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ARTICLE INFO ABSTRACT

Keywords: Shoreface nourishments have become a popular management option to mitigate coastal retreat for sites with
Cf’aStal morphodynamics abundant sand supplies. With shoreface nourishments, relatively large volumes of off-site sand are placed under
Field measurements water in typical water depths of 4-10 m. This part of the nearshore zone has a high bed level variability and

Laboratory experiments
Numerical modeling
Shoreface nourishments

contains a myriad of (rthythmic) morphological features. As a result, understanding and forecasting shoreface
nourishment morphodynamics and impacts is challenging. Significant progress on this topic is needed in due

time, especially in light of emerging climate-change effects. This review paper presents an overview of field,
laboratory and numerical modeling studies on shoreface nourishment morphodynamics. We have identified 4
key knowledge gaps. First, the spreading of nourished sand through the coastal zone is poorly understood, and
has not been quantified. Second, it is unclear how design variables such as size, placement location and grain-size
affect the lifetime, spreading and impact of shoreface nourishments. Third, the cumulative effect of repeated
shoreface nourishments (scale: 1-10 km, 1-10 years) on the coastal system as a whole (100+ km, 50+ years) is
largely unknown. Fourth, numerical models cannot reliably predict the complete morphological development
and impact of shoreface nourishments. To tackle these knowledge gaps we propose a research agenda to ensure

the generation and valuation of scientifically robust and societally relevant knowledge.
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1. Introduction

The nearshore coastal zone, in particular sandy beaches and dunes, is
important for flood risk management and holds high economic, recre-
ational and natural values. An estimated 15 % of the world's sandy
beaches have been retreating on average 1 m/year or more in the last
decades (Luijendijk et al., 2018). Climate change, accelerated sea-level
rise (SLR) in particular, is expected to further reduce beach width
when beaches are backed by human infrastructure that restricts or in-
hibits retreat (Vousdoukas et al., 2020; Vitousek et al., 2023; Lansu
et al., 2024).

Over time, sand nourishments have become a popular management
option to mitigate coastal retreat for sites with abundant (offshore) sand
supplies. With nourishments, off-site sand is added to the coastal system
to replenish sediment budget deficits (Fig. 1). Hence, these are also

referred to as sand replenishments or beach fills.

Nourishment can be preferred over hard engineering structures, such
as seawalls and breakwaters, if sufficient sediment is available at
offshore borrow areas. It is a natural and flexible human intervention
that is less disruptive for natural sediment pathways and that positively
influences the sediment budget. A negative sediment budget is generally
the cause of coastal erosion and the resultant coastal retreat (de Schipper
et al., 2020; Bridges et al., 2021). However, just as hard structures,
nourishments generally do not eliminate the cause of coastal erosion.
This means that nourishments must be repeated, possibly combined with
hard structures.

There are different types of coastal nourishments. A distinction can
be made between nourishments where sand is placed directly where it is
needed, i.e. on the beach and dunes, and nourishments that aim for an
indirect effect. In the latter case, the sand is supposed to be transported

Fig. 1. Implementation of shoreface nourishment by spraying a sand-water mixture from the bow of a dredging vessel. Image taken along the North-Holland coast,

The Netherlands. © Rijkswaterstaat.



J.J. van der Werf et al.

Earth-Science Reviews 267 (2025) 105138

5 T T T T T T
— initial
nourished
0 = |
E
&
30 ]
kel
9]
Qo
10k _
1 1 1 1 1 1 1
3600 3800 4000 4200 4400 4600 4800 5000 5200

cross-shore position (m)

Fig. 2. Initial and nourished cross-shore profile representative for the Egmond coast, The Netherlands. Bed level given with respect to mean sea level. The shoreface
nourishment is placed against the offshore flank of the outer bar in water depths of 4-7 m.

to the area of interest utilizing natural transport pathways. These
nourishments may also be beneficial by reducing erosional processes
and/or promote accretional processes, e.g. by means of additional wave
energy dissipation. The most common “direct” type of nourishments is
beach nourishment where sand is placed on the above-water (sub-aerial)
beach, or just below mean sea-level. Beach nourishments have been
carried out regularly since the early 1900s throughout the globe (see de
Schipper et al. (2020) for a multidisciplinary overview). Later on,
shoreface nourishments emerged. Shoreface nourishments are typically
larger than beach nourishments and placed in water depths of 4-10 m
(Fig. 2), which simplifies the construction as dredging vessels can
navigate towards the location where the sand needs to be placed. The
main advantages of shoreface nourishments, compared to beach nour-
ishments, are that they are more cost-effective, have a longer lifetime
and cause less disturbance on the beach (van der Spek and Elias, 2013).
These shoreface nourishments are hypothesized to act as a feeder berm
resulting in widening of the adjacent beach, and dissipate energy of the
larger waves reducing the erosional processes (van Duin et al., 2004).

Shoreface nourishments are placed in the nearshore coastal zone, a
zone which often has the highest variability in bed levels in the coastal
zone (Ruessink and Kroon, 1994; Otto et al., 2021) as well as a myriad of
(rhythmic) features (Coco and Murray, 2007). Unraveling and predict-
ing this nearshore zone has been a challenge for decades (Ranasinghe,
2020; Sherwood et al., 2022) and understanding and forecasting human
interventions is therefore not trivial.

Since the late 1990s, shoreface nourishment has been common
practice in The Netherlands (Spanhoff and van de Graaff, 2007; Brand
et al., 2022). Currently, the total volume of shoreface nourishments
amounts to 5 million m® yearly, which is about 50 % of the total volume
of nourished sand (Brand et al., 2022). Thanks to these and other types
of nourishments, The Netherlands has dynamically conserved the
coastline at its desired position over the past 30 years (Brand et al.,
2022). Although less frequent, shoreface nourishments are also placed
elsewhere in Europe, e.g. at the island of Sylt, Germany (Gijsman et al.,
2018), the west coast of Denmark (see Hamm et al., 2002; Lodder and
Sgrensen, 2015), Belgium (Dan et al., 2019), France (Hanson et al.,
2002) and Portugal (Pinto et al., 2022). These are generally aimed at
improving coastal stability, improving coastal protection and increasing
beach width (Hamm et al., 2002). In the USA shoreface nourishments
are usually referred to as nearshore placements or nearshore nourish-
ments. If the nourishment is constructed as a nearshore mound or bar, it
is commonly called a nearshore berm. The placement of dredged sedi-
ment near the coast as a submerged mound or elongated bar is a com-
mon practice for the beneficial use of dredged sediment along the
Pacific, Atlantic and Gulf coasts (Bain et al., 2021). As the fine material
is washed out and transported offshore, nearshore nourishments allow
for sediment with higher fine content than would typically be allowed
for sub-aerial nourishments to be used (Brutsché et al., 2014). In the
period 2001-2020, the US Army Corps of Engineers placed 140 million

m® of sediment dredged from navigation channels in the nearshore
during 792 projects (USACE, 2022). Shoreface nourishments have also
been carried out in other countries, such as South Korea (Park et al.,
2018) and Australia (Jackson and Corbett, 2023). Recent placements in
Australia were designed to also improve surfing conditions in the short
term.

Projected SLR (IPCC, 2022) requires re-thinking coastal nourishment
strategies. This raises coastal policy and management questions, e.g.
whether or not the nourishment volumes can be simply upscaled to deal
with accelerated SLR. Is the transport capacity sufficient to bring
nourished sand onshore? Should the time interval between consecutive
nourishments be reduced or the volume per nourishment be increased?
At the same time, there is an increasing need to know in more detail how
nourished sand spreads to assess impact on habitats (ecological effects)
and affects morphological state parameters like shoreline position,
beach width and dune foot position. Both require a sound understanding
and reliable prediction of the impact and evolution of nourishments.
However, a comprehensive overview of advances in research on shore-
face nourishment morphodynamics is currently lacking. This is a pre-
requisite to make significant progress, which is needed in due time,
especially in light of the emerging climate-change effects.

This review paper fulfills this need. It describes the advances in
research on shoreface nourishment morphodynamics and identifies
future research needs based on field studies, laboratory experiments and
numerical modeling. Since the first implementation of shoreface nour-
ishments in the 1930s (Hall and Herron, 1950), nourishment perfor-
mance and beach response have been examined through field
observations. With nourishments becoming more and more common-
place, there is a wealth of data available at coastal agencies. These range
from a few topographic surveys to more exhaustive studies, reports and
practical guidance (e.g. Houthuys et al., 2014; Lodder and Sgrensen,
2015; Gijsman et al., 2018; McFall et al., 2021; Brand et al., 2022). In the
last decades, the insights obtained on morphological behavior and
driving processes have been complemented by laboratory experiments,
conducted in a controlled setting, and numerical modeling. We define
shoreface nourishments as the sub-aqueous nearshore placement of
sediment on wave-dominated coasts. This paper does not consider beach
nourishments or large-scale nourishments, such as the Sand Motor (see
e.g. Roest et al., 2021), in which also a large portion of sediment is
placed on the beach. In addition, nourishments in tide-dominated sys-
tems (e.g. van Rhijn, 2019; van der Lugt et al., 2024) or in lakes (e.g.
Ton, 2023) are not discussed.

The paper is organized as follows. Section 2 presents an overview of
field measurements and laboratory experiments. These are the main
sources for our knowledge on shoreface nourishment morphodynamics,
discussed in Section 3. These physical processes are schematically rep-
resented in different types of numerical models, described in Section 4.
In Section 5 we discuss the current knowledge base, leading to the
conclusions and future perspectives in Section 6.



J.J. van der Werf et al.

2. Overview of shoreface nourishment field campaigns and
laboratory experiments

Due to the complex nature of nearshore morphodynamics, under-
standing and prediction of shoreface nourishment behavior rely heavily
on experimental research in both field and laboratory conditions. This
section presents an overview of different experimental studies and the
range of conditions tested. The findings of these studies will be sum-
marized in Section 3.

2.1. Field campaigns

Well-documented shoreface nourishment field experiments are of
great value, but scarce. Such experiments include the interaction with
the surrounding changing morphology and are not influenced by scaling
effects. However, field experiments and observations are generally
expensive and difficult to carry out. Furthermore, it is not possible to
control (forcing) variables and keep these stationary. As a result, data
from field measurements are generally less accurate and more difficult
to interpret than those from laboratory experiments (van Rijn et al.,
2013; Ferreira et al., 2023).

Field observations of nourishment projects are often based on bed
level observations at varying spatial and temporal resolutions (e.g. van
Duin et al., 2004; Brutsché et al., 2014; Pan et al., 2017), remote sensing
of the water surface (e.g. Ojeda et al., 2008; Brutsché et al., 2019a) or
both (Brutsché et al., 2019b). The bathymetric surveys are usually car-
ried out before construction and afterwards, with an increasing
measuring interval as the morphodynamics slow down over time (see e.
g. Huisman et al., 2019; McFall et al., 2021). If present, long-term ob-
servations with regular bathymetric surveys from a coastal monitoring
program (e.g. JARKUS, Rijkswaterstaat, 2024) provide additional data
to examine nourishment evolution and their long-term morphological
impact (e.g. Radermacher et al., 2018). Recently, satellite images are
used to extract shorelines to determine the nearshore morphological
response to a nourishment (McGill et al., 2022).

Field observations of transport processes at shoreface nourishments
are scarce, since the placement and maintenance of instruments in the
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surfzone remain challenging. One of the first attempts was made
following the 1985 nearshore nourishment at Gold Coast, Austria. This
included dive observations using dyed sand to track sand transport (see
Jackson and Corbett, 2023). Another rare shoreface nourishment field
study is the NOURTEC campaign (Nourishment #22 in Table 2)
providing a relatively long, 2.5 year, time-series of hydrodynamic
forcing and estimates of suspended sediment transport at the nourish-
ment body and further inshore (Hoekstra et al., 1996; Ruessink et al.,
1998).

Concurrent observations of sediment composition and changes are
rarely taken, but can provide additional evidence on the spreading of the
added sediment. This is illustrated by Barnard et al. (2009) who used
191 bed samples and grain-size analysis to examine the dispersion of a
nearshore dredge disposal and its surrounding area at Ocean Beach, San
Francisco, California in 2005 (Nourishment #16 in Table 2). The
NOURTEC experiment also acquired bed samples before and after con-
struction to map the grain-size evolution (Guillén and Hoekstra, 1996).

