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ABSTRACT
Large-scale nourishments and mega-nourishments are increasingly employed as nature-based solutions (NBS) to enhance coastal

resilience. This study evaluates the hydrodynamic effects of nourishments and mega-nourishments of varying radius (500m–

2 km) and elevation (2–3m) in a macro-tidal embayment in the United Kingdom, Morecambe Bay, using a hydrodynamic model

developed in Delft3D. Offshore wave heights of 0.5–1mwere applied at the open boundary. The analysis focuses on the capacity of

these interventions to dissipate wave energy and reduce water levels under typical offshore conditions. For the largest interven-

tions, the results indicate wave height reductions within the nourished area of up to 0.7m and maximum water level decreases of

up to 0.8m. For the smaller radius (500m), increasing the footprint generally produced significantly greater reductions than

increasing elevation alone, whereas at a radius of 1.5 km, the results were more variable. Higher offshore wave conditions further

enhanced the dissipation effect. Changes outside the intervention were comparatively minor, reflecting localised energy dissipa-

tion via depth-limited breaking and bottom friction. Sediment transport and morphological changes were not included in this

analysis, which should be considered when interpreting the results. Although in some cases, absolute reductions remain modest,

they can be relevant for hydraulic loading on both the nourishment and adjacent infrastructure, with potential benefits for

overtopping, operational performance, and long-term maintenance.

1 | Introduction

At present, numerous coastal infrastructures, including power
stations, railway networks, wastewater treatment facilities and
millions of properties, are increasingly vulnerable to coastal
flooding and erosion. The economic feasibility of traditional
hard engineering solutions is becoming increasingly challenging
due to the substantial costs associated with construction, main-
tenance and adaptation to rising sea levels and intensifying storm
events. In the UK, for instance, the projected cost of realigning
traditional coastal defences, such as seawalls, to safeguard coastal
infrastructure against sea level rise is expected to increase by
between 150% and 400% by the end of the century (e.g., [1]).

There has been a growing interest in nature-based solutions

(NBS) and hybrid interventions, which include the establishment

of salt marshes, seagrass beds, beach nourishment and large-scale

mega-nourishment schemes. These approaches often represent

more economically viable alternatives while also delivering addi-

tional benefits, such as biodiversity enhancement and the crea-

tion of recreational spaces [2–4]. The successful and widespread

adoption of NBS depends on a rigorous evaluation of their per-

formance under varying environmental conditions and climate

change scenarios, as well as their capacity to dissipate wave

energy and influence surrounding hydrodynamics and morpho-

logical evolution (e.g., [5–7]).

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

Copyright © 2026 Nicoletta Leonardi and Iacopo Carnacina. Advances in Civil Engineering published by John Wiley & Sons Ltd.

Advances in Civil Engineering, 2026; 2026:7096314 1 of 11
https://doi.org/10.1155/adce/7096314

 Advances in Civil Engineering 

https://doi.org/10.1155/adce/7096314
https://orcid.org/0000-0002-6211-739X
https://orcid.org/0000-0001-5567-7180
mailto:2School of Civil Engineering and Built EnvironmentLiverpool John Moores UniversityLiverpoolUKljmu.ac.uk
mailto:2School of Civil Engineering and Built EnvironmentLiverpool John Moores UniversityLiverpoolUKljmu.ac.uk
mailto:2School of Civil Engineering and Built EnvironmentLiverpool John Moores UniversityLiverpoolUKljmu.ac.uk
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/adce/7096314
https://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1155%2Fadce%2F7096314&domain=pdf&date_stamp=2026-06-19


In addition to technical feasibility, the uptake of these solutions is
contingent upon societal and stakeholder acceptance. Using sur-
vey data, Pannozzo and Leonardi [8] evaluated technical experts’
and community members’ knowledge and perceptions of NBS for
coastal protection across multiple European countries. Among
technical experts, higher knowledge was linked to greater aware-
ness of potential applications, while community members
showed more limited technical understanding compared to sec-
tor experts but generally supported sustainable and eco-friendly
management practices. Schuerch et al. [9] highlight challenges
associated with the implementation of managed realignment
interventions, which involve the inland repositioning of existing
sea defences to create intertidal habitats, primarily salt marshes.
Such interventions often face considerable opposition due to the
necessity of surrendering previously cultivated or inhabited land
to the sea. Furthermore, cultural and socioeconomic factors,
alongside scepticism regarding the efficacy of NBS, can contrib-
ute to resistance [9–12].

