the shoreline and the location of
the proposed artificial reef.
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the eastern sector with the RPs of 5 years, for different values of the
mean water level (MWL).

Figure 7B; Figure 8B show the coefficients of transmission
(multiplied by 100) in the Points 11 and 25, for the storms from

the eastern sector with the RPs of 50 years, for different values of the
mean water level (MWL).

Figures 7, 8 show that, starting from the sea level rise of 0.6 m
(MWL 0.6 m), the coefficients of transmission appear to have an
asymptotic behaviour. The coefficients of transmission are of the
same order for extreme storms from the eastern sector with sea level
rise starting with 0.6 m.

Thus, we can consider that, in the case of storms from the
eastern sector, the proposed solution for reduction of wave heights
along the Danube Delta coast reaches its highest efficiency for RPs
starting with 10 years and sea level rise starting with 0.6 m.

Figures 5–8 show that, for both proposed locations, the
coefficients of transmission decrease as the height of the
structures increase, being in agreement with Shirlal and Rao,
2007; Jafarzadeh et al., 2021.

The calculated coefficients of transmission in the output points
10 and 12 show similar trends to the ones in point 11. The same
thing can be noticed for the calculated coefficients of transmission in
the output points 23, 24 and 26, that show similar trends to the ones
in point 25. These observations are valid for all the analysed wave
directions. This can be checked in Supplementary Appendix D,
which contains 10 figures, two for each of the above mentioned
output points, that are similar to Figures 5–8.

FIGURE 4
Distribution of wave heights for the reference (REF) and layout 6 (AR6) simulations in the Gura Portiţei zone, for the extreme storm from the southern
sector, with RP 20 years and SLR 0.4m; the lower snapshots show details in the area between the shoreline and the location of the proposed artificial reef.

TABLE 4Wave heights in the output points for the REF and AR6 simulations,
for the extreme storm from the southern sector, with the return period of
20 years and sea level rise of 0.4 m; the points are shown on Figure 1.

Point Location Hi – REF (m) Ht – AR6 (m)

Zone north Sf. Gheorghe mouth

10 29.655 °E, 45.062 °N 1.467 0.456

11 29.650 °E, 45.022 °N 1.937 1.380

12 29.641 °E, 44.979 °N 1.805 0.3688

Zone Gura Portiţei

23 29.020 °E, 44.692 °N 1.536 0.3977

24 29.004 °E, 44.676 °N 1.362 0.4486

25 28.980 °E, 44.657 °N 1.738 0.3666

26 28.960 °E, 44.637 °N 1.761 0.4682
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3.5.2 Transmitted wave heights
Obviously, all the output points show the lowest transmitted

wave heights for AR3 and AR6, thus for layouts with 2 m freeboard.
The transmitted wave heights in all the output points, for the

AR3 and AR6 layouts, are summarized in Table 7, that also shows
the respective storm conditions. The difference in the transmitted
wave heights is reported as Ht (AR3) – Ht (AR6).

For the output points 10 to 12, located between the shoreline and
the artificial reef at the zone north of the Sf. Gheorghe mouth, the
lowest difference in transmitted wave heights between AR3 and
AR6 is 1.4 cm, occurring in Point 10, for storms from the S sector,
with the RP of 50 years and sea level rise of 0.8 m. The highest
difference is 1.25 m, in favour of AR3, occurring in Point 11, for
storms from the SE sector, with the RP of 100 years and sea level rise
of 1 m.

In what concerns the output points 23 to 26, located between the
shoreline and the artificial reef at the Gura Portiţei zone, the lowest
transmitted wave heights are for AR6, located at 7 m deep. The
lowest difference between AR3 and AR6 is 15 cm, occurring in Point
2 4, for waves coming from the NE sector, with the RP of 1 year and
sea level rise of 1 m. The highest difference is 61 cm, occurring in
Point 25, for waves coming from the SE sector, with the RP of
100 years and sea level rise of 1 m. These differences are in favour of
AR6, but such values would not justify significantly higher costs for a
reef at 7 m deep and with increased height.

According to our results, the best option for coastal protection in
both zones is an artificial reef placed at 5 m deep and with a 2 m
freeboard, thus the layout denoted as AR3.