2.2. Laboratory experiments

Shoreface nourishment laboratory experiments provide the oppor-
tunity to examine effects of different forcing mechanisms and topo-
graphic states in an isolated manner. Flow, sand transport and bed level
changes can generally be measured with a high level of detail and ac-
curacy. However, the main disadvantage is that laboratory experiments
are, by definition, schematized models of only a part of the real physical
system.

Table 1 presents an overview of existing shoreface nourishment
laboratory experiments. These were carried out in two-dimensional
wave flumes (only cross-shore processes) and three-dimensional wave
basins that allow for flow circulation, including wave-driven alongshore
currents in the oblique-incident wave experiments. Waves were the only
forcing mechanism in the laboratory experiments; wind and tide were
not considered. All waves were irregular (JONSWAP spectrum), except
for in the D2019 study, where waves were monochromatic.

In Table 1, Dsq is the median grain-size (the same for beach and
nourishment, except for G2011), Hy, the offshore (significant) wave

Table 1

Overview of existing shoreface nourishment laboratory experiments. Ref = reference, Fac = facility, n = number of experiments.
Ref Fac n Dso Hyo Ty hnour Hgo /hnour Qp Ww nour

(mm) (m) (s) (m) (G (G =)

H2010" flume 32 0.32 0.03-0.07 0.9-1.4 0.02-0.15 0.2-3.5 0.6-1.6 2-128
W2010 flume 4 0.13 0.10, 0.17 2.3,3.0 0.20, 0.25 0.4-0.9 33,73 43-151
G2011° flume 15 0.60-0.76 0.06-0.16 1.5-3.0 0.12-0.30 0.2-1.4 1.6-2.4 15-374
J2012¢ basin 2 0.15 0.12 1.5 0.06, 0.12 1.0-2.0 6.1 104-225
B2016“¢ basin 4 0.15 0.17, 0.21 1.5,3.5 0.06-0.28 0.6-2.8 4.7, 8.5 70-431
$2017a“ basin 1 0.15 0.16 1.5 0.10 1.8 6.7 289
$2017b“¢ basin 1 0.15 0.18 1.5 0.22 0.7 5.9 89
D2019" basin 9 0.22 0.07-0.16 0.9-1.3 0.20 0.4-0.8 3.3-49 7-62
A2020° flume 1 0.30 0.13 1.2 0.12 1.1 2.7 55
K2020" flume 4 0.17 0.04-0.13 1.2-1.8 0.22 0.2-0.6 7.8-17.2 16-225
L2021 flume 2 0.23 0.05 2.0,2.5 0.06, 0.12 0.4,0.8 0.7,0.8 13, 26
L2022 flume 6 0.23 0.16 1.6 0.07-0.22 0.7-2.3 3.3 60-224
L2023 flume 4 0.18 0.15 1.6 0.15, 0.20 0.8,1.0 5.2 78, 110

H2010: Hwung et al. (2010), W2010: Walstra et al. (2010), G2011: Grasso et al. (2011), J2012: Johnson and Smith (2012), B2016: Bryant and McFall (2016), S2017a:
Smith et al. (2017a), S$2017b: Smith et al. (2017b), D2019: de Schipper et al. (2019), A2020: Atkinson and Baldock (2020), K2020: Kuang et al. (2020), L2021: Li et al.

(2021), L2022: Li et al. (2022), L2023: Larsen et al. (2023).

2 At least 32 different tests; artificial glass sand (ps = 2450 kg/m®); only bed-level measurements.
Y The unnourished bed material had a different grain-size (0.41 mm); light-weight sediments (ps = 1190 kg/m>); waxing and waning of five wave conditions for three

nourishment designs.

¢ Obliquely-incident waves (10°), pumps were used to match the wave-driven alongshore current.

4 Concrete bed slope except for the mound.
€ Also 1 case with the mound at the shoreline was tested.

f Monochromatic waves; 3 wave-alone cases, 2 current-alone cases and 4 wave-following current cases; horizontal bed except for the mound.

& Also 3 beach/berm nourishments were tested.

b Light-weight sediments (ps ~ 1425 kg/m®); also 4 nourishment tests with an offshore reef.
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height, T, the (spectral peak) wave period, and hnoy, is the initial mean
water depth above the nourishment. The Dean number:
HsO

Qp = 1
D= T, (€Y

is an indicator of the beach state. Reflective beaches with predominantly
bedload transport occur for Qp < 1, and dissipative beaches with pre-
dominantly suspended load for Qp > 6 (Wright and Short, 1984). If the
sediment fall velocity w; was not provided, it was computed using the
formula of Soulsby (1997) using a kinematic viscosity v = 1.3-107° m?/s
(fresh water at 10° Celsius) and gravity acceleration g = 9.81 m/s?. The
wave mobility number at the nourishment was computed in the
following way:

~2
uorb
_ 2
Vawnour = 3 op 2
Table 2
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with U,y the orbital velocity amplitude at the depth of the nourishment
according to linear wave theory (based on Hy and T,) and A; = (p, —
Pw)/p, the relative sediment density. We assumed a water density of
p,, = 1000 kg/m® and a sediment density of p; = 2650 kg/m* (quartz
sand), unless the values were mentioned in the reference. y,, o, in-
dicates the sediment mobility and bedform regime. Ripples are generally
present for low wave mobility numbers. If the mobility number exceeds
~ 200 the ripples are washed out, entering the flat-bed sheet-flow
regime (O'Donoghue et al., 2006).

The laboratory experiments listed in Table 1 are all scaled laboratory
experiments with relatively small wave heights (< 0.21 m) and periods
(< 3.55). The wave dynamics are correctly represented through Froude
scaling with:

n, =ny = (nL)O.S _ (nH)O.S _ (nh)O,S (3)

Nourishment properties and calculated depth of closure values hipner and hoyeer for historical projects in the United States (USA) and The Netherlands (NL). Viyour =
nourishment volume, Apoyr = nourishment volume per alongshore unit of length, hyour 0 = mean pre-construction nourishment depth below mean sea level, Dsg nour =
median nourishment sediment grain-size, Ref = reference. For some cases the nourishment volume is unknown. Ap, could not be computed for cases for which the

alongshore nourishment length was not known.

# Project site Year Vhour Anour hnouro D50 nour houter Rinner Observed Ref
(10% m?) (m3/m) (m) (mm) (m) (m) activity
1 Santa Barbara, CA, USA 1935 154 - 6.1 - 10.2 3.0 Stable H1950
2 Atlantic City, NJ, USA 1935-1948 2700 - 5.8 - 8.1 5.9 Stable H1950
3 Long Branch, NJ, USA 1948 460 407 11.6 0.34 4.9 5.5 Stable H1950
4 New River Inlet, NC, USA 1976 27 178 2.1 0.49 4.3 5.8 Active $1977
5 Dam Neck, VA, USA 1982 650 - 11 0.08 20.6 5.1 Stable H1984
6 Fire Island, NY, USA 1987 323 - 4.9 - 13.9 8.2 Active M1988
7 Sand Island, AL, USA 1987 352 192 5.8 0.22 7.0 6.6 Active H1990
8 Silver Strand, CA, USA 1988 113 309 4.9 0.20 39.7 8.5 Active J1990
A1991
9 Humboldt, CA, USA 1988-1989 - - 15.8 0.23 76.2 15.2 Active H1991
10 Humboldt, CA, USA 1988-1989 - - 21.3 0.23 76.2 15.2 Active H1991
11 South Padre Island, TX, USA 1989 125 102 7.9 - 23.0 8.4 Active A1992
12 Perdido Key, FL, USA 1991 3000 800 6.0 0.30 5.9 8.3 Stable 01994
13 Port Canaveral, FL, USA 1992 121 336 6.3 0.40 18.4 7.8 Active B1994
14 Newport Beach, CA, USA 1992 980 - 5.5 0.09-0.22 22.2 5.1 Active M1996
15 Brunswick, GA, USA 2003 - - 6.0 - 13.4 6.1 Active $2007
16 Ocean Beach, CA, USA 2005-2007 690 - 11.5 0.18 73.4 13.3 Active B2009
17 Fort Myers, FL, USA 2009 175 109 1.8 0.17 2.3 3.2 Active B2014
18 Chetco Inlet, OR, USA 1996-2013 277 638 6.4 8.4" 12.8 16.1 Active G2019
19 Vilano Beach, FL, USA 2015 115 639 3.0 0.33 17.3 7.3 Active B2019
20 Ogden Dunes, IN, USA 2016 107 - 5.5 0.15 5.6 7.5 Active Y2020
21 Harvey Cedars, NJ, USA 2021 68 158 3.5 0.42 14.2 9.2 Active M2022
22 Terschelling, NL 1993 2100 476 5.5 0.20 13.9 7.2 Active K1994
23 Terheijde, NL 1997 900 517 6.5 0.25 12.1 7.2 Active H2019
24 Katwijk, NL 1998 750 349 6.0 0.25 11.8 6.8 Active H2019
25 Noordwijk, NL 1998 1300 414 6.0 0.40 10.3 7.2 Active 02008
26 Egmond aan Zee, NL 1999 900" 376 6.5 0.23 13.2 7.3 Active V2004
27 Scheveningen, NL 1999 1400 453 6.0 0.25 11.4 6.8 Active H2019
28 Bergen, NL 2000 1000° 377 4.5 0.25 12.0 7.9 Active H2019
29 Terheijde, NL 2001 3000” 569 7.0 0.25 11.8 7.4 Active H2019
30 Camperduin, NL 2002 2000° 522 7.0 0.25 13.1 7.6 Active H2019
31 Noordwijkerhout, NL 2002 2600 375 6.5 0.25 12.3 7.1 Active H2019
32 Wassenaar, NL 2002 2500 412 6.5 0.25 12.0 7.1 Active H2019
33 Callantsoog, NL 2003 2300 386 6.5 0.25 11.6 7.0 Active H2019
34 Zandvoort, NL 2004 1400 278 6.0 0.25 13.1 7.6 Active H2019
35 Bergen & Egmond, NL 2005 3100° 34 6.0 0.25 12.7 6.8 Active H2019
36 Monster, NL 2005 1000” 198 5.5 0.25 12.8 7.4 Active H2019
37 Bloemendaal, NL 2008 1000 531 6.0 0.25 11.9 6.7 Active H2019
38 Zandvoort-Zuid, NL 2008 500" 191 5.5 0.25 12.1 6.9 Active H2019
39 Hondsbossche & Pettemer Zeewering, NL 2009 5700" 423 8.0 0.25 12.8 7.3 Active H2019
40 Julianadorp, NL 2009 1300 402 6.5 0.25 11.4 6.4 Active H2019

H1950: Hall and Herron (1950), S1977: Schwartz and Musialowski (1977), H1984: Hands and DeLoach (1998), M1988: McLellan et al. (1988), H1990: Hands and
Bradley (1990), H1991: Hands and Allison (1991), A1992: Aidala et al. (1992), J1990: Juhnke et al. (1990), A1991: Andrassy (1991), 01994: Otay (1994), B1994:
Bodge (1994), M1996: Mesa (1996), S$2007: Smith et al. (2007), B2009: Barnard et al. (2009), B2017: Brutsché et al. (2014), G2019: Gailani et al. (2019), B2019:
Brutsché et al. (2019b), Y2020: Young et al. (2020), M2022: McGill et al. (2022), K1994: Kroon et al. (1994), H2019: Huisman et al. (2019), V2004: van Duin et al.

(2004), 02008: Ojeda et al. (2008).
# Nourishment material from tidal inlet was predominately gravel.

b Measured volume in the first survey was considerably smaller than official nourishment volume (< 90 %).
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Fig. 3. Properties of historical shoreface nourishment projects in The Netherlands and the United States (see also Table 2): pre-nourishment depth (left, 40 cases),
nourishment volume (middle, 37 cases) and volume per alongshore unit of length (right, 30 cases).

where n indicates the ratio between the parameter at prototype and
laboratory scale, and u, T, L, H, h the orbital velocity, wave period, wave
length, wave height and water depth, respectively (van Rijn et al.,
2011). Due to the relatively small wave heights and short periods,
Reynolds numbers in scaled laboratory experiments are typically one
order of magnitude smaller than in the field. As a result, the near-bed
wave boundary layer is less turbulent, which affects the velocity
structure.