A notable large-scale NBS is the Sand Motor in the Netherlands,
which is often cited as a flagship initiative for mega-nourish-
ments. The Sand Motor, implemented in 2011 as a single large-
scale mega-nourishment comprising around 21million m3 of
sand, was designed to reduce the frequency of nourishment inter-
ventions and extend the lifespan of the nourishment itself [13,
14]. It was initially intended to function for at least 20 years based
on an estimated annual sediment loss of 0.8–1.0million m3 [15].
More recent updates suggest that the intervention is expected to
last longer, with a projected lifespan of the order of 30 years
(https://www.rijkswaterstaat.nl/en/projects/iconic-structures/
the-sand-motor?). Roest et al. [16] conducted a detailed morpho-
logical analysis of the Sand Motor using three bathymetric data-
sets spanning the period from 2011 to 2017. Their study
highlighted the rapid morphological evolution of the interven-
tion, demonstrating that it significantly altered the sediment bud-
get along a substantial stretch of the shoreline. Over time, the
Sand Motor migrated towards a Gaussian shape. The mean sea-
level isobath exhibited the most pronounced morphological
changes, with a retreat of ~400m at a rate of 80m/year. Con-
versely, the −10m isobath (relative to the Dutch ordnance level,
approximately MSL) remained relatively stable. Further investi-
gation by Luijendijk et al. [17] revealed that erosion of the Sand
Motor was linearly correlated with the cumulative wave energy
of individual high-energy events. Their findings suggested that
storm duration exerted a greater influence on erosion than maxi-
mum wave height, while wave direction (dir) had little bearing
on the overall erosion trend.

In the Netherlands, between 1970 and 1990, the average annual
nourished volume was 3.5million m3. From 1990, proactive
nourishment became part of a dynamic coastline management
strategy, increasing the average annual volume to 6.4million m3

for routine maintenance. By 2000, this further rose to 12million
m3 per year for regular coastline upkeep [18]. The average vol-
ume of a beach nourishment in the area is 0.5million m3, while
shoreface nourishments typically involve 1.6million m3. Chan-
nel wall nourishments, placed on the landward side of a channel,
have also been implemented with volumes ranging from 1 to 6.3
million m3 [18]. Beach nourishments normally have the shortest
lifespan (~3 years) and deliver sand directly where it is most
needed for the dynamic conservation of the coastline. Shoreface

nourishments have a longer lifespan (4–10 years), although it
may take several years before their effects on the shoreline posi-
tion become apparent. Channel wall nourishments exhibit the
longest lifespan (at least 10–15 years), and their impact on the
coastline is highly variable, depending on both the nourishment
design and the regional setting.

In terms of when a nourishment is classified as a mega-
nourishment, it is generally assumed that such interventions
involve volumes on the order of tens of millions of cubic metres,
have a lifespan exceeding a decade, and are designed to replace
routine annual nourishments with a single, large-scale intervention.

Tonnon et al. [19] conducted numerical modelling to establish
life cycle estimates for sand-nourishment interventions, testing
10 scenarios with wave heights ranging from ~0.8 to 2m, peak
periods between 5 and 7 s, and wave dirs varying between 240°
and 350°. Their findings indicated a linear relationship between
the half-life of the nourishment and its initial volume, with the
intervention’s longevity being primarily influenced by its sea-
ward extent and highly sensitive to wave intensity. The dominant
controlling factors were identified as wave climate and longshore
transport intensity. The influence of wave dir was excluded as
erosion on one side of the nourishment may be counterbalanced
by deposition on the other in cases of oblique wave approach.

The Environment Agency’s Unit Cost Database (2007 version)
provides a cost curve for beach recharge, detailing the cost per
cubic metre of sand/shingle, which ranged from £8 to £21/m3

(2007 prices, Report SC080039/R7). Furthermore, the cost esti-
mation for coastal protection (Report SC080039/R7) offers the
costs of several beach recharge and recycling schemes, which
ranged from 50,000 to 689,000m3, with a cost per cubic metre
ranging from £9 to £32/m3 [20].

The implementation of mega-nourishment interventions and salt
marsh restoration requires large spatial scales to ensure effective-
ness. Consequently, careful evaluation of the shape and place-
ment of such interventions is essential. Globally, increasing
evidence supports the efficacy of various NBS based on site-spe-
cific case studies, contributing to a growing body of research
advocating for their wider application (e.g., www.omreg.net).
However, significant uncertainties remain regarding the overall
effectiveness of these large-scale interventions, necessitating fur-
ther studies to refine the selection of optimal coastal manage-
ment strategies. This study seeks to address some of these
challenges by focusing on large-scale nourishments and mega-
nourishments and systematically assessing the effectiveness of
different intervention designs based on their size and location
within a macro-tidal setting. The research examines a macro-
tidal embayment, Morecambe Bay, UK, employing numerical
modelling, as outlined in Section 2, to evaluate variations in
wave heights and water levels before and after the implementa-
tion of different sand-engine designs.

