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• Digital Twin methodology can be used for
testing Nature Based Solutions with
seagrass meadows to protect wave attenu-
ation and current reduction at the coasts.

• Seagrass landscaping is a key element in
effectiveness of NBS seagrass wave reduc-
tion.

• Sea level reduction due to seagrass is neg-
ligible.
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In this paper we demonstrate a novel framework for assessing nature-based solutions (NBSs) in coastal zones using a
new suite of numerical models that provide a virtual “replica” of the natural environment. We design experiments that
use a Digital Twin strategy to establish the wave, sea level and current attenuation due to seagrass NBSs.
This Digital Twin modelling framework allows us to answer “what if” scenario questions such as: (i) are indigenous
seagrass meadows able to reduce the energy of storm surges, and if so how? (ii) what are the best seagrass types
and their landscaping for optimal wave and current attenuation? An important result of the study is to show that
the landscaping of seagrasses is an important design choice and that seagrass does not directly attenuate the sea
level but the current amplitudes. This framework reveals the link between seagrass NBS and the components of the dis-
ruptive potential of storm surges (waves and sea level) and opens up new avenues for future studies.
1. Introduction

Digital Twin software systems have so far beenmainly applied to indus-
trial engineering design problems to verify that product manufacturing is
).

2 June 2022; Accepted 20 July 20

er B.V. This is an open access artic
closer to what is desired (Grieves, 2014; Fuller et al., 2020). The concept
is based on the need to replicate the object with software that is flexible
enough for continuously collected measurements and which fully exploits
the capabilities of hybrid modelling (machine learning and deterministic
representation of the physical object). Themethodological aspects of a Dig-
ital Twin approach to studying the earth system or its sub-components have
not been established, but we can start building knowledge from specific
22
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application cases as we do in this article. We use deterministic ocean nu-
merical modelling, with the aim of proposing the best design of solutions
to problems such as wave attenuation and coastal erosion reduction.

The oceanographic community is developing a complex suite of deter-
ministic numerical models, coupled and uncoupled, to replicate the natural
environment, calibrating themwith observations. Computational oceanog-
raphy has come of age (Haine et al., 2021) and oceanmodels can reproduce
realistic structures in the ocean so that they can be used for Digital Twin ex-
periments. In this paper, we focus on the problem related to coastal protec-
tion by seagrass meadows, a type of nature-based solution (NBS)
recognized as important for the mitigation and adaptation of coasts to the
risk of climate change.

1.1. The Digital Twin for Seagrass NBSs

One third of the global coasts are geomorphologically dynamic
(Luijendijk et al., 2018), since they are exposed to storms, tides, waves,
and climate sea level rise (Athanasiou et al., 2020). In the offshore and near-
shore regions, human activities are strongly affected by (Meucci et al.,
2020) wind wave events (locally generated waves). Increased frequency/
intensity of coastal risks and sea level rise related to climate change require
fit-for-purpose and improved nearshore protection (Hanley et al., 2020;
Ondiviela et al., 2020; Lobeto et al., 2021). In this context, the application
of NBS has gained great attention, mainly due to its ability to address social,
environmental and climate concerns (Nesshöver et al., 2017; Calliari et al.,
2019; Kumar et al., 2020; Giordano et al., 2020; Stankovic et al., 2021;
Gómez Martín et al., 2021). In recent decades, a global decline in seagrass
meadows has been observed due to numerous environmental activities
(Waycott et al., 2009; Donatelli et al., 2019; McKenzie et al., 2020). Fur-
thermore, the European Union (EU) supports ecological quality levels in
coastal regions (Krause-Jensen et al., 2005; Marba et al., 2013) and has es-
tablished principles for the use of seagrasses as indicators of the health of
the ecosystem (de los Santos et al., 2019).

This paper shows a Digital Twin framework for assessing the reduction
of coastal storm surges by benthicmarine vegetation such as seagrass in the
coastal strip of Emilia-Romagna (ER). Twodifferentmodels are used to sim-
ulate the full spectrum of processes: (i) a general circulation model consid-
ering sea level and turbulent currents, astronomical tides, atmospheric
pressure, winds, temperature and salinity, including river runoff; and (ii)
a wind-wave model that simulates the wave propagation and formation
in offshore and coastal areas. The novelty derives from the fact that, using
this Digital Twin framework, we can ask questions such as: which type of
seagrass is the most effective in reducing the amplitude of the wave and
of the current?; which seagrass landscaping offers an optimal solution to
storm surge reduction?