The laboratory experiments generally use sediment grains with
similar size as in field conditions (=~ 0.1 — 0.3 mm). In other words, the
sediment used is too coarse for the (Froude-scaled) wave conditions,
which is reflected in the, generally, relatively low Dean numbers. This
impacts the morphology, and beaches tend to steepen in model scale
compared to field scale as described by Vellinga (1986) and recently

discussed in detail by Bayle et al. (2021). It also means that the wave
mobility numbers (and Shields numbers) are not similar between model
and full scale, affecting the bedform regime, ripple dimensions and the
ratio between bedload and suspended load. As a result, ripples are
generally too large compared to the nourishment dimensions in these
scaled experiments (Lee et al., 2023).

This was circumvented by Grasso et al. (2011) and Kuang et al.
(2020) by using light-weight material. Another solution was to place the
shoreface nourishments relatively high in the beach profile, expressed
through the wave height/water depth ratio. Hsp/hnour > 0.4 is very
common, indicating the onset of wave breaking (van Rijn, 2013),
whereas in field conditions wave breaking at the shoreface nourishment
tends to occur only for infrequent, high-wave conditions. These scaling
issues must be carefully considered when drawing general conclusions
on shoreface nourishment morphodynamics from laboratory
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the nourishment with respect to the empirical depth of closure estimates at the sites (see also Table 2). Figure adapted from Hands and Allison (1991) and McFall
et al. (2021) with permission from ASCE.
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experiments only.
3. Shoreface nourishment morphodynamics

We start with a discussion of the morphodynamics of the nourish-
ment body itself. The interaction with the surrounding (pre-existing)
morphodynamics is discussed in Section 3.2, and the processes driving
nourishment morphodynamics in Section 3.3.

3.1. Nourishment body morphodynamics

Shoreface nourishment designs vary widely from one project to the
other. A geometric comparison between Dutch and US shoreface nour-
ishments indicates that dimensions and locations within the nearshore
vary (Table 2), with typical dimensions spanning volumes of 0-1 and
1-2 million m? (for the US and NL cases, respectively) and 300-500 m3/
m, and depths of 5.0-7.5 m (Fig. 3). US projects reported in literature
show a much larger range in placement depths (1.8 to 21 m) compared
to Dutch cases. Notably, US nourishment volumes are generally an order
of magnitude smaller.

A first division in morphodynamic response after implementation
can be made by classifying between active and non-active (stable)
nourishments, indicating whether or not the nourishment body retains
its original volume and placement area or not in the first period after
implementation (Hands and Allison, 1991). There is no established
threshold to delineate between active and stable nourishments. Here we
use a threshold where a nourishment is assessed stable if ~60 % of the
volume is still present in the placement area after approximately two
years.

A first estimate of active and non-active behavior can be obtained
from the depth of the nourishment body with respect to the empirical
inner and outer depth of closure (DoC). Hallermeier (1981) defined the
inner DoC as the seaward limit of the littoral zone with intense bed
activity caused by ‘extreme near-breaking waves and breaker-related
currents’, and the outer DoC as the seaward edge of the shoal zone in
which waves have neither strong nor negligible effects on the sand bed.
This latter was called the depth of transport by Valiente et al. (2019).
The inner DoC, hjnner, can be approximated as

Rinner = 2.28H, — 68.5 (gl_;i) 4

e

where H, is the effective wave height exceeded only 12 h/year at the
placement depth (transformed from the offshore) and T, is the associ-
ated wave period. The outer DoC, hoyter, can be approximated as

g 0.5
5000D50> ®

houter = (ﬁ: - OSUS)Tx(
where H; is the annual mean significant wave height at the placement
depth, T; is the associated wave period, o, is the standard deviation of
the significant wave height, and D5 is the median grain-size of the
nourishment sand.

The DoC analysis to determine nourishment activity of Hands and
Allison (1991) has been extended here to include a total of 21 historical
projects in the USA (McFall et al., 2021), and 19 projects from The
Netherlands (Table 2). The 19 projects from The Netherlands used wave
hindcasts for five years post-project construction and the 17 projects
from the US constructed after 1980 used current WIS (Wave Information
Study) wave hindcasts from 1980 to 2023. The 4 US projects constructed
prior to 1980 were calculated by Hands and Allison (1991) using 20
years of historical WIS hindcasts. The wave characteristics were trans-
formed to the offshore depth threshold of half the linear wavelength and
applied to Egs. (4) and (5). The calculated DoC values were then
normalized by the mean nourishment depth, (hinner — Anour,0) /Rinner and

(Router — Pnour,0) /Router, Tespectively (Fig. 4). Because the empirical
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equations for the inner and outer DoCs are based on different parame-
ters, it is possible for the outer DoC to be calculated as shallower than the
inner DoC, which occurred for 6 of the 40 projects.

Projects placed deeper than the outer DoC were found to be stable
(Fig. 4, bottom half). All the examined nourishment bodies in The
Netherlands were active; the mean nourishment depth ranged from 4.5
m to 8.0 m, and all projects were exposed to similar wave conditions as
shown by the narrow-banded DoC values. On average, in The
Netherlands, 68 % of the initial nourishment volume was found to
remain after three years, and the average erosion rate of nourishment
volume per alongshore length was found to be 34 m3/m/yr (Huisman
et al., 2019). The US projects ranged by an order of magnitude in
nourishment depths (1.8 m to 21.3 m) and DoC values (2.3 m to 76.2 m).

Active shoreface nourishment bodies are reported to migrate onshore
or that their center of mass remains nearly stationary over time, despite
sediment loss from the placement area. A generic approach estimating
this migration is currently lacking, such that cross-shore migration is
often estimated based on experience with previous nourishments or
natural subtidal bar cyclicity at the site (explored in more detail in
Section 3.2.1). Although the vast majority of the scientific literature
reports onshore shoreface nourishment migration, Steijn (2005) and
Bruins (2016) report on a case study at Ameland, the Netherlands where
offshore migration was found. Apart from this single case, there is little
evidence that offshore migration is likely. Alongshore migration was
observed at some sites (e.g. Grunnet and Ruessink, 2005; Lodder and
Sgrensen, 2015; Huisman et al., 2018), see also Section 3.3.2.

Cross-shore migration of the top of the nourishment may result in a
skewing of the cross-shore profile of the nourishment (Pan et al., 2017),
similar to the skewed shape of onshore migrating sandbars (e.g. Elgar
et al., 2001). Both video imagery and repeated bed level measurements
of the nearshore show that nourished sand typically disperses into the
nearshore zone within 4-10 years after its placement (Brand et al.,
2022). For nourishments that migrate, bed level measurements reveal a
flattening and cross-shore widening of the nourishment body, indicative
of the redistribution of sediment (de Sonneville and van der Spek, 2012).
Similarly, the breaker zone over the nourishment, indicative of the
shallower nourished area visible in imagery data, can be seen to widen
and eventually fade over time in video imagery (see e.g. Ojeda et al.,
2008; Ruessink et al., 2012). The lateral end sections of the nourishment
are occasionally observed to move at a different cross-shore migration
speed.

3.2. Impact on nearby morphology

As mentioned above, observations of the cross-shore migration of a
nourishment body and its dispersion suggest a strong relation with local
morphodynamics and the subtidal bar system in particular. Besides
dispersal of the nourished sand, migration of the nourishment body may
lead to its merging with a sandbar or the beach. More generally, nour-
ishments have been observed to affect the natural morphodynamics of
the entire bar-beach-dune system. Below, we give an overview of studies
highlighting such interactions following the (repeated) placement of
shoreface nourishments.

3.2.1. Nearshore sandbars

Nearshore sandbars, both in single- and multiple-bar systems, have
been found to exhibit net offshore migration (NOM) at different open
coast beaches worldwide, where a sandbar is formed near the low-tide
shoreline, migrates in the offshore direction through the surf zone and
eventually disappears as it migrates further offshore from the surfzone
(Ruessink and Kroon, 1994; Shand et al., 1999; Ruessink et al., 2003; de
Sonneville and van der Spek, 2012; Walstra et al., 2012; Cohn et al.,
2014; Aleman et al., 2017). The entire NOM cycle has been found to last
1-15 years, where the water depth above the bar and the angle of wave
incidence have been found to be important factors in the variation in
NOM duration (Walstra et al., 2012). As the bar migrates offshore, the
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of the Dutch coast at Egmond aan Zee, The Netherlands (adapted from Haverkate (2020)). The colors indicate the temporal evolution of different bars. The vertical

dashed lines indicate the timing of shoreface nourishments.

water depth above the bar increases and the bar grows in volume, until it
moves beyond the surf zone, where migration ceases, and the bar vol-
ume decreases. Similar to the dispersal of nourishment bodies, the sand
of such a decaying bar is gradually redistributed into the nearshore over
a period of months to years (Ruessink and Terwindt, 2000), until the bar
disappears.

The placement of shoreface nourishments has been observed to
temporarily seize or slow down the NOM cycle, through stagnation, or

Nourishment

partial reversal, of the offshore migration of one or more sandbars. In
multiple bar systems, the response of each bar to the nourishment may
be different, depending on the placement of the nourishment with
respect to the bar morphology. Shoreface nourishments along the Dutch
coast are generally placed against the seaward flank of outer bars (van
Duin et al., 2004; Ojeda et al., 2008; Ruessink et al., 2012) (Fig. 5, left).
From here, the nourishment either merges with the outer bar, creating a
wider and/or shallower outer bar than would be observed in an
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Fig. 7. Schematic overview of a bar switching example through time (t) induced by the placement of a shoreface nourishment seaward of the outer bar, with (a) the
nourishment halting the outer bar NOM cycle, (b) a forking of the barline and (c) reattachment of the outer barline to the nourishment. x is the cross-shore direction
(positive seaward), y is the alongshore direction. Adapted from Walstra et al. (2015).
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unnourished situation (e.g., Fig. 2), or a trough may develop between
the nourishment and offshore bar (van Duin et al., 2004; de Sonneville
and van der Spek, 2012), in which case the nourishment acts as the new
outermost bar (Fig. 5, left). Contrastingly, the NOURTEC nourishment at
the Dutch barrier island of Terschelling, was placed in the trough
landward of the outermost bar (Fig. 5, right). Here, the outer trough re-
appeared as the nourished sand moved into the next, more landward
trough within the first year after placement (Grunnet and Ruessink,
2005).

Besides the effect on the outer-bar morphology, the placement of a
shoreface nourishment has commonly been observed to temporarily
stagnate the net offshore migration of the outer bar (e.g., Ojeda et al.,
2008; Ruessink et al., 2012). This is typically followed by the stagnation
of the inner-bar net offshore migration (e.g., Grunnet and Ruessink,
2005) or temporary onshore migration of the inner bars (van Duin et al.,
2004). Once the nourishment has merged with the outer bar and is no
longer detectable as a separate morphological entity in the cross-shore
profile, the bars resume their offshore migration. This temporary ar-
rest of the NOM cycle following the placement of single shoreface
nourishment has been observed to last 4 to 7 years, but may last longer
in case of repeated nourishment. The affected NOM behavior becomes
more apparent through comparisons with adjacent unnourished sec-
tions, as done by Haverkate (2020) and Brand et al. (2022) for the coast
at Egmond and Zee, the Netherlands. Time-series of the bar crest posi-
tions indicate the slowing down of the NOM in the nourished section,
especially after the 2004/2005 nourishment (Fig. 6, right). Moreover,
the long-term (=~ 40 years) dataset suggests an increase in the NOM-
cycle duration in adjacent non-nourished sections (blue arrows in
Fig. 6, left) since large-scale nourishment of the Dutch coast started in
1990.

For coasts with a nearly shore-normal or bimodal wave direction net
alongshore bar migration is limited. Here, the morphological impact is
restricted to the alongshore extent of the nourishment body. As a result,
a discrepancy in cross-shore migration develops in alongshore adjacent
areas, where the NOM cycle continues, affecting the alongshore vari-
ability of the bar through bar splitting and switching (Walstra et al.
(2015); Fig. 7). This, together with the eventual merging of the nour-
ishment with a bar, suggests that bar splitting and switching is a
manifestation of nearshore sand redistribution. Such splitting and
switching has also been observed at unnourished beaches (e.g. Shand,
2003), but appear more common at nourished beaches (Vermeer, 2021).
Bar splitting and switching is likely to interact with alongshore sand
transport processes.