To date, mega-nourishment research has frequently focused on
analyses of morphological evolution and sediment redistribution
at specific sites and for given shapes and sizes of the interventions.
Less attention has been given to systematically quantifying the
short-term hydrodynamic attenuation capacity of alternative
mega-nourishment geometries, particularly in macro-tidal sys-
tems. This study addresses this gap. Rather than evaluating long-
term morphological evolution, the present work systematically
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quantifies changes in significant wave height and water levels
immediately following implementation under controlled forcing
conditions. The underlying assumption is that the initial stage of
sand nourishment implementation represents the condition with
the maximum volume of sand on the site and, potentially, the
highest efficiency in terms of on-site wave energy dissipation.
This approach allows for: (i) isolation of hydrodynamic response
from morphodynamic feedbacks: morphological change is inten-
tionally suppressed to isolate first-order hydrodynamic effects,
enabling direct assessment of how geometry alone controls wave
attenuation and water-level response. (ii) Systematic comparison
of multiple idealised geometries: Instead of analysing a single
implemented nourishment, this study evaluates 278 controlled
simulations spanning variations in radius, elevation, wave forcing,
and 23 coastal locations. This ensemble-based approach enables
the identification of geometric controls on intervention effective-
ness. (iii) Application in a macro-tidal environment: existing
mega-nourishment studies largely examine wave-dominated
micro- to meso-tidal coasts. This work instead focuses on a
macro-tidal embayment (Morecambe Bay, UK), where the tidal
range strongly modulates hydrodynamic response.

The article is structured as follows: Section 2 provides details on
the study site and model setup, while Section 3 presents key

modelling outcomes, specifically focusing on changes in wave
height and water levels pre- and post-implementation of a sand
engine intervention. Wave height and water levels were moni-
tored both within and outside the sand engine. The conclusion
sections summarise the key findings of the study.

2 | Methods

Morecambe Bay opens southwest and is a macro-tidal systemwith
a spring tidal amplitude of up to 10m (Figure 1). Fetch lengths are
limited by the landmasses of the Isle of Man, Ireland and Spits at
the Bay mouth. The significant wave height has been estimated to
be around 0.5m for 75% of the year and 2m at the mouth of the
Bay for 10% of the year [21–24]. Recent assessments of the UK
wave climate indicate no clear, systematic long-term trend in sig-
nificant wave height associated with climate change. Observed
trends in storms and waves cannot be robustly attributed to cli-
mate change due to high interannual and decadal variability and
an incomplete understanding of driving mechanisms. More
broadly, analyses over the past ~ 30 years show spatially mixed
patterns, with mean significant wave height decreasing in parts
of northern UK waters and increasing in southern regions.
Reported trends are generally small for the study area (on the
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FIGURE 1 | (A) Study site, Morecambe Bay, UK. Colours represent the site bathymetry (data from Edina Marine Digimap) and black circles and

numbered locations represent the sites of the tested mega-nourishment interventions. Three coloured dots on the map represent the stations used for

model validation: Heysham (water levels), Morecambe (waves) and Cleveleys (waves). The circle on the subpart presenting a map of the UK indicates the

location of Morecambe Bay. (B and C) represent a wave rose (wave height (B) and period (C)) for the Morecambe Bay station for the year 2018. (D) Table