1.2. Role of coastal seagrass landscapes

Seagrasses are defined as “ecosystem engineers” (Madsen et al., 2001;
Denny, 2021) and include coastal ecosystems, which belong to a decidedly
productive sector that provides crucial benefits (Orth et al., 2006; UNEP
(United Nations Environment Programme), 2020; Young et al., 2021)
such as biodiversity, nutrient cycling, etc. Seagrass meadows play a signif-
icant role in protecting coastal regions (Duarte et al., 2013; Ondiviela
et al., 2014; Effrosynidis et al., 2018; Ondiviela et al., 2020) from associated
flooding, erosion and storm surges. Seagrass landscapes are low-energy en-
vironments, with sediment deposition capacity (Gacia and Duarte, 2001;
Ganthy et al., 2015), and which enable the resuspension of sediments
(Amos et al., 2004; Widdows et al., 2008; Potouroglou et al., 2017; Zhu
et al., 2021). Many studies have reported that seagrasses enable wave
damping (Koch and Gust, 1999; Méndez and Losada, 2004; Paul and
Amos, 2011), and modify local hydrodynamics (Fonseca and Fisher,
1986; Widdows et al., 2008; Zhang and Nepf, 2019). Water waves which
propagate through submerged vegetation lose energy by performing work
on the plant stems (due to plant induced forcing acting on the fluid),
which directly results in smaller wave heights (Dalrymple et al., 1984)
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defined as “wave damping”. The seagrass beds have a high potential to
alter the local hydrodynamic environment (Fonseca and Koehl, 2006)
changing the velocity profile and the turbulence in the bottom boundary
layer (Alessandri, 2022). Therefore, submerged vegetation such as
seagrasses represent a unique ecosystem (James et al., 2019, 2021) for
NBS, and eco-engineering.

Flexible seagrass leaves have a high ability to reduce flow velocity
(Méndez et al., 1999; Paul and Amos, 2011), andwave energy thus promot-
ing sedimentation (preventing erosion) and, above all, seagrass roots/rhi-
zomes help protect the coast from erosion by maintaining sediments
(Chen et al., 2007; Hendriks et al., 2008; James et al., 2021). Continuous
capture and retention of sediments for longer periods can lead to complex
bathymetric generation in seagrass landscape regions. Along the modified
bathymetry, refraction of the waves occurs (Paul and Amos, 2011), thus
leading to wave shoaling. A reduction in the orbital velocities follows the
dispersion of the waves, leading to the dissipation of energy along the
shoreline (Lei and Nepf, 2019). Thus the attenuation of currents and
waves with seagrass leaves can trap and stabilize sediments, and the ensu-
ing bathymetric changes aid in coastal protection (James et al., 2019).
James et al. (2021), reported that seagrasses can significantly mitigate ex-
treme storm events. In the context of climate change, the marine vegetation
can adapt to sea level rise through inland migration/ soil elevation (Duarte
et al., 2013).

This paper evaluates only some of the aspects of seagrass landscaping in
wave reduction, i.e., the effects of seagrass distribution and of the different
seagrass types in a high-fidelity replica of the coastal physical environment
of the ER coasts in the Northern Adriatic Sea.

The paper is organized as follows: Section 2 describes the study site both
from the point of view of the specific habitats and the numerical models im-
plemented, Section 3 describes the calibration of the models and Section 4
the Digital Twin experiments. Section 5 provides further evidence of the im-
pact of the NBS solution. Section 6 provides conclusions and discussions of
the findings.

2. The study site

The coastal plain of Emilia-Romagna has a naturalistic and economic
significance (Perini et al., 2017), with a distinct place in the tourism indus-
try throughout Europe and therefore part of the UNESCO's “Man and Bio-
sphere Programme”. Due to its low-slung characteristics (Armaroli et al.,
2012; Armaroli and Duo, 2018; Armaroli et al., 2019), and urbanization,
the ER coast is susceptible to coastal flooding (Perini et al., 2016), and ero-
sion. The ER coast includes dissipative (low gradient) beaches comprising
fine to intermediate sands (Meli et al., 2021). The prevailing storms in
this coast emerge from the Bora (NE) and Scirocco winds (SE), and the
coast experiences a wave height (Hs) lower than 1.25 m (low energy
waves), along with microtidal regimes (Ciavola et al., 2007; Sedrati et al.,
2009). The study area along the ER coast is as indicated in Fig. 1.