For coasts with dominant oblique wave incidence, on the other hand,
nourishment placement may temporarily stagnate the alongshore
migration of the bar system, until the nourished sand is redistributed
into the nearshore and the bar attains its pre-nourishment bar-trough
morphology, after which the alongshore migration returns (Grunnet and
Ruessink, 2005).

Besides impacting cross-shore bar behavior, nourishments have also
been seen to affect the alongshore dimension of bar systems (Ojeda
et al., 2011; Radermacher et al., 2018). Radermacher et al. (2018), for
example, observed that crescentic patterns rarely developed at the
Delfland coast before regular nourishment, but were common once the
same stretch of coast was regularly nourished. Along with the crescentic
patterns, the potential for rip channels to develop changes through time.
Therefore, shoreface nourishments have the potential to affect rip
channel development. Following the NOURTEC shoreface nourishment,
Grunnet and Ruessink (2005) reported that the 3D bar behavior was
enhanced for a period of 2-3 years, because the reduction in water depth
caused an increase in wave dissipation and the formation of circulation
cells. By tracking individual rip channels in the inner bar through time,
Bergsma (2018) concluded that the placement of shoreface (and beach)
nourishments at Egmond aan Zee reduced the alongshore migration
rates and increased the alongshore spacing of rip currents, with respect
to an adjacent stretch of unnourished coast.

Earth-Science Reviews 267 (2025) 105138

® Shoreline
1401 Dunefoot
= Shoreline trend

120+ = Dunefoot trend
E1o0F
o
c °
Il
=80 e ° e
ke ° -
o [] () [} °
o 60 ([ ]
-
I$ ° [
S 40 e cu
v /

20+

0,
1 1 1 1 1
1970 1980 1990 2000 2010 2020
year

Fig. 8. Shoreline and dunefoot locations in the period 1965-2022 including
three shoreface nourishments (vertical dashed lines). Observations from Kat-
wijk aan Zee (The Netherlands). Note that both positions are affected by the
nearby beach-dune nourishment constructed between 2013 and 2015. The
positive cross-shore direction is seawards oriented. Shoreline position is the
average position of the cross-shore position of the bed level between the NAP-1
m and NAP+1 m contour, the dunefoot is the NAP+3 m contour. NAP is the
Dutch datum that is approximately equal to mean sea level.

Above observations illustrate how sand nourishment directly affects
nearshore morphodynamics, but little is known about the implications
of repeated, large-scale nourishment for the morphodynamics of an
entire coastal system. Radermacher et al. (2018) observed that a com-
bination of beach and shoreface nourishments along the Dutch Delfland
coast led to a state switch from an unbarred coast to a barred coast. This
relates to observations from Tatui et al. (2016), where alongshore var-
iations in NOM cycle duration and average beach slope on adjacent sides
of the Danube river mouth (Romania) were found to relate to alongshore
differences in sediment supply. This suggests that the average number of
bars within a cross-shore profile and their NOM cycle may depend on
nearshore slope and sediment supply, in addition to, for example, wave
climate. As such, repeated shoreface nourishments may indirectly affect
the bar system and its NOM cycle through an increased sediment supply
of the entire nearshore system.

3.2.2. Nearshore response

Shoreface nourishments have been shown to be successful in aug-
menting the volume of sand landward of their placement on longer time-
scales. However, there are few field observations that show a direct link
between the deformation of an individual shoreface nourishment and
the concurrent shoreline change in the year(s) after nourishment.
Shoreface nourishments are placed offshore and their effect on the beach
is lagging behind and dampened. Natural variability in shoreline posi-
tions (e.g. through shoreline features such as sand waves or cusps and
storm response) obscure the signal of the nourishment response. This is
illustrated by a recent comparative study concluding that only 1 out of
27 analyzed nearshore berm nourishments resulted in a significant in-
crease of the sub-aerial beach in the years after (Brutsché et al., 2014).
The low efficiency is underlined by van Rijn (2011), stating that the ratio
of initial nourishment volume and sediment increase in the beach zone
(—1 to +3 m above mean sea level) due to an individual nearshore berm
nourishment is about 2 % to 5 % after 3-5 years. Decadal shoreline data
reveals a clearer picture of the shoreline position, where a changing
trend (i.e. an increase in the slope of the linear trend line) can be
observed in data of beaches that are frequently nourished when
compared to the unnourished time periods (e.g. van Koningsveld and
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Mulder, 2004; Lohr, 2024), Fig. 8.

It is postulated that the (shoreline) accretion behind a shoreface
nourishment is related to two different mechanisms: the lee-side and
feeder effect (Fig. 9). The lee-side effect (also known as reef or breaker
bar effect) relates to increased wave dissipation over the nourishment,
which influences both cross-shore and alongshore sediment transport,
resulting in updrift sedimentation and downdrift erosion (Fig. 9, left). As
shoreline signals are often small or absent, a volumetric metric is usually
chosen, such as the sediment volume landward of the nourishment (e.g.
Hoekstra et al., 1996) or the sediment volume within the so-called MKL
zone (cross-shore profile between ~ 3 m above and 5 m below mean sea
level, see e.g. Brand et al., 2022). When observations reveal a volumetric
response in the cross-shore profile near the shoreline that is larger than
the change in the nourishment body, this is seen as a sign of the lee-side
effect (e.g. Hoekstra et al., 1996). The feeder effect refers to the ability of
the nourishment to adjust the cross-shore redistribution of sediment (e.
g. Grunnet et al., 2004) and results in accretion behind the nourishment

10

body (see Section 3.3 for more details).

3.2.3. Dunes

Observations of the increased volume of the dune after the imple-
mentation of a single shoreface nourishment is often troubled by natural
variability and other natural interventions. On decadal scale however,
nourished sections have been observed to gain sediment volume in the
first dunerow (Fig. 10). Furthermore, sections of coast with more
nourishments display larger gains in dune volume, as found by Arens
(2010) in a study examining both beach and shoreface nourishments.
The response of shoreline and increase in sediment in the subtidal zone
may impact the sub-aerial beach and dunes through two mechanisms.
First, an increase in beach width and change in the intertidal zone may
result in an increase in aeolian sediment transport towards the dune,
through the fetch effect and change in sediment supply, respectively (e.
g. Wijnberg et al., 2021). Second, the increase in sediment volume lower
in the profile reduces storm impact on the (embryonic) dunes. These
combined effects can yield a seaward migration of the dunefoot (Fig. 8,
green symbols).

The sediment composition of the nourishment and in particular the
shell content can be of importance for the year to year variations in
sediment transport on the subaerial beach. Observations at beach
nourishments have revealed that sediment transport may be largest in
the first year and reduced in the years thereafter as the beach surface
becomes armored with shell fractions (van der Wal, 2004; Hoonhout and
De Vries, 2017).

Some attempts have been made to directly link the origin of accreted
material at a nourished beach with the added material. Ground-
penetrating radar data in combination with bed level surveys can for
instance be used to establish the origin of sedimentary elements within
the beach-foredune area. Bakker et al. (2012) examined the beach at
Bergen aan Zee, The Netherlands over the period 1990-2008. This site
was heavily nourished, including beach, shoreface and dune face (‘em-
bankments’) nourishments, resulting in a net accretion of approximately
200 m®/m. The accreted foredune and beach consist of nourishment
embankments (20 %), wind-blown units derived from nourished sand
(70 %), and progradational beach deposits (10 %). Bakker et al.
conclude that almost all sand nourished before 2000 has been washed
away, related to the 1999 storm surges. The relative longevity of post-
2000 nourishments was attributed to the combination of the shoreface
nourishments in 2000 and 2005, and favorable meteorological
conditions.
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3.3. Processes driving nourishment morphodynamics

Processes responsible for shoreface nourishment morphodynamics
are similar (to a certain extent) to those driving nearshore bar dynamics.
Over time, the nourished sand becomes part of the natural/bar system as
the nourishment disperses. Shoreface nourishments morphodynamics
are a manifestation of migration of the nourishment body (i.e. advec-
tion) and diffusion of its shape (decay or dispersion of sediments). The
dynamics are determined by the nourishment body itself (height, cross-
shore width and length), the depth at which it is placed, the median
grain-size of the sediment used and the hydrodynamic forcing. The
current section examines the different processes individually. These are
further discussed in Section 5.2.

3.3.1. Hydrodynamic drivers

Waves are the main driver for nourishment dynamics. As waves
propagate from deep water onto beaches, their surface form and orbital
water motion deform from sinusoidal to higher but shorter wave crests
and longer but less deep wave troughs. This is referred to as wave or
orbital velocity skewness (see Ruessink et al., 2012). Further onshore,
waves increasingly pitch forward, with a steep front face and a gentle
rear face; the so-called saw-tooth waves. This is referred to as wave
asymmetry or acceleration (time-derivative of orbital velocity) skewness
(Hoefel and Elgar, 2003). Due to the non-linear relation between sand
transport and orbital velocity/bed shear stress both wave skewness and
asymmetry generally promote net sand transport in the direction of
wave advance (onshore), see van der A et al. (2013). This is thought to
contribute to the previously mentioned feeder effect (Section 3.2.2).

These short waves (2—25 s) induce long, infragravity (IG) waves
(25—250 s) due to wave groupiness and associated radiation stress
gradients (bound long waves). IG waves may also be generated by a
time-varying break point in case of irregular waves (Bertin et al., 2018).
In the shoaling and surfzone the IG wave amplitudes are small compared
to short waves. The phase difference between the IG waves and the short
wave envelope can result in net cross-shore sediment transport. An out-
of-phase coupling is typically seen seaward of the breakpoint leading to
a small net transport in the offshore direction (Ruessink et al., 1998;
Aagaard and Greenwood, 2008). Further landward, the phase relation is
more complicated (de Bakker et al., 2016).

Short waves also drive wave-averaged currents. Outside the surf zone
(non-breaking waves), these are generally small (Ruessink et al., 1998).
There is typically a near-bed offshore-directed current to compensate for
the onshore-directed mass flux higher up the water column (Stokes drift)
(Reniers et al., 2004). In the wave bottom boundary layer, very close to
the bed (< 0.05 m), there is generally a small onshore-directed current;
the Longuet-Higgins (1953) wave streaming. For breaking waves there is
a relatively strong seaward wave-averaged current near the seabed
(undertow) due to radiation stress gradients (van der Werf et al., 2017).
Wave breaking also injects turbulence into the water column which
enhances mixing of momentum and sediment, especially in the case of
plunging breakers (Aagaard and Jensen, 2013). This leads to relatively
large offshore-directed net sand transport in the vicinity of the
breakpoint.

The presence of a shoreface nourishment can lead to horizontal cir-
culations with an onshore current at the middle section of the nourish-
ment that feeds offshore currents at the lateral sides (van Duin et al.,
2004; Huisman et al., 2019), see Fig. 9, right panel. Analogous to the
generation of rip currents, wave breaking is relatively stronger on top of
the nourishment, compared to the deeper sections directly next to it.
This results in more set-up, and the water level gradients drive the
horizontal circulation. Nourishments with shorter alongshore length
typically experience higher losses (Huisman et al., 2019), which has
been attributed to a larger relative importance of the lateral end sections
and the horizontal flow circulation patterns.

Tidal and wind-driven currents are generally of second-order
importance (Grunnet et al., 2004; Chen and Dodd, 2019). There are
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indications that the vertical tide results in more onshore migration and
skewing of shoreface nourishments, as the waves during low tide situ-
ation have a larger impact than during high tide (Chen and Dodd, 2019).

3.3.2. Cross-shore and alongshore processes

The majority of the volume losses in the placement area are in most
cases attributed to cross-shore transport (e.g. Huisman et al., 2019; Bain
et al., 2021). The dominant importance of cross-shore processes is
analogous to breaker bar dynamics (Ruessink and Kuriyama, 2008). It is
enhanced for shoreface nourishments with an alongshore extent much
larger than the cross-shore extent, which is typically the case in The
Netherlands (Brand et al., 2022).