provides a summary of all 278 numerical simulations (23 locations for 3 radii for 2 sand engine elevations for 2 wave heights and base scenarios).
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order of Æ2 cm per year depending on location and dataset, e.g.,
[25]). The bay morphodynamics and transport patterns are pre-
dominantly influenced by tidal currents and residual transport
patterns even if wave presence can significantly enhance the
amount of sediment in suspension [21, 26]. Large portions of the
Bay are covered in fine sand [21]. The numerical model used in
this study is Delft3D. Delft3D was selected due to its widespread
application and validation in coastal and estuarine hydrodynamic
modelling, particularly for coupled wave–current interactions in
shallow-water environments. Alternative modelling frameworks
(e.g., MIKE, TELEMAC, FVCOM and ROMS) could similarly be
employed for this type of process-based analysis and would be
expected to reproduce comparable results as they are based on
comparable formulations and apply similar physical parameterisa-
tions (e.g., [27–29]). The modules Delft3D-FLOW and Delft3D-
WAVE were used. The model grid resolution varies from around
90m× 200m to around 1000m× 300m offshore. The same grid
was used for the FLOW andWAVEmodules. Bathymetry data are
based on tiles with a size of 30m× 30m of the product Arcsecond
Gridded Bathymetry, retrieved from the EDINA Marine Digimap
download service (http://digimap.edina.ac.uk/). Information on
the modelling framework Delft3D can be found in Delft3 [30].
Delft3D solves the non-linear shallow water equations, which
are derived from the three-dimensional Navier–Stokes equations
for incompressible free-surface flow. The offshore boundary
includes 10 tidal harmonics (M2, S2, N2, K2, K1, O1, P1, Q1, S1
and M4) interpolated across two boundary extremes which were
derived using the global tidal model GOT-e 4.10c [31, 32], while for
the two lateral boundaries, a Neumann boundary condition was
imposed and set to zero for water levels. Themodel calibration was
done using OpenDA, an open-source software framework that
enables data assimilation and parameter calibration for numerical
models (https://openda.org/), and by comparing the modelled
tidal levels with tidal levels from the tidal station at Heysham
(54.03183 latitude and −2.92025 longitude) by allowing con-
strained changes in bottom roughness, boundary conditions and
water depth. Model performance was then evaluated using the
Skill Score (BSS score) [33, 34], defined as follows:

BSS¼ α − β − γ þ ε

1þ ε
;

where

α¼ r2xy;  β ¼ rxy −
σy
σx

� �
2
;  γ ¼ Yð Þ − Xð Þ

σx

� �
2
;  ε¼ X

σx

� �
2

where r is the correlation coefficient, σ is the standard deviation,
ε is a normalisation term and X and Y are the observed and
modelled values, respectively. Additional metrics are also used
to evaluate model performance, including r2XY , RMSE, bias and
the Willmott Index of Agreement. The Willmot Index of Agree-
ment is defined as follows:

d¼ 1 −
∑n

i¼1 Yi − Xið Þ
∑n

i¼1 Yi − Xh ij j þ Xi − Xh ij jð Þ :

The Brier Skill Score achieved for the calibrated water levels is
0.98 for water levels, theWillmott Index of Agreement is 0.99, r2XY
is 0.97, RMSE is 0.4181m and bias is −0.1060 (Figure 2).

The wave conditions used for the evaluation of model perfor-
mance are from the Cleveleys and Morecambe Bay wave stations
(Figures 1 and 3). Wave data were obtained from the Channel
Coastal Observatory website. For Morecambe Bay, the minimum
and maximum longitudes are −3.06705 and −3.06505 and the
minimum and maximum latitudes are 53.98919 and 53.98719,
respectively. For the Cleveleys monitoring station, the minimum
and maximum longitudes are −3.19683 and −3.19483 respec-
tively, and the minimum and maximum latitudes are 53.89613
and 53.89413, respectively. The time series at Cleveleys was
applied at the model’s open boundaries because no wave buoys
were available at the exact boundary locations. Adjusting the
wave height by 20% to account for wave dissipation between
the buoy and the model domain resulted in acceptable model
performance. The performance of the model for the simulation
of waves is present in Figure 3 and Table 1. The wave model
calibration for Morecambe and Cleveleys shows generally high
BSS and d index agreement for all parameters. Significant wave
height (Hs) and wave period (T) have a high BSS (0.94–0.99) and
index of agreement (d= 0.87–0.94), indicating that the model
captures both the variability and magnitude of observed waves
accurately. The RMSE values for Hs are <0.5m, and bias is neg-
ligible (Æ0.07m), demonstrating low systematic errors. For T,
RMSE around 1 s and moderate negative bias are within

01-January 00:00 04-January 00:00 07-January 00:00 10-January 00:00 13-January 00:00 16-January 00:00 19-January 00:00 22-January 00:00 25-January 00:00 28-January 00:00 31-January 00:00
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FIGURE 2 | Simulated data and tidal buoy data from January 1st to February 1st.
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acceptable limits. For wave heights (Hs) below 1m, RMSE values
reduce to 0.28m for Morecambe Bay. Wave dir shows lower skill,
particularly at Morecambe (R2= 0.16), with a higher RMSE and
some directional bias. However, directional errors are common
in nearshore and complex coastal regions due to the local
bathymetry, wind variability, and boundary effects. At Cleveleys,
the wave dir is moderately well captured (R2= 0.50, d= 0.83),
suggesting that the model is still able to reproduce the dominant
directional patterns.