2.1. Seagrass in the study site

In European coastal waters, in addition to Posidonia oceanica, there are
three native species of seagrass: Cymodocea nodosa, Zostera noltii, and
Zostera marina (Procaccini et al., 2003; Ondiviela et al., 2014; de los
Santos et al., 2019; Oprandi et al., 2020). Zostera marina is an abundant spe-
cies in the North Sea, and in the Baltic Sea. In the Mediterranean seas it ap-
pears as isolated patches and is seen mainly in lagoons. Zostera marina
grows up to a water depth 10–15 m and has shoots with 3–7 leaves. The
width of the leaves varies from 2 mm (young plants) to 10 mm (large
plants); and the leaves are about 30–60 cm long. Zostera noltii is found on
the coasts of Norway, the Black Sea, the Mediterranean Sea and produces
dense meadows on the muddy sands in the intertidal regions. They have
small and narrow leaves (2–5), which are 0.5–2 mm wide and 5–25 cm
long; with many shoots on each rhizome (Borum et al., 2004; Ondiviela
et al., 2014). Cymodocea nodosa is a warm water species widespread in
the Mediterranean, on the African coast (to the north) and in the Canary



Fig. 1. (a) Coastal belt of Emilia-Romagna: map showing the study domain with bathymetry and (b) model spatial grid with oceanic nodes (black points) and the position of
the seagrass belt (red strip).
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Islands. It occurs mainly in the sub-tidal (shallow) regions up to deeper wa-
ters (50 to 60 m). This species shows bundles of leaves with 2–5 leaves,
2–4mmwide and 10–4 cm long. Posidonia oceanica is restricted to theMed-
iterranean, and is found in the subtidal regions near the coast up to depths
of 50–60 m. It has leaf bundles with 5–10 leaves, broad (5–12 mm), and
20–40 cm long leaves (Borum et al., 2004).

In the past, losses and recoveries ofmarine seagrass in Europe have been
observed (Telesca et al., 2015), with a decreasing trendmainly for Posidonia
oceanica, which suffered losses of about 13–50 % (de los Santos et al.,
2019). In the Mediterranean, the distribution of Zostera marina is sparse,
since the species is unable to adapt to the prevailing local climate (Curiel
et al., 1997). However, in the northern Adriatic coasts, Zostera marina exists
with climatic/ environmental conditions (temperature, salinity, tidal range,
etc.) similar to those prevailing (Sacchi et al., 1990) in the northern Atlantic
coasts. The frequent occurrence of Zostera marina along the ER coastal belt
has been reported in a study by Pergent et al. (2014).

The NBS implemented in this study is located in the coastal strip of
Emilia-Romagna (Italy).

2.2. Digital twin models

In the Digital Twin framework, we use two different types of models: a
wind-wave model and an oceanographic circulation model.

The first model of interest is the WW3 wind wave model (WW3DG,
2016)which integrates a balance equation for thewave action density spec-
trum. This model solves for the significant wave height (Hs), wave direc-
tion, wave mean and peak period and the Stokes velocities induced by
the wave motion. It is normally built for resolutions of the order of tens of
meters, i.e., the same grid as the hydrodynamic current model. The WW3
model was modified to include a modified bottom dissipation stress due
to submerged vegetation, thereby incorporating NBS as a potential mecha-
nism for wave amplitude reduction.

The second model is the circulation model called SHYFEM which in-
cludes all the thermodynamic and hydrodynamic processes that contribute
to the dynamics up to horizontal scales of tens of meters, several cm verti-
cally and time scales of a few hours. SHYFEM (Umgiesser et al., 2004;
Bellafiore and Umgiesser, 2009; Micaletto et al., 2021) is an unstructured
finite-element model that simulates ocean circulation from the regional to
the local scale worldwide (Maicu et al., 2021; Park et al., 2022), as well
as in operational (Federico et al., 2017) and relocability (Trotta et al.,
2021) modes. SHYFEM considers a non-time dependent coastline and sea
bottom in which boundary layers are formed to dissipate mechanical en-
ergy. Hydrodynamic models of this type normally provide the best esti-
mates of sea level as they integrate an explicit tendency equation for sea
surface height. This model has been modified to include the numerical rep-
resentation of seagrasses as described in Section 2.2.2.