Alongshore effects include the generation of an alongshore current
and sand transport in the surf zone in case of obliquely-incident waves.
These are likely enhanced by the presence of a shoreface nourishment
(decreased water depth), leading to alongshore transport gradients
providing a mechanism for alongshore nourishment migration. Rela-
tively speaking, shorter nourishments experience a larger impact of the
alongshore transport, which mainly acts at the lateral ends (Huisman
et al., 2019). At locations where alongshore migration or alongshore
variability in the nourishment body is observed, asymmetry of tidal
flows (e.g. due to a nearby inlet) or unidirectional waves (e.g. due to
blocking of waves due to structures or an ebb tidal delta) and associated
large alongshore sand transport are hypothesized to play a role (Lodder
and Sgrensen, 2015; Bruins, 2016; Dan et al., 2019).

Next to the angle of wave incidence, the relative importance of cross-
shore and alongshore sand transport processes is largely controlled by
the placement depth. In relatively shallow water, onshore from the
breaker bar (inner surfzone), alongshore currents and sediment trans-
port are relatively large and nourishments decay fast (Johnson and
Smith, 2012; Bryant and McFall, 2016; Huisman et al., 2019; Bain et al.,
2021).

According to Walstra et al. (2012), the breaker bar amplitude
response is particularly sensitive to the water depth above the bar crest
and the angle of wave incidence. These variables largely control the
amount of waves breaking on the bar and the strength and cross-shore
distribution of the associated alongshore current. If the alongshore
current has its maximum landward of the bar crest, it induces additional
stirring of sediment on the landward bar slope and trough. The enhanced
sediment concentration in the trough region shifts the cross-shore
transport peak landward of the bar crest, forcing bar amplitude
growth during offshore migration. For increased water depth above the
crest, wave breaking becomes less frequent, reducing the influence of
the alongshore current on sediment stirring. Therefore, the resulting
dominance of the cross-shore current results in a sediment transport
peak at, or just seaward of, the bar crest causing bar amplitude decay. It
is likely that a shoreface nourishment is affected in a similar fashion by
the water depth and wave angle, although this has not been confirmed in
the literature.

The lee-side effect relates to increased wave dissipation over the
nourishment, which influences both cross-shore and alongshore sedi-
ment transport. The smaller waves near the shoreline generate less
stirring of the sediment and a decrease of the wave-induced return flow,
reducing offshore-directed transport. An extreme example is the wave
dissipation and beach erosion reduction due to a 14.3 million m° near-
shore mound at Haeundae Beach, Korea during the 2016 Typhoon
Chaba (wave heights up to 13 m) (Park et al., 2018). Alongshore cur-
rents are also reduced by the calmer wave climate behind the shoreface
nourishment area, as a result of which alongshore transport decreases,
resulting in updrift sedimentation and downdrift erosion (see van Duin
et al., 2004; Pinto et al., 2022). The feeder effect refers to the ability of
the nourishment in supplying its nourished sediment directly to the
beach by the cross-shore redistribution of the sediment due to non-linear
wave effects and horizontal circulations (see also Section 3.3).

Larsen et al. (2023) concluded that sand placed on the offshore side
of the bar or on the bar crest is more efficient in protecting the shoreline
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than a bar trough nourishment. The bar nourishment caused waves to
break earlier compared to the trough nourishments, and at the same
time probably resulted in reduced undertow strength in the inner surf
zone. This conclusion should not be generalized, as the nourishment
only acted as a sheltering mechanism, i.e. there was no significant feeder
effect. It is noted that this conclusion of Larsen et al. (2023) is based on
relatively small-scale cross-shore only laboratory experiments (see
Table 1).

The lee-side effect has mostly been attributed to nourishments placed
at larger depth for which the nourishment body itself is active during
storm conditions only (e.g. Zwamborn et al., 1970). The feeder function
is hypothesized to fit shallower placed nourishments (e.g. Onnink, 2020;
Mendes et al., 2021). The feeder effect of a nourishment may take place
in different ways from a morphodynamic point of view; from a gradual
(small flux) onshore movement of grains (Jackson and Corbett, 2023) to
the migration of the entire nourishment crest in the direction of the wave
propagation similar to SPAW bar features. SPAW, Shoreward Propa-
gating Accretionary Wave, is a bar-like feature shed from the nearshore
bar that travels onshore as an intact form (Wijnberg and Holman, 2007).

3.3.3. Process controlling migration and dispersion of the nourishment body

Both laboratory and field studies have made attempts to link pro-
cesses and design elements (e.g. nourishment position and crest level) to
migration and dispersion rates. Although a generic relationship has not
been presented yet, the different studies reveal an important connection
between migration and dispersion of the nourished sands and the
aforementioned processes.

The net offshore bar migration on the time-scale of years (NOM) is
the result of gradual onshore movement during calm periods and an
episodic strong offshore movement during storms (see e.g. van Enck-
evort and Ruessink, 2003; Walstra, 2016). This is mainly attributed to
the dominant onshore wave-related transport during calm conditions,
and offshore-directed transport during storms, related to wave breaking
and undertow. This balance between onshore- and offshore-directed
transport components is subtle as a result of which shoreface nourish-
ment bodies are observed to migrate or remain nearly stationary over
time (see also Section 3.1). The data (e.g. Ojeda et al., 2008) and model
(e.g. van Duin et al., 2004; Huisman et al., 2019) studies that focused on
shoreface nourishments placed seaward from the outer bar generally
indicate a net onshore shoreface nourishment migration, due to the
dominant effect of wave skewness and cell-circulation patterns. Huis-
man et al. (2019) found that the onshore feeding from shoreface nour-
ishments especially occurred during storm conditions (Hyy > 3 m). This
could be linked to wave breaking needed to generate the horizontal
circulation cells with onshore-directed currents at the nourishments.
According to the modeling study of Chen and Dodd (2021) the onshore-
directed wave streaming contributes significantly to net sand transport
under non-breaking waves, contributing to onshore nourishment
migration.

Eventually, in case of high(er) waves and/or fine sand, undertow is
postulated to dominate the sediment transport direction causing the
nourishment to migrate offshore (Larson and Kraus, 1992). The field
experiments of Larson and Kraus (1992) suggest that for conditions with
the Dean number (Eq. 1) larger than 7.2, undertow dominates the
sediment transport direction causing the sediment to migrate offshore.
Otherwise, for lower Dean numbers, wave skewness and cell-circulation
patterns are proposed to dominate the hydrodynamics, resulting in
onshore migration (Larson and Kraus, 1992). To validate the study, the
criteria were tested for a nearshore berm at Silver Strand, California
where it successfully predicted the onshore migration behavior of the
nearshore berm (Larson and Kraus, 1992). Nowadays, this simple
methodology based on Dean number is commonly used when designing
a nearshore berm to estimate the cross-shore transport direction of
grain-size fractions for poorly sorted sediment placed in the nearshore
(Brutsché et al., 2019a).

The laboratory findings of Jacobsen and Fredsge (2014) show that
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nourished sediment placed in the trough of a breaker bar increases
offshore transport because of strong local erosion in the nourished
sediment. Nourishing directly on the seaward side of the breaker bar
yields a smaller loss of sediment to offshore relative to the reference
profile. Furthermore, they concluded that a high and narrow nourish-
ment placement seaward from the breaker bar protects the pre-
nourished profile more than a wide and low nourishment.

Bed slope effects are partly responsible for the horizontal diffusion of
shoreface nourishment. These are generally more important when the
nourishment deforms analogous to a breaker bar with a relatively steep
onshore slope (van der Zanden et al., 2017). Also the natural tendency to
restore the equilibrium bed profile perturbed by nourishments leads to
nourishment diffusion (van Leeuwen et al., 2007; Larson and Hanson,
2015; Chen and Dodd, 2019; Bain et al., 2021).

Deeper placed nourishments are primarily diffusive with limited
migration (van Leeuwen et al., 2007; Smith et al., 2017a, 2017b; Chen
and Dodd, 2019). According to van Leeuwen et al. (2007) nourishments
with a larger alongshore scale (of the order of 1 km) decay much more
slowly than shorter scale nourishments (of the order of 100 m). Ac-
cording to Chen and Dodd (2019) diffusion/migration is more promi-
nent for higher/lower wave heights and shorter/longer wave periods.
Alongshore migration of the nourishment body has been found to
depend strongly on the variation in angle of wave incidence (Grunnet
and Ruessink, 2005). For example, along the Holland section of the
Dutch coast where the wave climate is bi-directional, alongshore
migration is found to be limited, whereas at other sections where waves
dominantly approach the coast under an angle, an alongshore migration
of the nourishment body was observed.

3.3.4. Grain-size effect

Typically, sediment is used for nourishments that matches with the
native sediment, but this is not always the case (e.g. at Terschelling and
Noordwijk coarser sand was used, Guillen and Hoekstra, 1996; Ojeda
et al., 2008). In the US, many states allow sediment with more fine
material to be placed in the nearshore than is allowed to be placed on the
sub-aerial beach (American Shore and Beach Preservation Associate and
Coastal States Organization, 2023).

The grain-size distribution plays an important role in deeper water
outside the active zone, where finer fractions are much more easily
mobilized and suspended (Huisman et al., 2018). In more shallow water,
grain-size mainly affects suspended load transport; bedload is only
weakly dependent (van Rijn, 2007). Finer grains favor more suspended
load, as a result of which the total net transport is modified.

According to Guillén and Hoekstra (1996), the nourished bar trough
re-appeared and the grain-size distribution across the profile was nearly
the same as the original one after six months. The average grain-size in
the nourished area returned from 0.20 mm to its pre-nourishment value
of 0.17 mm. The fact that the disturbance of the initial sediment
composition was small is likely to have affected the recovery.

4. Numerical modeling

In this section, an overview is provided of the numerical modeling
studies of shoreface nourishments focusing on 1) their aims, 2) the
environmental conditions that were investigated, and 3) the approaches.
This includes a description of how well the models were able to repro-
duce measured shoreface nourishment morphodynamics. An overview
of the 15 modeling studies of the last 20 years we have identified is
provided in Tables 3 and 4.

4.1. Aims of the studies

Initially, the modeling studies aimed to hindcast observed morpho-
dynamic behavior (van Duin et al., 2004; Grunnet et al., 2004). A precise
prediction of the spreading of nourished sand would help in the
decision-making process. In practice, however, these simulations could
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Table 3
Overview of the environmental conditions in shoreface nourishment modeling studies. The light gray shading indicates that the characteristic listed in column 1 is
applicable.
Characteristic V04 GO04 GO5 V07 Ji4 Li5 P18 C19 H19 B21 C21 J21 L21/L22 C22 K24
Domain

cross-shore profile
coastal area

Bathymetry
realistic
idealized

Nourishment depth

outside active zone

seaward from bar crest

bar crest

bar trough

elsewhere in active zone/no bars

Nourished sediment
fine (< 0.20 mm)
medium (0.20-0.50 mm)

Forcing

tide

wind

moderate waves (Hg < 3 m)
energetic waves (Hgp > 3 m)

VO04: van Duin et al. (2004), G04: Grunnet et al. (2004), GO5: Grunnet and Ruessink (2005), VO7: van Leeuwen et al. (2007), J14: Jacobsen and Fredsge (2014), L15:
Larson and Hanson (2015), P18: Park et al. (2018), C19: Chen and Dodd (2019), H19: Huisman et al. (2019), B21: Bain et al. (2021), C21: Chen and Dodd (2021),
J21: Johnson et al. (2021), L21/L22: Li et al. (2021, 2022), C22: Chen et al. (2022), K24: Kettler et al. (2024).

Table 4

Overview of the modeling approaches in shoreface nourishment modeling studies. MA = modeling approach: 1 = practical model, 2 = behavior-oriented model, 3 =
simplified cross-shore model, 4 = wave-averaged SWE model, 5 = intra-wave CFD model. Ref = reference, SD = spatial dimensions, 1DH = one-dimensional horizontal
(cross-shore), 2DH = two-dimensional horizontal (cross- and alongshore), 2DV = two-dimensional vertical (depth-resolving cross-shore). SWE = shallow water
equations, RANS = Reynolds-averaged numerical simulations, VoF = Volume of Fluids, AD = advection-diffusion model for suspended sand, MC = morphodynamic

coupling, QV = quantitative validation, Y = yes, N = no.