Overall, the model’s performance is considered acceptable within
the scope of this article, as idealised wave boundary conditions,
rather than full time-series data, are used, and the focus of the
results is on comparative simulations with identical boundary
conditions but differing morphologies.

The morphological factor for the model was kept at zero, and as
such, there is no morphological evolution. The model bathymetry
was modified to reflect the presence of different large-scale

interventions and to systematically test the influence of these on
waves and water level dissipation. Specifically, such modifications
were introduced along the land boundary by changing the
bathymetry within circular areas of varying radius (0.5, 1.5 and
2 km radius) located at regular intervals along the coastline and
having elevations of 2 and 3m above the original bathymetry.
Some portions of the morphological variations were not impacting
the hydrodynamics at all as they were overlapping emerged areas.
For example, in the case of intervention 2 (Figure 1), portions of
the north-eastern section of the intervention lie within an area that
remains emergent throughout the tidal cycle (water depth equal to
zero). Consequently, the effective bathymetric interaction with the
flow field during the majority of the tidal period is closer to a semi-
circular planform. This configuration is consistent with several of
the other simulated interventions and reflects some real-world
deployment features. The size and variations in elevation of the
interventions were chosen to encompass orders of magnitude com-
parable to the one of the Netherlands Sand Motor while also
covering a wider set of conditions to explore trends in the results
up to the most extreme idealised case with an intervention size of
2 km radius and 3m depth variations. Separate numerical simula-
tions were conducted for each nourishment configuration. For
each location, six interventions and a base case were thus simu-
lated. In terms of boundary conditions, two wave conditions were
tested with a significant wave height at the ocean boundary of 0.5
and 1m and a 235° dir (Figure 1). The prevailing offshore wave
climate is strongly dominated by waves approaching from ~235°,
with relatively limited directional variability. This directional con-
sistency, compared with the coastline orientation, supports the use
of a representative dominant approach angle for the purposes of
controlled comparison. These conditions fit within the range of
values illustrated in the wave rose in Figure 1 (data obtained from
the Northwest Regional Coastal Monitoring Programme, More-
cambe Bay station). The forcing conditions selected in this study

TABLE 1 | Model metrics.

Variable BSS d r2XY RMSE bias

Morecambe

Hs 0.94 0.90 0.70 0.45 −0.07

T 0.95 0.87 0.77 1.16 −0.73

dir 0.98 0.59 0.16 20.05 11.90

Cleveleys

Hs 0.99 0.94 0.78 0.41 0.04

T 0.97 0.89 0.77 1.01 −0.52

dir 0.94 0.83 0.5 23.3 2.9
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FIGURE 3 | Wave height, wave period and wave direction for two monitoring stations (Morecambe and Cleveleys). Grey lines represent observed

data at the wave buoys, while blue lines are Delft3D data. The location of the monitoring stations is present in Figure 1.
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are intended to represent typical hydrodynamic behaviour in the
system, rather than extreme or event-scale responses, and are
appropriate for the study’s process-based objectives. The model
experiments were not intended to reproduce a specific year.
Instead, they simulate typical wave conditions to enable a compar-
ative, process-based assessment.Waves were imposed at the south-
west ocean boundary using a default JONSWAP spectrum. There-
fore, there were 12 ensembles (3 radii, 2 heights, 2 wave condi-
tions), each containing 23 simulations (23 different locations).
Waves and water level conditions for each intervention were mon-
itored for two tidal cycles and through regularly spaced observa-
tion points located in the interior and exterior of the intervention
at Æ1/3 of the intervention radius (Figure 4).

3 | Results and Discussions

Figure 4 presents a time series of significant wave height for a
representative intervention with a radius of 2 km, an elevation of
3m and a boundary significant wave height of 1m, alongside a
selected set of observation points. An overview of the wave field
evolution throughout the tidal cycle for this test case is provided
in Supporting Information 1 Figure S1. Additionally, Figure 4
offers a representative depiction of the distribution of observation

points both within and beyond the mega-nourishment interven-
tion (zoomed section, Figure 4A).

Figure 4B–G illustrate significant wave heights at observation
points located within the intervention, while Figure 4H–K per-
tains to those located outside the intervention. Light-blue and
dark-blue lines denote conditions before and after the implemen-
tation of the intervention, respectively. As anticipated, the most
pronounced changes in significant wave height occur within the
intervention. In contrast, regions outside the mega-nourishment
(e.g., empty diamonds) exhibit more modest variations in signifi-
cant wave height.

Owing to the macro-tidal nature of the system, the most substan-
tial changes take place at high tide, whereas periods from low tide
tomean sea level remain largely unaffected by the intervention, as
indicated by the cyclic wave pattern in Figure 4. Finally, the
development of waves within the intervention is temporally
delayed throughout the tidal cycle due to the postponed submer-
gence of the area (e.g., Figure 4F).