2.2.1. Model setup
The WW3 model grid (Fig. 1) comprises 15,392 elements, connected

with 8148 nodes. At the coast the resolution is about 300 m, while at the
open boundary it is 2.5 km (Fig. 1b). The bathymetry of the ER domain
merges high resolutionmultibeammeasurements (from the ER regional En-
vironmental Agency - Arpae), together with the EuropeanMarine Observa-
tion and Data Network (EMODnet) dataset, that has a resolution of
about 250 m (Fig. 1a). The model spectrum covers 30 frequencies
(0.0500–0.7932 Hz), and 24 directions (with an increment factor of 1.1).
The time steps for the WW3 model are set as: (i) maximum global time
step: 200 s, (ii) maximum CFL time step X-Y: 50 s, (iii) maximum CFL
time step k-theta: 50 s, and (iv) minimum source term time step: 10 s.
The linear and wind input source term uses the parameterization defined
by Cavaleri and Malanotte-Rizzoli (1981), and Donelan et al. (2006). The
ST6 physics is used as the wind input/dissipation parameterization
(Zieger et al., 2015). To simulate the non-linear interactions (Tolman,
2014), the Generalized Multiple DIA (GMD) was used. The physics of
Battjes and Janssen (1978) is used to activate breaking (depth-induced).
The dissipation physics used the formulations by Rogers et al. (2012), and
4

adapted formulations by Ardhuin et al. (2003) to simulate the SHOWEX
(Shoaling Waves Experiment) bottom friction. SHOWEX parameterization
can be defined as a ripple-induced bottom friction, considering the forma-
tion of sand ripples (on the bottom).

ECMWF analysis winds (with a horizontal resolution of 0.125°) is used
to force the WW3 model (every 6 h). The lateral wave boundary values
(with a resolution of 4.5 km hourly) are used from the CMEMS service (Co-
pernicus Marine Environment Monitoring Service, https://marine.
copernicus.eu) (Korres et al., 2021). On the basis of the CMEMS wave pa-
rameters (Hs, peak period, and mean direction) the nodes at the open
boundary are forced with JONSWAP wave spectrum (Yamaguchi, 1984)
approximation.

The grid, bathymetry, and input winds of the SHYFEM domain are the
same as theWW3model. The vertical space is representedwith 28 z levels/
layers with a thickness of 2 m up to a maximum depth of 55 m. Vertical
mixing is parameterized with a k-epsilon turbulence closure model from
the state-of-the-art model GOTM (Burchard et al., 1999). The horizontal
viscosity is calculated using the Smagorinsky formulation with a back-
ground kinematic viscosity of 0.2 m2/s. The horizontal and vertical advec-
tion for active tracers uses an upwind scheme. The bottom friction is
parameterized with a quadratic formulation and the definition of a rough-
ness length. Air-sea interactions are parameterized with specific bulk for-
mulas (Pettenuzzo et al., 2010). At the open ocean lateral boundary of the
domain, ocean variables from CMEMS reanalysis (Escudier et al., 2020)
are used for zonal current velocity, meridional current velocity, sea level,
temperature, and salinity.

2.2.2. Inserting vegetation drag effects in the digital twin models
For WW3, the SHOWEX (Ardhuin et al., 2003) bottom friction formula-

tion is used. The source term is described as;

Sbot k, θð Þ ¼ � f eub
σ2

2g sinh 2 kdð ÞN k, θð Þ (1)

where fe is a dissipation factor, ub is the root mean square of the bottom or-
bital velocity, the wave number k, the direction θ, d is mean water depth, σ
is the frequency, and N(k, θ) is the wave action density spectrum.

Tomodify the Eq. (1) by incorporating the dissipation due to vegetation
we adopted the wave damping equation due to vegetation (Sds,veg;
Dalrymple et al., 1984; Méndez and Losada, 2004) as available in the near-
shoremodel SWAN (SimulatingWAvesNearshore, Booij et al., 1999), as in-
dicated below;

Sds;veg ¼ −
ffiffiffi
2
π

r
g2fCD bv Nv

~k
~σ

 !3
sinh3~kαhþ 3 sinh ~kαh

3k cosh3~kh

ffiffiffiffiffiffiffi
Etot

p
E σ ;θð Þ

ð2Þ

where fCD is the bulk drag coefficient that may depend on the wave height,
bv is the stem diameter plant, Nv is the number of plants per square meter,
αh is the vegetation height, h is thewater depth,~k is themeanwave number,
~σ is themean frequency, Etot is the total wave energy, and E(σ, θ) is thewave
variance spectrum. Note that the movement of vegetation, such as swaying,
is neglected in Eq. (2).