The AR3 layout involves a 3 m high structure, while the
AR6 layout involves a 5 m high structure. Obviously, the cost of
the AR3 structure would be lower, while the efficiency and coastal
protection would be comparable to the one of the AR6 structure, as
indicated by the transmitted wave heights.

The variations of the transmitted wave heights from the eastern
sector over the return period and sea level rise, for the extreme
storms considered from the eastern sector, for the different layouts,
are shown in Supplementary Appendix Figure E1.1-E1.7 for the
Point 11, and in Supplementary Appendix Figure E3.1-E1.7 for the
Point 25. The graphs presented in these appendices emphasize an
asymptotic behaviour with respect to the sea level rise, also denoted
as MWL, for all the considered extreme storms.

The variations of the transmitted wave heights from the eastern
sector over the reference case and the various artificial reefs layouts
and sea level rise, for the extreme storms considered from the eastern
sector, are shown in Supplementary Appendix Figure E2.1-E2.7 for
the Point 11, and in Supplementary Appendix Figure E4.1-E4.7 for
the Point 25. These graphs emphasize a significant decrease for
AR3 and AR6, also in sea level rise conditions.

The observations concerning the coefficients of transmission
and the transmitted wave heights are valid for the other analysed

TABLE 5 Lowest calculated coefficients of transmission in the output points.

Point Lowest Kt Layout Wave direction Storm

10 0.16 AR3 NE
E

RP50, SLR 0 RP100, SLR 0

11 0.11 AR3 E RP100, SLR 0

12 0.08 AR3 E
E

RP10, SLR 0 RP100, SLR 0

23 0.19 AR6 E
E

RP50, SLR 0 RP100, SLR 0

24 0.25 AR6 E RP50, SLR 0

25 0.14 AR6 E
SE

RP100, SLR 0 RP100, SLR 0

26 0.20 AR6 S
SE
S

RP50, SLR 0 RP100, SLR 0 RP100, SLR 0

TABLE 6 Lowest calculated WEr in the output points.

Point Lowest WEr (%) Layout Wave direction Storm

10 2.51 AR3 NE RP50, SLR 0

11 1.27 AR3 E RP100, SLR 0

12 0.61 AR3 E RP10, SLR 0

23 3.61 AR6 E RP100, SLR 0

24 6.47 AR6 E RP50, SLR 0

25 2.00 AR6 SE RP100, SLR 0

26 3.94 AR6 S RP100, SLR 0
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directions (NE, SE, S) and for the other output points (10, 12, 23, 24,
26) as well. This can be checked in the data files containing the
results of all the simulations in the Supplementary Material.

Moreover, the inspection of the transmitted wave heights in the
data files from the Supplementary Material reveals an asymptotic
behaviour with respect to the return period, for all the proposed
artificial reefs layouts.

4 Discussion

The artificial reefs offer several advantages in terms of cost,
coastal protection and environmental impact. They are effective in
reducing wave heights and energy and, thus, coastal erosion. They
provide habitat for marine species and promote biodiversity. They
can be built from recycled materials, such as concrete (Baine, 2001),
thus helping in improving waste management. These are potential
long-term benefits. But they require proper planning and
construction, as well as monitoring, leading to significant
investment.

In our work we have attempted to test the efficiency of artificial
reefs as a nature-based solution to reduce erosion along the Danube
Delta coast, using numerical modelling. But we treated the problem
only from the hydrodynamic point of view, which is a first step.

The results of the simulations in Points 10 to 12 show lower
coefficients of transmission for the layouts one to 3, suggesting that
artificial reefs located at 5 m deep are more efficient for the zone
north of the Sf. Gheorghe mouth. Strictly based on the results in

Points 23 to 26, showing lower coefficients of transmission for the
layouts four to 6, artificial reefs located at 7 m deep appear to be
more efficient for the Gura Portiţei zone. But this would not justify
significantly higher costs for a reef with increased height.

The transmission coefficients of the proposed structures have
the lowest values for the AR3 and AR6 layouts, with 2 m freeboards,
indicating that these appear to be the most efficient in reducing wave
height and energy.