Ref MA SD Hydrodynamics Sediment transport MC Qv
Vo4 3 2DV wave energy balance + quasi-3D current model based on horizontal momentum balance AD + bedload formula Y Y
4 2DH wave action balance + wave-averaged SWE AD + bedload formula Y Y
G04 4 2DH/3D wave action balance + wave-averaged SWE AD + bedload formula Y Y
GO05 3 2DV wave energy balance + quasi-3D current model based on horizontal momentum balance AD + bedload formula N N
Vo7 4 2DH wave energy balance + wave-averaged SWE total load formula N N
J14 5 2DV wave-resolving RANS-VoF AD + bedload formula Y N
L15 2 1DH not resolved not resolved Y Y
P18 5 2DH wave-resolving RANS AD + bedload formula Y Y
C19 3 1DH wave energy balance -+ analytical current formulations analytical formulations N N
H19 4 2DH wave action balance + infragravity wave-resolving SWE AD accounting for bedload N Y
B21 1 2DH simple wave formula; currents not computed total load formulas N Y
Cc21 3 1DH wave energy balance + quasi-2DV current model based on horizontal momentum balance analytical formulations Y Y
J21 4 2DH wave energy balance + wave-averaged SWE suspended load formula Y N
121/122 3 2DV wave energy balance 4+ wave-averaged SWE AD + bedload formula Y Y
c22 4 1DH wave action balance + infragravity wave-resolving SWE AD accounting for bedload Y N
K24 2 1DH not resolved not resolved Y Y

V04: van Duin et al. (2004), G04: Grunnet et al. (2004), GO5: Grunnet and Ruessink (2005), VO7: van Leeuwen et al. (2007), J14: Jacobsen and Fredsge (2014), L15:
Larson and Hanson (2015), P18: Park et al. (2018), C19: Chen and Dodd (2019), H19: Huisman et al. (2019), B21: Bain et al. (2021), C21: Chen and Dodd (2021), J21:
Johnson et al. (2021), L21/L22: Li et al. (2021, 2022), C22: Chen et al. (2022), K24: Kettler et al. (2024).

not confidently resolve the predominantly cross-shore morphological
changes of shoreface nourishments. For that reason the model aims were
adjusted and the focus was shifted towards obtaining understanding of
the relative importance of transport processes and environmental con-
ditions for the observed morphological changes (e.g. Grunnet and
Ruessink, 2005; Huisman et al., 2019).

Later, CFD (Computational Fluid Dynamics) models were applied to
carry out simulations that cover a few hours of morphological change on
cross-shore profiles (Jacobsen and Fredsge, 2014), or - using a less
advanced model - a 1 day storm event for a coastal stretch of about 2 km
(Park et al., 2018). The models did provide more insight into the relative
importance of some processes, although static bathymetries were also
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used rather than dynamically hindcasting the nourishment morphody-
namics to keep computation times within practical limits.

Instead, other studies made the situation less complex by means of
exploring the morphological changes of cross-shore profiles with ideal-
ized analytical formulations (Chen and Dodd, 2019), which then focused
on obtaining understanding of the initial response of nourishments and
its relation to geometrical and hydrodynamic conditions. Design rules
were derived by Larson and Hanson (2015) using a theoretical/analyt-
ical approach for specific situations with rather diffusive morphological
changes of nourishments under non-breaking wave conditions, so
effectively providing answers for very specific subsets of situations. A
different approach was chosen by Bain et al. (2021) who separately
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compute alongshore and cross-shore sand transport to estimate nour-
ishment decay rates. Kettler et al. (2024) presented a behavior-oriented
model aimed to evaluate nourishment strategies by simulating the
decadal-scale response of coastal volume, shoreline position and beach
width to repetitive nourishments.

4.2. Environmental conditions

The modeled conditions differ in terms of domain, bathymetry,
depth of placement, sediment of the nourishment and hydrodynamic
conditions (waves, tide and wind), see Table 3.

Some studies modeled the nourishment on a cross-shore profile,
assuming alongshore uniformity, while other studies modeled coastal
areas including the alongshore dimension as well. Note that van Duin
et al. (2004) applied both methods. Most studies used bathymetric
measurements including shoreface nourishments, which provides the
advantage that results can be compared with the actual observed coastal
area/profile changes. A few studies have idealized the profile shape to
reduce the complexity. van Leeuwen et al. (2007) and Chen and Dodd
(2019) used a linearly sloping beach with a super-imposed nourishment,
whereas Johnson et al. (2021) used a more natural curved profile shape.
Kettler et al. (2024) initialized their model with a multi-year average
measured profile obtained from the JARKUS dataset. There were no
breaker bars present in the studies by van Leeuwen et al. (2007), Park
et al. (2018), Chen and Dodd (2019), Johnson et al. (2021) and Kettler
et al. (2024).

The studies modeled nourishments in deep water, outside the active
zone (i.e. offshore from the inner DoC) as well as in the active zone at
various locations relative to the bar crest. Some used reconstructed or
measured wave time-series (e.g. as in Johnson et al., 2021), and others a
wave climate that is representative for the morphological changes (e.g.
as in van Duin et al., 2004). Tide and wind were also accounted for in
some studies, either as forcing (e.g. Grunnet et al., 2004) or through a
parameterized sediment exchange term with the dune area (Kettler
et al., 2024).

A median sediment grain size of 0.2 — 0.3 mm was taken in most of
the model simulations, which resembles actual nourishments in The
Netherlands (see Table 2). In the US the used sediment can, however,
also be fine sand (~0.15 mm) or coarser sand (~0.40 mm), which is
discussed in Bain et al. (2021).

4.3. Modeling approaches

Table 4 presents an overview of modeling approach in shoreface
nourishment modeling studies. We distinguish between five categories:

1. Practical models in which nourishments decay rates are inferred
from sand transport rates computed with relatively simple sand
transport formulations (Bain et al., 2021).

2. Behavior-oriented models to optimally simulate the cross-shore
morphodynamics without resolving the underlying physics (Larson
and Hanson, 2015; Kettler et al., 2024).

3. Cross-shore models with relatively simple wave and current solvers
and sand transport formulations (van Duin et al., 2004; Grunnet and
Ruessink, 2005; Chen and Dodd, 2019, 2021; Li et al., 2021, 2022).

4. Wave-averaged SWE models. These are based on a wave solver
coupled to the (hydrostatic) shallow water equations (SWE), applied
to a cross-shore beach profile (1DH) or a coastal area, usually in a
depth-averaged way (2DH). Sand transport is computed by solving
the advection-diffusion (AD) equation (van Duin et al., 2004;
Grunnet et al., 2004; Huisman et al., 2019; Chen et al., 2022), sup-
plemented with an empirical bedload formula. The idealized models
adopt more simple, semi-empirical transport formulations (van
Leeuwen et al., 2007; Johnson et al., 2021).

5. Intra-wave non-hydrostatic CFD models (Jacobsen and Fredsge,
2014; Park et al., 2018). These solve the Reynolds-averaged Navier-
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Stokes (RANS) equations for the hydrodynamics and AD for sus-
pended sand. Similar to the other approaches, bedload follows from
an empirical formula.

It is noted that the vertical dimension is only resolved in 5 out of the 15
model studies, and that a significant amount of studies (8) only
considered the cross-shore dimension.

4.3.1. Practical models

In the modeling approach of Bain et al. (2021) the alongshore and
cross-shore net sand transport are computed separately using empirical
formulas, based on offshore hindcast wave characteristics transformed
to the nearshore. The alongshore and cross-shore transport rates are
then superimposed to generate a total transport rate for the nourishment
footprint. It is assumed that the nourishment acts exclusively as a sedi-
ment source, so zero sediment is added to the control volume at the
upcurrent boundaries. These estimates of the nourishment decay rates
were compared to data from 11 US field sites covering a wide range of
conditions. The mean relative error was 72 %, and 45 % of the cases
were predicted within a factor of 2 difference.

4.3.2. Behavior-oriented models

Larson and Hanson (2015) provided a cross-shore profile model with
a relatively simple bedload transport formula in which transport direc-
tion depends on the deviation from the equilibrium bed slope. It was
assumed that the nourishment is a disturbance of the equilibrium pro-
file. The 1D Exner equation for morphological evolution was solved
analytically and numerically including an empirically-fitted diffusion
coefficient. The model agreed reasonably well with measured trends in
bed levels at four shoreface nourishment sites, although the infilling of
the adjacent, landward trough was overpredicted. The model only ac-
counts for nourishment diffusion (no migration), which is a reasonable
assumption in deep water (see Section 3.3.3). This bedload-only model
is useful for a first estimation of time-scales of nourishments (with
lengths much greater than their widths) placed in deep water with non-
breaking waves.

Following the same principle, Kettler et al. (2024) developed the
diffusion-type model named Crocodile (Cross-shore Coastal Diffusion
Long-term Evolution model), building on the work of Stive et al. (1991).
The model accounts for many processes including SLR and sediment
exchange with the dunes. Crocodile showed a good reproduction of
decadal trends in coastal volumes (overestimation of 10 %) and beach
width (underestimation of 15 %) at Monster, Katwijk and Egmond, The
Netherlands in response to different nourishment strategies. As the
model is stationary forced, the model's outcomes represent the ‘clima-
tology’ of the simulated coast and provide the anticipated ‘annual
average’ value for a given coastal indicator at a particular time. The
model cannot compute specific details of the cross-shore profile shape
on short timescales. It includes a large number (14) of free parameters
that need to be based on observations, numerical modeling and/or
expert judgment. Furthermore, the equilibrium cross-shore profile needs
to be known. This means that the model might be overfitted and is not
universally applicable.

4.3.3. Cross-shore models with relatively simple solvers and formulations

Cross-shore models assume alongshore uniformity and do not
include horizontal residual circulations. Unibest-TC is a relatively sim-
ple and computationally fast cross-shore model. The vertical distribu-
tions of the mean currents and suspended sand concentrations are
computed locally and semi-empirically. It has been applied to shoreface
nourishments by van Duin et al. (2004) and Grunnet and Ruessink
(2005). The model of van Duin et al. (2004) was able to reproduce the
outer bar detachment from the nourishment and, to some extent, the
shoreward bar movement. However, the model overpredicted the sedi-
ment volumes in the inner surf zone.

Chen and Dodd (2019) developed a cross-shore profile model that
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accounts for sand transport due to wave skewness, asymmetry, under-
tow and bed slope effects in a schematized manner. This was done in a
more parametrized way than the Unibest-TC approach, as the vertical
structures of mean currents and suspended sand concentrations were not
resolved. However, unlike Unibest-TC, the model by Chen and Dodd
includes net sand transport related to wave asymmetry (acceleration-
skewness). The model describes nourishments as a perturbation on the
equilibrium profile, similar to Larson and Hanson (2015), in which only
bed slope effects contribute to nourishment diffusion. It was not shown
whether the no-nourishment case was indeed in equilibrium according
to the model; the computed transport rates suggest that this was not the
case.

The model was extended to include Longuet-Higgins boundary layer
streaming and depth-varying mean return flow, and to arbitrary wave
incidence angles in the follow-up study by Chen and Dodd (2021). The
model was applied to the Terschelling 1993 nourishment in the bar
trough (see Table 2). Recorded wave and tide signals were used to drive
the model to simulate six months of the initial nourishment evolution.
The observed overall migration rate was well described by the model.
The details of the profile evolution showed a moderately good repro-
duction of those observed (Brier Skill Score = 0.52).

Li et al. (2021) reproduced the onshore nourishment migration
measured in a small-scale lab experiment (see Table 1) with the CROSPE
model. However, in a later study the model failed to reproduce the
onshore migration for more energetic wave conditions (Li et al., 2022).

4.3.4. Wave-averaged SWE models

van Leeuwen et al. (2007) investigated the morphological evolution
of a shoreface nourishment by interpreting the nourishment as a linear
perturbation of the natural system. The idealized model is restricted to
normal wave incidence, alongshore periodic nourishments placed at
4-8 m water depths on an alongshore uniform, plane beach. Most sim-
ulations were forced with energetic wave conditions (significant wave
height of 3 m that only occur about 2 days per year in The Netherlands),
which means that the nourishment decay is overestimated.

van Duin et al. (2004) and Grunnet et al. (2004) developed 2DH and
3D schematizations of shoreface nourishments using the Delft3D soft-
ware (Lesser et al., 2004). The separation of the shoreface nourishment
from the outer bar and the shoreward migration of the bars was not well
captured, although the model did capture some of the sedimentation
directly shoreward from the nourishments (van Duin et al., 2004). The
beach morphology in general, and the breaker bars in particular, were
flattened unrealistically according to the model by Grunnet et al. (2004).
The models did have skill in predicting volume changes integrated over
larger spatial scales. The 3D model did not perform much better than the
2DH model.