The total bottom friction (St) is redefined by adding SHOWEX bottom
friction (Sbot), with the Sds,veg along with a mask for the vegetation at the
nodes as indicated in Eq. (3).

St ¼ Sbot þMaskveg � Sds,veg (3)

where Maskveg is a 2-dimensional field of values corresponding to grid
nodes with vegetation (values of 1) and without (value 0).
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In SHYFEM, seagrass was implemented in the governing equations fol-
lowing an approach similar to the ones described in Beudin et al. (2017),
and Zhang et al. (2019). The seagrass form drag was written as:

Fveg,x ¼ 1
2
CDvDvNv u!

�� ��u (4)

Fveg,y ¼ 1
2
CDvDvNv u!

�� ��v (5)

where CDv is a plant drag coefficient, with values that can vary from close to
zero to 3 (Nepf and Vivoni, 2000; Tanino and Nepf, 2008), Dv is the stem
diameter, Nv is the vegetation density (number of stems per m2), u and v
are the zonal and meridional components of the velocity, respectively,

and u! is the velocity vector.

3. Model calibration

Model calibration is an important step in the Digital Twinmethodology.
Indeed, it should evolve towards real-time corrections ofmodel solutions as
done in ocean forecasting services (Ciliberti et al., 2021). However, it is still
too early to apply data assimilation to coastal modelling for both physical
oceanographic variables and vegetation because observations are still
very limited. Therefore, our approach considers comparisonswith available
data, also called validation and calibration of model parameterizations in-
stead of field state variable corrections.

3.1. Wave model calibration

The calibration/validation of the WW3 model was carried out for a 10-
year period (2010–2019) and sensitivity experiments were also attempted
to evaluate the performance of themodel. The study entailed simulation ex-
periments using the variouswind-input dissipation source packages namely
ST4 (Ardhuin et al., 2010) and ST6 physics (Babanin, 2011; Rogers et al.,
2012; Zieger et al., 2015). Furthermore, the bottom friction formulations,
i.e. the JONSWAP (Joint North Sea Wave Project) parameterization
(Hasselmann et al., 1973) and the SHOWEX formulation (Ardhuin et al.,
2003) for the sandy bottoms available in the model were tested through a
series of simulations to arrive at the best formulations for the ER coastal
strip. The combination of ST6 + SHOWEX gave a better performance in
the coastal strip.

To evaluate the results of the model, data from the directional wave
rider buoy from the Nausicaa buoy in Cesenatico (44.21°N, 12.47°E; see
Fig. 1a for location), made available by Arpae, were used. The model simu-
lated significantwave parameters, i.e.wave height (Hs),meanwave period,
peak wave period and wave direction were compared with the buoy obser-
vations. The model skills were also evaluated using statistical indicators
(Table 1) such as correlation coefficient (R), bias, and root mean square
error (RMSE). The simulated Hs are in relatively good agreement withmea-
surementswith a correlation of 0.90 for the 10 years. Comparisons of signif-
icant wave parameters provide high confidence that the WW3model setup
is capable of reproducing wave characteristics at the study location as
shown in Table 1. Due to the unavailability of the measurements, valida-
tions of the wave spectra were not possible at the study site.
Table 1
Statistics of the comparison of buoymeasurements (Cesenatico) with model results.

Parameters Statistics (2010–19)

R Bias RMSE

Significant wave height (m) 0.90 −0.05 0.21
Mean wave period (s) 0.75 −0.22 0.85
Peak wave period (s) 0.61 −0.19 1.65

R: Correlation, RMSE: Root Mean Square Error.
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3.2. Circulation model validation

The circulation model parameterizations such as bottom stress drag co-
efficients and turbulent diffusion coefficients are calibrated with sensitivity
simulations to obtain the solutions closest to the observations (Alessandri,
2022). The model was calibrated/validated with respect to observations
of sea level, temperature, and salinity observations in Porto Garibaldi
(near point 1 in Fig. 8b).

Validation of the model for the 10 years as indicated in Table 2 showed
correlations of 0.69, 0.71 and 0.98 for sea level, salinity and temperature re-
spectively. Salinity and temperature have mean absolute error (MAE) of
2.93 psu and 1.82 °C respectively (Alessandri, 2022).