The transmitted wave heights by the proposed structures in the
output points have been compared as well, showing a maximum
difference of 1.25 m in the area north of the Sf. Gheorghe mouth, in
favour of the AR3 layout, in specific extreme wave conditions. The
maximum difference in the Gura Portiţei zone is 0.6 m, in favour of
the AR6 layout, also for specific conditions. However, the graphs
from the Supplementary Appendix Figure E4.1-E4.7) show that the
transmitted wave heights in the Point 25 reach a maximum around
0.8 m, regardless of the return period, with the AR3 layout.

Moreover, the cost of the 3 m high AR3 structure would be lower
than the one of the 5 m high AR6 structure, while the efficiency
would be comparable, as shown by our results.

Our study suggests that the best option for coastal protection in
both zones is an artificial reef placed at 5 m deep and with a
2 m freeboard.

The presence of an artificial reef may modify areas of erosion
and deposition of sediments in adjacent locations (London
Convention and Protocol/UNEP, 2009).

Even if our results show that artificial reefs could be efficient in
reducing wave height and wave energy, morphodynamics also needs

FIGURE 5
Coefficients of transmission in Point 11 (zone north of the Sf. Gheorghe mouth) for the storms from the eastern sector–(A) no sea level rise; (B) sea
level rise (MWL) of 1 m.
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to be considered. For this purpose, more complex models such as
XBeach (Roelvink et al., 2010) and Delft3D (Deltares, 2023) should
be used and calibrated in a future step of the study, to solve
suspended transport and to account for bed updating. Both
models require data on bathymetry, water level, Danube
discharge, wind speed and direction and wave height, period and
direction, as well as sediment grain size distribution and sediment
transport rates. Therefore, the use of such modelling approach
would require dedicated field campaigns, covering the
hydrodynamic and morphodynamic variables that are necessary
to setup the boundary conditions and calibrate the models.

For both models, the grid resolution should be increased in the
vicinity of the coast and coarser at higher depth. XBeach will be used for
the simulation of short-term extreme events and it will be calibrated
based on the storm-induced beach profile changes. Delft3D, coupled
with SWAN, will be used for the simulation of long-term coastal
evolution and it will be calibrated based on the bed and shoreline
changes. In our case, Delft3D could be used on a less extended grid, with
increased resolution in the areas where the proposed artificial reefs are
placed, coupled with SWAN on the same grid used in our study.

Wave flume experiments are useful in order to analyse wave-
structure interactions and wave breaking, as well as for calibrating
flow regimes and sediment properties. Johnson et al., 2005
emphasize the ability of models to reproduce the observed waves
and current patterns and stress the necessity of this step for
improving understanding of the sediment transport and
morphological evolution around low crested coastal defense
structures, to achieve a good functionality.

Hydraulic experiments could prove useful before taking a
decision on implementing any solution for coastal protection.
This becomes more obvious if artificial reefs are chosen, since
they would have impact on hydrodynamics, involve problems
related to scouring (Sumer et al., 2001; Khan-Mozahedy et al.,
2016) and significant costs.

Hydraulic experiments may give trends of the water dynamics
around structures (Johnson et al., 2005; Ranasinghe et al., 2006;
Srisuwan and Rattanamanee, 2015; Zheng et al., 2019; Shu et al.,
2021; Tang et al., 2022; Wang J. et al., 2022; Pan et al., 2022; Kuang
et al., 2024). But, as pointed out by Henriquez et al., 2008, it is
essential to ensure that the laboratory model has the same flow and
transport regimes as in the prototype and that sediment properties
are suitable.

Overall, we appreciate that wave flume experiments could be
very useful in understanding the effect of artificial reefs in the
proposed locations along the Danube Delta coast, as they provide
fundamental data on flow-sediment interaction. Calibration of the
flow regime and of the sediment transport around structures are
essential for accurate morphological predictions.