Huisman et al. (2019) modeled nourishments using XBeach
(Roelvink et al., 2009), which (unlike Delft3D or Unibest-TC) resolves
the long, infragravity waves explicitly in a depth-averaged modeling
framework. Huisman et al. (2019) presented an efficient modeling
approach using a look-up table filled with computed initial ero-
sion-sedimentation rates for a range of potential environmental condi-
tions at a single post-construction bathymetry. A data-model
comparison showed that this approach can be used to accurately assess
the erosion rates of shoreface nourishments at 19 NL sites (Table 2) in
the first 3 years after construction.

Johnson et al. (2021) carried out numerical experiments utilizing the
Coastal Modeling System. The idealized nourishments were placed in
depths between 3 m and 7 m with a volume of approximately 100,000
m? and between 400 m and 1000 m in alongshore length on idealized
cross-shore profile without breaker bars. The model not only showed
dissipative shoreface nourishment behavior, but also some onshore
migration, which is an improvement compared to the work by van Duin
et al. (2004) and Grunnet et al. (2004). The model qualitatively repro-
duced the deflation of the 2015 nearshore berm at Vilano Beach
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(Table 2).

Chen et al. (2022) used a XBeach profile model (1DH) of a so-called
“green nourishment”, considering a case with a nourishments with sea
grass on top of it. The considered nourishment is rather high-up in the
profile and on top of the bar. This is the zone where alongshore wave-
driven currents act, but this was not captured by the cross-shore pro-
file approach. The model showed sensitivity of the computed morpho-
dynamic evolution to the presence of the nourishment and sea grass; no
validation with field or experimental data was carried out.

4.3.5. Intra-wave non-hydrostatic CFD models

Jacobsen and Fredsge (2014) modeled shoreface nourishment dy-
namics using a fully-coupled intra-wave 2DV morphodynamic model,
implemented in OpenFOAM. The hydrodynamics were described by the
RANS equations with a k- turbulence model and the Volume of Fluid
(VoF) approach for discriminating between air and water. Sediment
transport was computed by solving the advection diffusion equation for
suspended load, augmented by a bedload formula. A net current over the
cross-shore profile was introduced in some simulations to mimic the
modifications that occur to the velocity field close to the bed when either
a vertical re-circulation is enforced by the wind or there is a system of rip
channels. Wave forcing was regular. The morphological development
over 480 s took several weeks computation time.

Park et al. (2018) modeled the impact of a typhoon on a nearshore
mound using a wave-resolving 2DH XBeach non-hydrostatic model. The
morphological development over 12 h took 30 h computation time.

5. Discussion
5.1. Field observations and laboratory experiments

Field observations have provided important insights in the
morphological development of shoreface nourishments and the sur-
rounding nearshore morphology. Observational studies are mostly
based on bed level observations. Next to increasing our understanding of
nourished coastal beaches, these observations are essential for cali-
brating and testing prediction tools. However, it can be difficult to
interpret the nourishments response due to natural variability and
concurring other human interventions. Furthermore, the conditions are
not controlled, making it even harder to identify and quantify the
physical ~mechanisms that drive shoreface nourishments
morphodynamics.

More recently, these field data have been complemented by labora-
tory experiments. These offer the opportunity to examine effects of
changing forcing and topography in an isolated manner, and bed levels
and sand transport processes can be measured relatively accurately. We
have identified 13 shoreface nourishment laboratory data sets (Table 1).
The sediment used is generally too coarse in these Froude-scaled ex-
periments with relatively small wave heights and periods. As a result,
the sand transport processes and morphodynamics in model scale are
different from the field. Furthermore, most laboratory experiments focus
on bed levels. There is limited data of the underlying sand transport
processes, especially at the intra-wave scale. Such data is required to
understand and parameterize detailed sand transport processes, and to
validate phase-resolving numerical models.

5.2. Shoreface nourishment morphodynamics

A first estimate of shoreface nourishment morphodynamics can be
obtained from the depth of the nourishment body with respect to the
empirical inner and outer depth of closure (DoC) of Hallermeier (1981).
Data from 40 field sites (Table 2) generally confirm that nourishments
are stable if hyour > Router, and active if hyour < Router (Fig. 11). Herein, a
nourishment was assessed stable if ~ 60 % of the volume was still pre-
sent in the placement area after approximately two years. The choice for
this stability criterion is somewhat arbitrary, which will mainly affect
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Fig. 11. Conceptual model of the cross-shore shoreface nourishment morphodynamics. A nourishment body is stable, mainly dispersive or displays both migration
and dispersion, depending on the placement depth relative to the inner and outer depth of closure. Main drivers for cross-shore migration are breaking-induced
sediment suspension and offshore-directed undertow, and onshore-directed transport related to wave skewness and horizontal circulation. The Dean number, Qp,
is an indicator for the relative importance of these competing transport mechanisms.

the classification of nourishments placed near hgyr. Furthermore, the
nourishment data base was biased with only 5 stable nourishments out
of 40 cases. It also “only” includes data from NL/US project sites. It is
recommended to extend this analysis with different kind of cases.
Shoreface nourishments morphodynamics are a manifestation of
advection (migration) and dispersion (decay). The dynamics are deter-
mined by the nourishment geometry (height, cross-shore width and
length), the depth at which it is placed, the median grain-size of the
sediment used and the hydrodynamic forcing conditions. We hypothe-
size that the relative importance of migration and dispersion is mainly

5 T

determined by the placement depth compared to the inner DoC.
Dispersion of the nourished sand is estimated to be dominant for hyyr >
hinner and migration for hpoyr < hinner (Fig. 11).

These DoC calculations were derived based on data from unnour-
ished coasts, but later proved to be applicable to nourished beaches too
(e.g. Marsh et al., 1998). The equations only consider wave character-
istics ignoring (alongshore) currents, which can be dominant, particu-
larly near tidal inlets. Sediment characteristics are included only in the
outer DoC definition.

Migration of active nourishment is mostly in the cross-shore
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Fig. 12. Top panel: initial and nourished cross-shore profile representative for the Egmond coast, The Netherlands, as well as an imaginary developed profile. Bottom
panel: net cross-shore transport (dimensionless) derived from integration of the mass balance equation from the nourished and developed bed profiles. The vertical
dashed lines indicate the initial nourishment contours. The figure illustrates that a significant portion of nourished sand can be transported in the onshore direction,

despite an offshore migration of the nourishment body.
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direction. The alongshore migration is generally limited, except when
waves have a dominant oblique angle of incidence, tidal currents are
relatively strong (e.g. near a tidal inlet), and/or the wave climate is
calmer (e.g. due to coastal structures). The relative importance of
alongshore migration also depends on the nourishment location relative
to the location of the (outer) breaker bar. Nourishments placed onshore
from the breaker bar (inner surfzone) experience relatively stronger
wave-driven alongshore currents and, consequently, alongshore migra-
tion than nourishments placed offshore from the breaker bar (outer
surfzone). The latter is (more) common coastal management practice,
hence there is a bias towards observations of cross-shore nourishment
behavior. A complicating factor is that often alongshore migration is
obtained by calculating displacement of the alongshore centre of gravity
of the nourishment body. Using this metric, lateral variations in cross-
shore redistribution (e.g. stronger erosion at one of the end sections)
may falsely suggest alongshore migration of the nourishment body as a
whole. Evidence for relationships between alongshore migration and
tidal conditions, wave climate and nourishment location is based on a
limited number of cases, which calls for further research.

We hypothesize that the Dean number, defined as the wave height
divided by the fall velocity times the wave period (Eq. 1), can be used as
a first estimate of the preferential cross-shore migration direction. For
high Dean numbers wave-breaking and offshore-directed undertow is
postulated to dominate sand transport causing nourishments to migrate
offshore. Otherwise, for lower Dean numbers, wave skewness and cell-
circulation patterns are proposed to dominate the hydrodynamics,
resulting in onshore migration. Larson and Kraus (1992) proposed a
threshold value of 7.2 for cross-shore bar migration. It is yet to be
studied how universal this value is. Furthermore, this relatively simple
cross-shore balance does not explicitly account for the fact that in the
field the undertow is likely to be weaker, since the onshore-directed
mass flux can also partly move in the alongshore direction (Fig. 9).

To include the beach slope effect on net sand transport, and hence
migration direction, one can consider to use the slope-corrected version
of the Dean's parameter developed by Hattori and Kawamata (1980).
This correction improved the correlation with the direction and
magnitude of surfzone sediment transport as measured by Dionisio
Antonio et al. (2023). Furthermore, we expect a dependency of nour-
ishment migration rate and possibly direction on how far the initial
beach profile is out of equilibrium (Eichentopf et al., 2019; Larsen et al.,
2023).

It is important to note that an off—/onshore migration of the nour-
ishment body does not imply that all nourished sediment is transported
in the off—/onshore migration. This is illustrated in Fig. 12. In this
imaginary case, inspired by the Egmond coast, The Netherlands, all
sediment stays within the cross-shore profile (i.e. no alongshore loss/
gain, no transport across the on- and offshore boundaries). Net cross-
shore sand transport follows from integration of the mass balance
equation, assuming constant bed porosity. These assumptions are
generally violated in reality. As furthermore bed level measurements
have an inaccuracy of at least 0.1 m (de Schipper et al., 2016), it is very
hard/impossible to derive net transport rates from bed surveys in the
field. For this purpose, laboratory experiments are needed.

It is not straightforward to determine the lifespan of shoreface
nourishments. Over time, the nourished sand spreads over a large area
and bed level changes are of a similar magnitude as measurement
inaccuracies. Also, at least in The Netherlands, the impact of a single
shoreface nourishment is hard to isolate from other, nearby beach and
shoreface nourishments. Furthermore, there are different ways of
defining nourishment lifetime. Brand et al. (2022) estimated (active)
shoreface nourishments in The Netherlands to have a (measurable) ef-
fect on the sediment volume within the so-called MKL zone for 4 — 10
years. Bain et al. (2021) determined decay rates for 11 historical near-
shore berms along the US coast based on the percentage of original
sediment volume removed from the initial footprint for periods ranging
from 1 month to 3.5 years. For the active nourishments, decay rates
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ranged between 50 and 1180 m®/day, corresponding to lifespans of
0.3 — 12.3 years (average 4.1 years) assuming a linear trend. Bain et al.
were able to partly explain this large variation using empirically
computed transport rates (see also Section 4.3.1), which indicates a
dependency of nourishment lifespan on wave conditions, placement
depth, nourishment geometry and grain-size.

5.3. Shoreface nourishment impact

Shoreface nourishments strongly interact with the subtidal bar sys-
tem. Nourishments placed offshore from the outer bar temporally slow
down, halt or sometimes even reverse the natural offshore migration of
one or more sandbars. This effect can last for multiple years, in line with
the nourishment lifespan. The original offshore bar migration is resumed
when the nourishment merges with the outer bar or has migrated far
offshore and diminished in size.

The nearshore shoreface nourishment impact is largely controlled by

Table 5
Pros and cons per numerical model category based on studies from the period
2004-2024.

Category/ Pros Cons
reference

Practical models
Bain et al.
(2021)

- computationally cheap - highly empirical

- along- and cross-shore
processes

- no morphological feedback

- essential transport processes
missing
- only useful to estimate
nourishment decay
Behavior-oriented
models
Larson and
Hanson (2015)
Kettler et al.

- computationally cheap - highly empirical

- inclusion of many relevant - cross-shore only

(2024) processes
- reproduction effects on - only useful for annual average
coastal state indicators morphodynamics
Simplified cross-

shore models

van Duin et al. - computationally cheap - alongshore uniformity

(2004)

Grunnet and - process-based - simplified expressions for
Ruessink waves/current/sand transport
(2005)

Chen and Dodd - reproduction of breaker - parametrization of intra-wave
(2019) bar morphodynamics processes

Chen and Dodd
(2021)

Li et al. (2021,

2022)

Wave-averaged
SWE models

van Duin et al. - process-based - parametrization of intra-wave
(2004) processes

Grunnet et al. - along- and cross-shore - difficulty with reproducing
(2004) processes cross-shore morphodynamics

van Leeuwen
et al. (2007)

Huisman et al.
(2019)

Johnson et al.
(2021)

Chen et al.
(2022)

Intra-wave CFD
models

Jacobsen and

- quantitative comparisons
with field data

- process-based - computationally expensive
Fredsge
(2014)

Park et al.