4. Seagrass effects: the Digital Twin framework at work

We used the wave model to define the selection criteria for most
impacting seagrass species and landscape designs. This allowed identifying
the key NBS design choices that givemaximumwave attenuation under the
assumption that this is the main effect on storm surge induced coastal ero-
sion. As a first step, experiments withCymodocea nodosa and Zostera marina
were attempted to understand if the type of seagrass was important inwave
reduction. Furthermore, the sensitivity of the spatial distribution of
seagrass landscapes was tested. Coppa et al. (2019) reported the striped
landscape pattern (as narrow and long strips) of Posidonia oceanica in shal-
low waters of depths of 0.5 to 3 m. A low density, and high-density cluster
design of landscape vegetation was also reported by Alsaffar et al. (2020).

In Danovaro et al. (2020) in the North Adriatic, a 40-year period
showed a decrease in seagrasses compared to 2007–2013 period. The
seagrass exists as patches, and not as continuous meadows along coastal re-
gions. Therefore, in this study the seagrass landscaping was designed to re-
produce the natural distribution of seagrass as evident from satellite
images, from 2 m to 10 m depth (Fig. 1b), to avoid a position too close to
the shoreline and to allow sunlight to penetrate the coastal waters.

The Zostera marina seagrass species selected for the coast was applied in
different landscape designs as shown in Fig. 2. The four different types of
landscape (LS) designs implemented are:

• Native – continuous mask (denoted as LS1)
• Lower density clusters (three-four nodes clusters, denoted as LS2)
• Continuous strips along with clusters (denoted as LS3)
• Broken strips along with clusters (denoted as LS4)

The physical characteristics of theCymodocea nodosa and Zosteramarina
bed (shoot density, blade length, andwidth) used in the experiments are in-
dicated in Table 3 as adopted fromMazzella et al. (1998). The bulk drag co-
efficient (Cd) used in (2) is 0.01.

The EXP1 is the simulation without vegetation. The EXP2 indicated in
Table 3 used the CN1 vegetation along with the LS1 type seagrass mask
as indicated in Fig. 2a. The EXP3 comprises a combination of the same
LS1 mask along with ZM1. Fig. 3 shows the spatial plot of Hs for a selected
day (25 January 2017, 12:00 h) without and with vegetation (using CN1
and ZM1) with the LS1 arrangement.

From Fig. 3a, it is seen that Hs > 1 m in the nearshore belt without veg-
etation. Figs. 3b & c shows the simulated Hs with the two types of vegeta-
tion and a greater reduction in Hs occurs with Zostera marina. To test the
Table 2
Statistics evaluated by comparing observations with circulation model results.

Parameters Statistics (2010–19)

R RMSE MAE

Sea level (m) 0.69 0.1 0.08

R Bias RMSE MAE
Salinity (psu) 0.71 1.58 3.89 2.93
Temperature (°C) 0.98 −1.65 2.29 1.82

R: Correlation, RMSE: Root Mean Square Error, MAE: Mean Absolute Error.



Fig. 2. Seagrass landscape designs (a) LS1: continuous mask, (b) LS2: lower density cluster, (c) LS3: continuous stripes with clusters, and (d) LS4: broken strips with clusters
(green dots denotes seagrass nodes).
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sensitivity of the wave spectra to the seagrass type, Fig. 4 compares the wave
spectrawith the uniformdistributions ofCymodocea nodosa andZosteramarina
(based on EXP1, 2 & 3). At station 1, during 25th day of January and March
2017, Zostera marina was able to produce the maximum reduction in energy
compared to Cymodocea nodosa. Similarly, at station 2, short period waves
are completely attenuated with greater attenuation using Zostera marina.

The landscaping experiments were thus performed using only Zostera
marina as indicated in Table 3. Fig. 5 compares thewave spectrawith differ-
ent distributions of Zostera marina (LS2, LS3 and LS4) i.e., EXP4, EXP5 and
EXP6 for January and March 2017.

Note that the short period waves (Fig. 5) are completely dissipated for
all three seagrass landscapes (LS2, LS3 and LS4) with higher attenuations
obtained with the broken strips along with the cluster arrangement (LS4).

The study also performed EXP7, which is a combination of Cymodocea
nodosawith the LS4 arrangement, and showed less impact on wave attenu-
ation than EXP6, which reaffirms our results that Zostera marina is best
suited to the ER coastal strip along with the LS4 combination. The further
results discussed in the paper are based on the combination of LS4 (broken
strips together with clusters) and Zostera marina.

5. How good is the NBS solution?

5.1. Evaluation of wave attenuation for a 10-year period

Based on the 2017 sensitivity experiments, using the broken strips to-
gether with the clusters combined with Zostera marina, simulations were
Table 3
Seagrass scenarios and seagrass characteristics as adapted from Mazzella et al. (1998).