Figure 5 displays the maximum significant wave height dissipa-
tion (i.e., the difference between the maximum significant wave
height before and after the intervention) recorded at any obser-
vation point within the intervention (Figure 5A–C) or outside the
intervention (Figure 5D–F) for each intervention location, as
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shown in Figure 1. The results are presented for varying radii
(500–2000m) and intervention elevations (2 and 3m).

Due to differences in coastline features and hydrodynamics along
the coast, there is notable variability in wave dissipation along the
horizontal axis. As the intervention diameter increases from 500m
to 1.5 and 2 km radius (Figure 5A–F), the reduction in maximum
wave height at the site becomes more pronounced. Furthermore,
the wave reduction associated with the intervention also intensi-
fies with an increase in the intervention’s elevation.

Significant reductions in wave height are observed at observation
points located within the intervention area, whereas points outside
the intervention (Figure 5D–F) experience only minimal changes.
The wave height alterations in these external areas are substan-
tially smaller, indicating that the interventions have a relatively
limited impact on the surrounding wave field. Increasing interven-
tion radius primarily modifies the cross-shore bathymetric gradi-
ent within the intervention area, promoting the earlier onset of
depth-limited wave breaking and enhanced bottom frictional dis-
sipation over the nourished zone. This explains why significant
reductions in wave height occur at observation points within the
intervention, while points outside experience only minimal
changes. The more limited effect for points outside the interven-
tions arises because wave energy is largely dissipated locally over
the shallow nourishment platform, and remaining waves propa-
gate beyond the feature with minimal further attenuation.

For observation points inside the intervention, for all but three
(interventions 8, 9 and 23) interventions, increasing the radius
from 500m to 2 km, with a fixed elevation of 2m, enhances the
wave energy reduction potential. The larger reductions in wave
height observed with an increased radius occur because a wider
nourishment exposes waves to a larger shallow area, promoting
greater energy dissipation. The largest effect is observed in

intervention 7, where increasing the radius to 1.5 or 2 km results
in an additional wave height reduction of 0.35 and 0.44m, respec-
tively, substantially higher than the 0.014m increase achieved by
raising the height alone. In contrast, for intervention 23, increas-
ing the height from 2 to 3m for a radius of 500m produces no
significant increase in maximumwave height reduction, whereas
increasing the radius has a negative impact, with net changes of
−0.0138 and −0.0590m when increasing the radius to 1.5 km and
2 km, respectively.

On average, for observation points inside the intervention, increas-
ing the radius from 500m to 1.5 and 2km results in maximum
wave height reductions that are 0.046m (0.053m when neglecting
interventions where the impact is negative) and 0.066m (0.0857m
when neglecting interventions where the impact is negative)
higher, respectively, compared with a 0.0139m increase (0.022m
when neglecting interventions where the impact is negative)
achieved by raising the height from 2 to 3m for an intervention
size of 500m. When both the radius (from 500m to 1.5 or 2 km)
and height (from 2 –3m) are increased simultaneously, the aver-
age wave height dissipation rises by 0.0618m (0.0677m when
neglecting interventions where the impact is negative) and
0.088m (0.098mwhen neglecting interventions where the impact
is negative), respectively. These results indicate that, for most
interventions, expanding the footprint is generally more effective
than increasing elevation alone, although exceptions do occur
when increasing the footprint or height has no positive impact.
However, increasing the footprint radius is more effective for the
500m intervention radius. Once the intervention radius is 1.5 km,
increasing the radius from 1.5 to 2 km hasmixed effects compared
to increasing the height (Supporting Information 2 Figure S2).

Although the absolute variations in significant wave height across
the interventions are modest (up to 0.6m), such differences can be
meaningful. Mega-nourishments are generally implemented as
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FIGURE 5 | Decrease in significant wave height (m). The intervention number follows the numbering of Figure 1. This figure displays the maximum

significant wave height dissipation (i.e., the difference between the maximum significant wave height before and after the intervention) recorded at any