(2018)

- wave-resolving - limited quantitative validation
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the so-called lee-side and feeder effect (Fig. 9). Unraveling the contri-
bution of the two mechanisms is difficult due to the variability in
shoreline data. It is hypothesized that the lee-side effect is more
important for beaches with unimodal oblique waves and deeper placed
nourishments, and the feeder effect for shallower placed nourishments.
The latter is in line with the increased importance of nourishment
migration (Section 5.2). The feeder effect is partly due to a horizontal
circulation with an onshore current at the middle section of the nour-
ishment that feeds offshore currents at the lateral end sections of the
nourishment. As a result, part of the nourished sand is transported in the
offshore direction and this “loss” is relatively stronger for nourishments
with shorter alongshore lengths.

The effect on the shoreline position lags behind the actual shoreface
nourishment, and is damped. Natural variability in shoreline position,
and possibly other human interventions, further obscure the signal of
the nourishment response. As such, it is very hard to observe a direct link
between deformation of an individual shoreface nourishment and
shoreline change. However, the positive effects of the large-scale, long-
lasting (since 1990) nourishment strategy in The Netherlands, with
preferential shoreface nourishments, on the coastline were clearly
demonstrated by Brand et al. (2022). The average shoreline retreat
(MKL position) of 0.6 m between 1970 and 1990 was reversed to an
advance of 42 m for the period 1990-2020. More recently, Lohr (2024)
concluded that shoreface nourishments from 1999 onwards contributed
most (compared to beach nourishments) to the shoreline expansion at
the Egmond-Bergen section, Holland coast (50 m of the total 76 m be-
tween 1985 and 2023).

This beach volume increase is also beneficial for frontal dunes,
mainly because aeolian transport increases due to a larger fetch (beach
width) and sediment supply. Observations of the relation between dune
volumes and nourishments are even more troubled by natural variability
and other natural interventions than for beach volumes. Nevertheless,
decadal scale nourished coastal sections in The Netherlands have been
observed to increase dune volumes.

5.4. Numerical modeling

We have categorized 15 numerical model studies from the period
2004-2024 into five groups. The pros and cons of these model categories
are presented in Table 5. Please note that these do not necessarily apply
to all individual studies listed per category.

The practical model by Bain et al. (2021) can be used to get a first,
quick estimate of nourishment decay rates at sites where sediment
transport has not been extensively characterized and prior shoreface
nourishment data are not available. The approach does not account for
some essential transport processes such as undertow and morphological
feedback, and the highly empirical nature hampers the general validity.

Behavior-oriented models (can) include many relevant processes, e.
g. sediment exchange between the beach and dunes (Kettler et al.,
2024). It is an efficient approach to reproduce effects of long-term
nourishment strategies on coastal state indicators such as beach width
and dune volume. Alongshore processes are not included, and specific
details of the cross-shore profile shape on shorter than yearly time-scales
(e.g. storm effects) are not computed. Unresolved physical processes are
accounted for in a schematized manner with site-specific input param-
eters, which might not be readily available.

Although slower than the previous model categories, the relatively
simple cross-shore models are computationally fast compared to wave-
averaged SWE and intra-wave CFD models. In particular, the Unibest-
TC model was able to reproduce observed onshore/offshore bar migra-
tion during mild/energetic wave conditions, as well as overall migration
in the offshore direction accompanied with growth and decay (Ruessink
etal., 2007; Walstra et al., 2012). Importantly, despite the assumption of
alongshore uniformity, the alongshore current and associated sediment
stirring is accounted for, which controls whether a bar grows or decays
while migrating (Walstra et al., 2012). Such a strong validation case is
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yet to be made for shoreface nourishments, although Li et al. (2021)
reproduced the onshore nourishment migration for a small-scale lab
case. This model approach only works for alongshore uniform cases, i.e.
for nourishments with (alongshore) lengths much greater than (cross-
shore) widths. The relatively simple governing equations include
empirical, crude parametrizations to account for unresolved intra-wave
processes, such as wave-related sand transport, which are key to cross-
shore shoreface nourishment morphodynamics.

The same applies to wave-averaged SWE models, which are also
referred to as engineering morphological models, such as Delft3D
(Lesser et al., 2004) and XBeach (Roelvink et al., 2009). These process-
based models can include both alongshore and cross-shore processes.
Model studies have made quantitative comparisons to field data, mostly
bed levels. So far, these models were not successful in reproducing cross-
shore shoreface nourishment morphodynamics. The underlying causes
remain unclear. We hypothesize it is related to the (over)simplification
of subtle (intra-)wave processes such as wave breaking, undertow and
velocity skewness, and too strong numerical diffusion that tends to
flatten out nourishments.

There is a limited use of wave-resolving CFD models to study
shoreface nourishments. This approach is computationally expensive,
allowing sometimes only cross-shore processes to be studied for now.
The work by Jacobsen and Fredsge (2014) showed promising results, but
lacks a quantitative validation using observation data. The potential of
such models is confirmed by Marchesiello et al. (2022) who were able to
reproduce on—/offshore breaker bar migration during mild/energetic
wave conditions as measured in the so-called LIP laboratory experiments
(Roelvink and Reniers, 1995) using their CROCO (Coastal and Regional
Ocean Community) model.

The limited ability to simulate shoreface nourishment morphody-
namics might also be related to the so-called “morphological spin-up”
(Wang and van der Werf, 2017). At the beginning of the simulation,
model results may be unrealistic, and only after a certain period the
model gives meaningful results. This is due to model errors (incomplete
description of physics, numerical errors, inaccurate model input), as a
result of which models require an initial adaption/spin-up period. The
main causes and time-scales of the spin-up are yet unknown, and solu-
tions are lacking.

Until now, aeolian contributions and marine-aeolian interactions are
largely ignored in shoreface nourishment modeling studies, despite their
relevance (see Figs. 8 and 10). The Delft3D-SWAN-AeoLiS coupling
framework presented by van Westen et al. (2024) showed good agree-
ment with the aeolian and marine volumetric development of the Sand
Motor mega nourishment. This model approach could be developed and
tested further in order to better understand and predict the morphody-
namic response to nourishments across the land-water divide.

6. Conclusions & future perspectives
6.1. State-of-the-art

The knowledge of shoreface nourishment morphodynamics is based
on field measurements and, since the last two decades, lab experiments
and numerical modeling. We have identified 13 small-scale lab studies,
mostly carried out in flumes (i.e. cross-shore only) and focusing on bed
level development. We have described 15 numerical model studies
covering a wide range of approaches and applications. None of these
could successfully hindcast the complete morphological development
and impact of shoreface nourishments. Yet, these were - to same degree -
able to reproduce shoreface nourishment morphodynamics on a more
aggregated scale, and to identify the relative importance of hydrody-
namic drivers, sand transport processes and nourishment
characteristics.

A first estimate of shoreface nourishment morphodynamics can be
obtained from the depth of the nourishment body relative to the closure
depths of Hallermeier (1981). Nourishments in deep water are stable,
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nourishments in intermediate depths are active and mainly diffusive,
whereas nourishments in shallow water show both migration and
diffusion. The observed migration of active nourishments is mostly in
the onshore direction. Shoreface nourishments strongly interact with the
subtidal bar system. Nourishments placed offshore from the outer bar
temporally slow down, halt or sometimes even reverse the natural
offshore migration of one or more sandbars. Shoreface nourishments
augment the volume of sand landward of their placement due to the so-
called lee-side and feeder effect. Repetitive shoreface nourishment in-
crease the beach volume on longer time-scales (decades), which is also
beneficial for frontal dunes.

6.2. Knowledge gaps

Based on the overview of studies on shoreface nourishment mor-
phodynamics, we have identified the following key knowledge gaps:

1. The spreading of nourished sand through the coastal zone is poorly
understood, and has not been quantified. This applies in particular to
the sediment exchange between the sub-aqueous and sub-aerial parts
of the beach.

2. It is unclear how design variables such as size, placement location
and grain-size affect the lifetime, spreading and impact of shoreface
nourishments.

3. The cumulative effect of repeated shoreface nourishments (scale:
1-10 km, 1-10 years) on the coastal system as a whole (100+ km,
50+ years) is unknown.

4. Numerical models cannot reliably predict the complete morpholog-
ical development and impact of shoreface nourishments.

6.3. Proposed research methodology

To tackle these knowledge gaps we propose a research methodology
that consists of field measurements, laboratory experiments and nu-
merical modeling. These are complementary research activities. Field
measurements capture the complex, real world setting. Laboratory ex-
periments are controlled and repeatable, and offer the opportunity to
measure with a relatively high level of detail and accuracy. Field and
laboratory data can be used to develop and validate numerical models
that can be used to enrich observation data and to explore what-if sce-
narios (numerical experiments).

In terms of field measurements, long-term and large-scale bathy-
metric monitoring programs are highly recommended to elucidate the
morphological response to nourishments. These should cover the part of
the coast that is active on a decadal time-scale, i.e. the (lower) shoreface,
beach and dune. The yearly survey programs for the Dutch coastal area
(JARKUS, since 1963), the Wadden island Sylt, German (since 1972,
Gijsman et al., 2018) and the west coast of Denmark (since 1957, Rivero
et al., 2018) are examples of such. Furthermore, we propose to carry out
field campaigns to measure the processes that control the shoreface
nourishments morphodynamics. With a range of sophisticated in-
struments the bed mobility as well as the flow velocities and the sand
concentrations over the water column should be measured in order to
determine suspended sand fluxes. Long time-series (i.e. spanning
months to years) would be preferable as these may include moments
with energetic wave breaking across a wide surfzone and nourishment
body as well as more moderate conditions where onshore transport may
be present on the sub-aqueous bars and nourishment (Hoefel and Elgar,
2003). Finally, we recommend field experiments in which size, place-
ment location and grain-size are varied systematically, in order to
explore how this affects the lifetime, spreading and impact of shoreface
nourishments. The grain-size effect is of particular interest because of
ecological implications (Rijkswaterstaat, 2020). Furthermore, it may be
more cost-efficient (e.g. more nearby borrow site) and/or effective (e.g.
more stable nourishments for coarser sands) to use nourished sands that
deviate from native sands.
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We recommend to carry out laboratory experiments on a prototype
scale, to avoid scaling issues. Large wave flumes like the Delta Flume
(Delft, The Netherlands) and the GWK+ (Hannover, Germany) are
suitable for this purpose. These should be complimented with smaller-
scale wave flume and basin experiments to extend the range of test
conditions, and to investigate alongshore processes. In particular,
detailed measuring techniques such as PTV (Particle Tracking Veloc-
imetry), PIV (Particle Image Velocimetry, e.g. van der Werf et al., 2007),
ACVP (Acoustic Concentration Velocity Profiler, Hurther et al., 2011)
and CCP (Conductivity Concentration Profiler, Lanckriet et al., 2013)
should be developed further and applied to quantify the wave-mean,
oscillatory and turbulent sand flux components from the bed to the
water surface.

We advocate a triple model approach to bridge the gap between the
small, intra-wave sand grain scale (sub-millimeters, sub-seconds) rele-
vant to sand transport, and the large-scale coastal morphodynamics
(100 s of kms, decades). At first, detailed CFD modeling to unravel sand
transport processes controlling cross-shore reshaping and spreading of
nourished sediment at the time scale of hours to days. Second, more
agile/versatile engineering SWE models (like Delft3D, XBeach) to
replicate the complex physics of cross- and alongshore nourishment
morphodynamics in a simplified, wave-averaged way for time-scales up
to 20 years. Finally, computationally efficient models such as CROCO
(Kettler et al., 2024) and the new free-form ShorelineS coastline model
(Roelvink et al., 2020) to simulate the long-term (20-100 years) coastal
response to different nourishment strategies. Special attention should be
devoted to modeling the wet-dry interface (swash zone), and linking the
sub-aqueous and sub-aerial parts of the coast in a seamless manner.

Finally, we stress the importance of productive interactions between
researchers and with stakeholders to ensure the generation and valua-
tion of scientifically robust and societally relevant knowledge. It is
particularly important that the new scientific insights are synthesized
into shared conceptual models to achieve impact in policy and practice
(Lodder et al., 2023).
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