In what concerns experimental studies on artificial reefs in the
Black Sea area, we can mention the work of Düzbastilar et al., 2006.
These authors carried out hydraulic experiments in a unidirectional
wave channel, to investigate the behaviour of several artificial reef
units located in the southeastern part of the Black Sea, along the
western coast of Turkey (Lök et al., 2002). They determined
deployment areas, to ensure stability of artificial reefs in specific
wave conditions for the Black Sea Turkish coast. The results of this

FIGURE 6
Coefficients of transmission in Point 25 (Gura Portiţei zone) for the storms from the eastern sector–(A) no sea level rise; (B) sea level rise (MWL) of 1 m.
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study suggest a minimum depth of 20 m for the deployment of
artificial reefs in the investigated area.

The depth for artificial reefs depends on various factors, such as
local biodiversity, hydrodynamics and sedimentation. For the Black
Sea coasts of Turkey, artificial reefs are deployed at depths around
20 m, where many species have been identified (Lök et al., 2002).
Along the Danube Delta coast, many freshwater and marine species
have been identified at depths between 5 and 15 m. These depths are
important for a variety of marine species and, at the same time, they
often serve as transitional zones for freshwater species.

The above listed case studies prove that artificial reefs need
complex investigations even if they appear as efficient solutions for
coastal protection. Both experimental and modelling studies involve
significant effort. Building andmaintenance of the structures involve
significant costs and effort. Therefore, a detailed analysis is needed
before taking the decision to adopt this coastal protection solution.

Artificial reefs influence wave energy and hydrodynamics,
altering sediment transport. If they are not placed properly, they
may disrupt the longshore drift, increasing erosion downstream.
Their presence may alter currents, so that sediments are driven away
from critical areas. The ability of an artificial reef to dissipate wave
energy depends on its porosity, shape and orientation. These factors
must be carefully considered and customized based on local wave
and sediment transport conditions to optimize the effectiveness of
the structures.

Moreover, artificial reefs must be designed for decades of
function, so they must face climate change challenges, such as

sea level rise and storms. Field monitoring is needed to assess
real-time changes in sediment transport and morphodynamic
modelling is needed to predict sediment behaviour. Hydraulic
experiments and numerical simulations are also needed to test
reef stability. Furthermore, ecological impact assessments are
needed to study interactions between reefs and delta habitats.
This involves stakeholder engagement, to balance the Danube
Delta ecosystem, hydrodynamics, fisheries, and infrastructure needs.

A potential approach to an artificial reef project should combine
phased implementation, pilot studies, and cost-benefit analysis, to
minimize the cost and effort, while minimizing the risks. Using such
a structured approach ensures efficient resource use, environmental
sustainability, and long-term benefits for marine ecosystems and
local communities.

The future step in the assessment of the effect of artificial reefs
along the Danube Delta coast will be morphodynamic modelling,
which should provide useful tools to identify tipping points
(Kwadijk et al., 2010; Haasnoot et al., 2013) and analyse options
for coastal protection, in order to develop adaptation strategies to
climate change.

Morphodynamic modelling simulates sediment transport,
seabed changes, as well as the shoreline evolution. It is
essential for identifying tipping points, that are critical
thresholds where small environmental changes can cause
irreversible shifts in coastal stability. The XBeach model can
be used to simulate storm-driven erosion and short-term changes,
while the Delft3D model can be used to assess long-term evolution

FIGURE 7
Coefficients of transmission in Point 11 (zone north of the Sf. Gheorghe mouth) for the storms from the eastern sector with return period of (A) 5
years; (B) 50 years.
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of the Danube Delta coast. Hydraulic modelling simulates waves and
changes in local hydrodynamics around artificial reefs. By predicting
future coastal changes due to climate change, such models guide

nature-based solutions, as well as the development of adaptation
strategies to climate change, for a resilient and sustainable Danube
Delta coast.

FIGURE 8
Coefficients of transmission in Point 25 (Gura Portiţei zone) for the storms from the eastern sector with return period of (A) 5 years; (B) 50 years.

TABLE 7 Minimum and maximum difference in the transmitted wave heights with the AR3 and AR6 layouts and corresponding storm characteristics.