Experiment
name

Wave M

Seagrass Type Seagrass distribution

EXP1 Without vegetation
EXP2 Cymodocea nodosa (CN1) LS1: Continuous (2-10 m)

EXP3 Zostera marina (ZM1) LS1: Continuous (2-10 m)
EXP4 Zostera marina (ZM2) LS2: Low density clusters (2-10 m)
EXP5 Zostera marina (ZM3) LS3: Continuous strips along with clusters (2-10 m)
EXP6 Zostera marina (ZM4) LS4: Broken strips along with clusters (2-10 m)

EXP7 Cymodocea nodosa (CN2) LS4: Broken strips along with clusters (2-10 m)

Circulation Mode

ERM-CNT Without vegetation
ERM-SG Zostera marina (ZM4) LS4: Broken strips along with clusters (2-10 m)
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performed over a long period (2010–19) to increase the statistical signifi-
cance of the results.

The percentage rate of wave attenuation is defined by:

a ¼ hsgm � hnsgm

hnsgm
� 100 (6)

where hmsg is the mean wave height with seagrass, and hmnsg is the mean wave
height without seagrass.

Fig. 6(a-j) compares Hs with and without vegetation at station 2 for the
period 2010–19. The mean Hs for 2010–19 was 0.19 m and 0.37 m, with
and without vegetation, respectively. The Hs ranged from 0.004 to
2.04 m without vegetation, and for the case with vegetation, it ranged
from 0.004 to 1.44 m. The results in Fig. 6 highlight that a significant
reduction in Hs was obtained for the higher wave height ranges with the
application of seagrasses in the coastal strip.

The variability of Hs using the Zostera marina and broken strips with
clusters in two stations for 2010–2019 is shown in Fig. 7. At station 1, the
percentage variation in Hs ranged from 20 to 74 % with a mean of 55 %.
During the winter the attenuation was between 49 and 74%; while in sum-
mer it ranged from 23 to 67 %. The lowest attenuation was recorded in
June 2012 (20 %), but an increase has been noted since 2014. At station
2, the attenuation ranged from 6 to 68 % with a mean of 41 %. During
the winter the attenuation was between 37 and 67 %; while in summer it
ranged from12 to 52%. Similar to Station 1, the lowest attenuationwas ob-
served in June (6 %), but for the year 2013, followed by an increase for
odel parameters

Stem diameter of plant cylinder
(Bv in m)

No. of plants per square meter
(Nv)

Length of seagrass
(Lv in m)

0.0018 900 0.074

0.0038 270 0.213
0.0038 270 0.213
0.0038 270 0.213
0.0038 270 0.213

0.0018 900 0.074

l parameters

0.0038 270 0.213



Fig. 3. Daily spatial plots of Hs (a) without vegetation, (b) with vegetation (Cymodocea nodosa and LS1 combination), and (c) with vegetation (Zostera marina and LS1
combination) for a selected day (25 January 2017, 12:00 h).
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2014 to 2019. Overall, from the percentage variation of Hs in both
stations considered in Fig. 7, it can be seen that there is a strong
seasonality of the attenuation rates along the coastal belt. In the present
simulations, the main limitation was that the simulations were performed
with rigid seagrass. Future studies will thus attempt to modify the vegeta-
tion characteristics by applying advanced parameterization using flexible
seagrass.

5.2. Evaluation of sea level and current velocity reduction

Having already established that wave attenuation works best with a
seagrass distribution such as LS4, the SHYFEM model was used to show
the impact on sea level and the current intensity.

The results (Fig. 8) are shown in terms of sea level and current velocity
differences between a simulation with and without seagrass for a storm
surge event due to a strong Bora wind (20–25 m/s) that occurred along
the ER coast on 6 February 2015, which flooded and eroded several coastal
areas. The sea level shows an increase of 1mmNWup to the position of the
seagrasses, where water accumulates due to the decrease in the amplitude
of the flow, while a decrease of about 0.7–0.8 mm is observed south of
the vegetated area (Fig. 8a).

In conclusion, the overall effects on the sea level appear to be negligible
due to reduced length of the plant (21.3 cm) compared to the depth of the
water column (between 2 and 10 m). However, a much greater impact is
due to the drag exerted by the vegetation on the flow, inducing a reduction
in the intensity of the current, which has its maximum at the bottom
(Fig. 8b)with a reduction of up to 4–5 cm/s (∼50%of the currentswithout
7

vegetation). The current velocity is reduced along the entire water column
as shown in Fig. 9 for points 1 (left) and 2 (right) respectively, the points as
indicated in Fig. 8b.