observation point within the intervention (A–C) or outside the intervention (D–F) for a wave height at the boundary Hs= 0.5 m.
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long-term sediment supply measures that enhance coastal resil-
ience and support natural processes over decadal timescales. In
most cases, they are not intended to function as primary flood
defence structures in the manner of seawalls or embankments
but rather to complement existing defences by improving morpho-
logical stability and reducing structural exposure. Within this
framework, cumulative and low-intensity hydrodynamic effects
become relevant for the long-term performance. Even moderate
reductions in significant wave height, on the order of those
observed in this study, translate into lower incident wave energy
at the shoreline. Because wave energy scales with the square of
wave height, these reductions correspond to measurable decreases
in the hydraulic loading applied to both the nourishment body and
any infrastructure situated landward. Reduced wave energy can
limit erosion at the toe of embankments, decrease armour or revet-
ment loading, and reduce the cumulative effects of repeated wave
action over time.While such changesmay not alter extreme design
conditions, they are relevant for long-termmaintenance and struc-
tural durability under frequent operating conditions. From a
coastal engineering perspective, differences in wave height and
water levels of this magnitude are also relevant for overtopping.
Overtopping discharge depends non-linearly on the relative free-
board and incident wave height. Consequently, even small reduc-
tions in significant wave height can result in a disproportionate
reduction in overtopping discharge under the same water level
conditions. For low-crest systems operating near threshold condi-
tions, this may shift the structure’s response towards reduced over-
topping discharge and potentially lower overtopping frequency
under the same water level conditions. Although such changes
may not redefine flood safety standards for low wave height,
they can influence operational performance, exposure of materials
to saline water, and long-term maintenance requirements.

In a similar fashion to Figure 5, Figure 6 represents the maxi-
mum differences in water levels before and after the implemen-
tation of a nourishment intervention for different radii of the
intervention (different figures panels) and different intervention
elevations (green and blue bars).

Figure 6A–C represent variations for observation points within
the sand engine and Figure 6D–F are variations for observation
points outside the sand engine. The location of the sand engine
exerts a major influence on water level variations with significant
site variability. For the observation points within the sand
engine, the radius and height of the sand engine have a more
evident impact on water level variations than for observation
points outside the sand engine.

Similarly to wind waves, for the smaller intervention radius
(500m), increasing the intervention radius while maintaining
the same intervention height generally leads to a greater reduction
in water levels compared with increasing height alone. On aver-
age, an increase of 1m in intervention height produces an addi-
tional reduction in maximum water levels within the intervention
of 0.0078m (0.025mwhen neglecting interventions where increas-
ing height has a negative impact). By contrast, increasing the
radius from 500m to 2 km results in an average reduction of
0.05m (0.11m when neglecting interventions where increasing
height has a negative impact), while an intermediate radius
increase to 1500m yields an average reduction of 0.0218m
(0.067m). Once the intervention radius is 1.5 km, increasing the
radius from 1.5 to 2 km results in an increased reduction of 0.032m
(0.054m), while increasing the height of the intervention 0.063m
(0.124m), and trends are significantly more variable (Supporting
Information 3 Figure S3). As for wave height reductions, there are
cases where increasing the radius or height of the intervention has
no positive impact.
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observation points located within the intervention. The (D–F) refers to observation points located outside the intervention.
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Figure 7 reports the maximum wave height reduction for obser-
vation points located within (Figure 7A) and outside (Figure 7B)
the intervention and for different wave heights. Blue bars refer to
simulations with a 0.5m wave height imposed at the boundary.
Orange bars refer to simulations with a 1m wave height imposed
at the boundary. Figure 7 highlights that the impact of the inter-
vention in dissipating wave heights is enhanced when waves are
higher (1m rather than 0.5m at the ocean boundary).

Studies such as Li et al. [35] show that during the evolution of a
shoreface nourishment, wave energy dissipation is initially spa-
tially variable, with peaks occurring over morphological features
such as the seaward slope and inner bars. As the system evolves
towards equilibrium, dissipation becomes more evenly distributed
across the profile. This indicates that nourishment-induced bathy-
metric changes initially concentrate dissipation locally but over
time promote a more uniform attenuation of wave energy across
the nearshore zone. This behaviour is consistent with the present
results, where dissipation is strongest over the intervention area
and reflects the imposed bathymetric perturbation. Experimental
work by Grasso et al. [36] highlights the so-called lee effect,
whereby nourishments induce earlier wave breaking offshore.
This shift in the breaking point enhances wave energy dissipation
before waves reach the shoreline, thereby reducing the wave
energy impacting the beach face. This mechanism aligns with
the findings of the present study, where an increased intervention
radius promotes earlier dissipation across the nourishment foot-
print. Johnson et al. [37] examine wave conditions over nearshore
nourishment features, focusing on three configurations: linear
berms, undulated berms, and discrete mounds. The study consid-
ers nourishments placed at depths between 3 and 7m, with
volumes of around 100,000m3 and alongshore extents ranging
from 400 to 1000m. Using numerical modelling, the authors ana-
lyse wave transformation, sediment transport and morphological
response. As waves propagate from offshore towards the coast,