Point Ht – AR3 (m) Ht – AR6 (m) Ht difference (m) Wave direction Storm

10 min 0.5351 0.521 0.0141 S RP50, SLR 0.8

max 0.3785 0.4947 −0.1162 E RP100, SLR 0.4

11 min 0.811 0.9787 −0.1677 SE RP1, SLR 1

max 0.5583 1.806 −1.2477 SE RP100, SLR 1

12 min 0.6628 0.5094 0.1534 NE RP50, SLR 0.6

max 0.9238 0.3518 0.572 S RP50, SLR 0.6

23 min 0.7473 0.5104 0.2369 NE RP1, SLR 1

max 1.146 0.5615 0.5845 NE RP100, SLR 1

24 min 0.7803 0.6319 0.1484 NE RP1, SLR 1

max 1.126 0.6115 0.5145 E RP100, SLR 1

25 min 0.8318 0.5826 0.2492 NE RP1, SLR 1

max 1.155 0.5446 0.6104 SE RP100, SLR 1

26 min 0.9083 0.6859 0.2224 SE RP1, SLR 1

max 1.104 0.6236 0.4804 E RP100, SLR 0.8
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The feasibility of artificial reefs along the Danube Delta coast
depends on cost-benefit analysis, long-term sustainability, funding
availability, and socio-economic impact. Evaluation of costs should
consider construction and maintenance costs. Artificial reefs are
feasible if proper funding and long-term management plans are
available, if environmental monitoring and stakeholder involvement
are ensured, and if the project is integrated with sustainable fisheries
and tourism policies.

The long-term success of artificial reefs in the Danube Delta
coast depends on ecological, economic, and social sustainability. The
long-term effectiveness of such structures is related to coastal
protection, by reduction of erosion and flood control, as well as
to biodiversity restoration and to sustainable fisheries. Artificial reefs
can be long-term effective if they serve both for coastal protection
and enhancement of fisheries, and if they are properly managed
and monitored.

The effectiveness of artificial reefs can be impacted by long-
term changes in the wave climate and sea level rise. For this
reason, they need to be periodically redesigned, to maintain their
function to protect against coastal erosion and to support
sediment transport.

5 Conclusion

This study is a first step in analysing feasibility of artificial reefs
in the proposed locations on the Danube Delta coast.
Morphodynamic modelling is the next step in this study, to
simulate sediment transport around the proposed structures, as
well as the shoreline evolution.

Several layouts for artificial reefs, at 5 and 7 m deep, have been
tested from the hydrodynamic point of view, using
numerical modelling.

The calculated coefficients of transmission, as well as the wave
energy attenuation, in all the output points show the lowest values,
indicating the highest efficiency, for the AR3 and AR6 layouts, with
2 m freeboard, at 5 and 7 m deep. Furthermore, all the output points
show the lowest transmitted wave heights for the
layouts AR3 and AR6.

In the zone north of the Sf. Gheorghe mouth, the highest
difference between the wave heights transmitted by the proposed
structures with AR3 and AR6 layouts is 1.25 m, occurring for waves
coming from the SE sectors. Such a difference in transmitted wave
heights is highly significant for coastal protection, as it means a
stronger erosion control and an even more significant reduction in
wave energy, with direct impact on shoreline stability and
flooding risk.

This shows that the AR3 layout is the best option for the zone
north of Sf. Gheorghe mouth.

Small differences can be noticed in the Gura Portiţei zone
between the transmitted wave heights by the proposed structures
located at 5 m deep and 7 m deep, with the AR3 and AR6 layouts.
Apparently, the transmitted wave heights are lower for the
AR6 layout. But the maximum wave height difference is 0.60 m,
occurring for waves coming from the SE sector.

Such differences in the transmitted wave heights are too small to
justify extra efforts and expenses. At this stage of the study, the
proposed artificial reefs located at 5 m deep appear to provide

significant protection. However, the presence of artificial reefs may
influence locally the sediment transport and the ecosystem.
Therefore, the specific impacts on sediment dynamics, long-term
sustainability, and environment need further analysis.

Even if artificial reefs appear to be efficient solutions for the
protection of the Danube Delta coast, the specific impacts related to
their implementation require complex studies and engagement of
scientists and stakeholders.

The future step in the assessment of the effect of artificial reefs
along the Danube Delta coast will be morphodynamic modelling,
that will make possible the development of adaptation strategies to
climate change.

We appreciate that this study could open new applied research
topics on the Danube Delta coast.
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