In conclusion, the reduction in amplitude of the current is effective due
to seagrass while the sea level is not affected.

6. Summary and conclusions

The objective of this studywas to experiment with a Digital Twin frame-
work for the design of an optimal seagrass-basedNBS for the coastal strip of
Emilia-Romagna against storm surges and coastal erosion. Although the
Digital Twin methodology presented here is preliminary, we believe it
has great potential for coastal management. The numerical model chain
consists of an ocean circulation model, and a wave model, with seagrass
represented in both of them.

This study provided new insights into seagrass landscape design as an
important solution characteristic to maximize the benefits. The amount of
significant reduction in wave height depends on the seagrass landscaping.
A combination of broken strips and clusters of vegetation has been shown
to be effective in reducing wave energy on the coast compared to other
landscape designs. Another important conclusion of our work is that
seagrass is shown for our model configuration not to have a direct impact
on sea level, but significantly reduce current amplitudes.

Since storm surges are highly dependent on wave runup (Staneva et al.,
2017, 2021; Musinguzi et al., 2022) which induces coastal erosion, we be-
lieve that NBS seagrass solutions with specific landscaping of Zostera marina
will be effective in reducing the impact of storm surges on beach erosion.



Fig. 4. Comparison of wave spectra (based on EXP1, 2 and 3) with different distributions of Cymodocea nodosa/ Zostera marina (for a selected day, January 25 / March 2017,
12:00 h). Themap (image on the left) shows themeanHs (inm) ofMarch 2017with Zostera marina together with the locations. In the panel (right) showing the wave spectra
[a, b, c, d], the dotted red lines indicate the spectra without vegetation, continuous blue lines denote spectra with Cymodocea nodosa and LS1, continuous green line denotes
spectra with Zostera marina and LS1.

Fig. 5.Comparison ofwave spectra (based onEXP1, 4, 5 and6)withdifferent distributions ofZosteramarina (for a selectedday, January 25 /March 2017, 12:00h). Themap (image
on the left) shows the averageHs (inm) of January 2017with Zosteramarina togetherwith the station locations. In the panel (right) showing thewave spectra [a, b, c, d], red dashed
lines indicate the spectra without vegetation, continuous blue lines denote spectra with Zostera marina and LS2, the continuous green line denotes spectra with Zostera marina and
LS3, and the black dotted line denotes the spectra with Zostera marina and LS4.
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Fig. 6. Time-series comparison of wave height for the time slice 2010–2019 (a-j) at Station 2 (the blue line represents the unvegetated Hs and the red line indicates the
vegetated Hs). The map (image on the left) shows the mean Hs (in m) for 2010–19 with the Zostera marina and LS4 combination together with the station locations.

Fig. 7.Mean monthly percentage variation of wave height using Zostera marina and broken strips with clusters for 2010–19 (For station location, see Fig. 6.)
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Fig. 8. (a) Sea level, and (b) bottom velocity difference between ERM-SG and ERM-CNT for the 6 February 2015. The direction and maximum intensity of the wind are
presented in (a).

U.P.A. Pillai et al. Science of the Total Environment 847 (2022) 157603
Overall, the study highlights that coastal vegetation has high wave at-
tenuation capacity, however estimates to quantify wave-vegetation charac-
teristics were not investigated as they require extensive laboratory/ field
studies. Future studies could also emphasize the relevance of hyperspectral
images (Clarke et al., 2021) to effectively design the landscapes on a large
spatial scale. Another effect of seagrasses is connected with sediment en-
trapment and in the future, this should be addressed by coupling with sed-
iment transport models.

Finally, this study shows the “Digital Twin” methodology at work
and shows its potential for applications to the natural environment
and to designing solutions to climate change issues such as coastal ero-
sion and biodiversity loss. The limitations of the present Digital Twin
approach are: 1) the models are still uncoupled, 2) the seagrass is still
rigid, and 3) the observations are not yet assimilated into the model.
For the latter, the calibration of the model parameterizations takes its
place while for the model coupling, we argue that in the coastal site of
Emilia-Romagna, the coupling would involve a minor simplification
Fig. 9. Profiles of southward currents velocity with and without vegetation for point 1
Fig. 8b.
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since the circulation currents have a relatively low amplitude. In the fu-
ture, however, all these limitations should be removed, in particular the
rigidity of the seagrasses.
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