they undergo shoaling, refraction and ultimately breaking, which
are the key processes controlling energy dissipation. For the linear
berm case, results show that when the feature is placed in rela-
tively shallow water (around 3m depth), waves begin to shoal and
break further offshore, provided that they are large enough to
interact with the seabed before reaching the natural breaking
zone. This leads to changes in relative wave power of up to approx-
imately Æ0.15, particularly for configurations closest to the shore.
At this shallow depth, the berm reduces wave energy flux across
the area of interest (relative wave power< 1), with values dropping
to around 0.75 in some cases. In contrast, when the berm is posi-
tioned deeper (5–7m), waves are less affected, and relative wave
power remains close to 1, indicating a negligible impact on wave
transmission. The reduction in wave energy is also less pro-
nounced for smaller waves as they are less sensitive to bathymetric
changes. This is consistent with the smaller reduction in wave
height observed in this study under lower-wave conditions.

4 | Conclusions

This article presents the results of numerical simulations con-
ducted to explore the effectiveness of various coastal intervention
types within a macro-tidal embayment. Specifically, the study
focuses on the implementation of potential sand engines, based
on simplified design configurations, to investigate trends in wave
height and water level dissipation across different spatial scales.
Coastal nourishment andmega-nourishment can serve not only as
coastal protection measures but also as a means of supporting the
development of natural habitats. In this numerical investigation,
the interventions varied in size and location, with primary empha-
sis placed on reductions in significant wave height and water levels
following large-scale coastal modifications. The case study consid-
ered is Morecambe Bay, a macro-tidal embayment located in the
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northwest of the UK. The findings from the numerical simulations
suggest that:

• Overall, there is considerable variability in wave height dis-
sipation across different intervention locations, as expected
given the diverse shoreline characteristics within the model
domain.

• Wave height dissipation due to the presence of the interven-
tions is particularly pronounced during periods of high tide,
reflecting the macro-tidal nature of the system (Figure 4).

• Increasing offshore wave height amplifies the impact of the
interventions, leading to greater reductions in wave height
(Figure 7).

• The size and characteristics of the interventions play a sig-
nificant role in reducing significant wave height and water
levels. For smaller radii (500m), increasing the radius gen-
erally has a greater effect than increasing the intervention
height. However, once the radius reaches ~1.5 km, further
increases in radius produce mixed effects compared to
increasing height (Figures 5 and 6).

There are limitations to the approach presented regarding the sim-
plified geometric representation of the interventions. In reality,
such interventions would exhibit spatially variable and evolving
morphological characteristics that influence wave propagation
and in situ wave dissipation. A real sand engine, for example, would
typically undergo gradual spreading and lowering due to sediment
redistribution, resulting in an increase in horizontal extent and a
decrease in elevation over time. Based on the results of this study,
this spreading is likely to extend the spatial footprint of wave energy
dissipation, potentially providing protection over a wider coastal
area. However, the reduction in elevation may decrease the loca-
lised effectiveness of the intervention in attenuating wave heights
and water levels at specific points, particularly during higher-
energy conditions. As suggested by the findings, increases in hori-
zontal scale can enhance the overall impact up to a threshold,
beyond which gains become less consistent. Therefore, the long-
term performance of a sand engine is expected to involve a trade-off
between reduced peak effectiveness and increased spatial coverage.
Despite these limitations, this study provides useful insights that
may serve as a starting point for coastal managers considering
large-scale sand-scaping interventions in a range of coastal settings.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Information 1. The supporting file
contains three figures showing the wave field, variations in wave height
decrease, and variations in water level decrease. Figure S1. (A) Wave field
for a wave height at the boundary of 1 m, at different instants of the tidal
cycle: high tide (11:00:00), mean sea level (14:00:00) and low tide
(17:00:00). Supporting Information 2. Figure S2. Variations in wave
height decrease with increasing intervention size (m). The yellow bars
represent the difference between the water level decrease caused by an
intervention of radius 2 km and height 2m and that caused by an inter-
vention of radius 500m and height 2m. All decreases are calculated rela-
tive to the base scenario. The other bars are calculated in a similar
manner. Supporting Information 3. Figure S3. Variations in water
levels decrease with increasing intervention size (m). The yellow bars
represent the difference between the water level decrease caused by an
intervention of radius 2 km and height 2m and that caused by an inter-
vention of radius 500m and height 2m. All decreases are calculated rela-
tive to the base scenario. The other bars are calculated in a similar
manner.
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