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A B S T R A C T   

Ebb-tidal deltas filter incoming wave energy and mitigate erosion of basins and coasts by temporarily providing 
sediment. In many systems, these coastal safety functions are under threat from human activities. Here we use 
Delft3D/SWAN to assess the effects of relative sea-level rise and changes in basin area on the long-term dynamics 
of ebb-tidal deltas. The results show that the time scales of the cyclic channel-shoal dynamics of ebb-tidal deltas 
are affected. An instantaneous decrease in basin area slows down the cyclic behavior during the initial adjust-
ment period. The duration of the adjustment period increases with larger basin area reduction. After the 
adjustment, smaller basins have shorter time scales of cyclic channel-shoal dynamics. This is linked to a decrease 
in tidal prism and ebb-tidal delta volume. Moreover, we find that the effects of relative sea-level rise depend on 
the rate of rising water levels. For relatively low rates, the period of the cycles eventually shortens, whereas 
higher rates can cause longer periods. The volume of ebb-tidal deltas appears to be unaffected by relative sea- 
level rise; but because the average water depth increases, more energetic waves reach the basin. By showing 
how ebb-tidal deltas adjust to relative sea-level rise and basin area reduction and by unraveling the underlying 
mechanisms, this study contributes to our understanding of the long-term evolution of tidal inlets.   

1. Introduction 

During the last century, anthropogenic activities have disrupted the 
natural dynamics at many barrier island systems (Stutz and Pilkey, 
2005). Human-induced disruptions can be direct (e.g. nourishments, 
channel dredging, jetty/dike construction) or indirect (climate change, 
relative sea-level rise). As a result, in the Dutch Wadden Sea, roughly 
600 million m3 of sediment has been deposited in the basin area since 
1935, which is linked to erosion of the ebb-tidal deltas (∼ 450 million 
m3, Elias et al., 2012). Part of the changes in the sediment distribution in 
the Dutch Wadden Sea is believed to be caused by relative sea-level rise 
(Van der Spek, 2018; Wang et al., 2018). Moreover, the closure of the 
Zuiderzee, reducing the Texel and Vlie basin areas by roughly 60%, and 
the closure of the Lauwerszee, reducing the Frisian Inlet basin area by 
roughly 30%, resulted in additional sediment import to these basins and 
also in erosion of the ebb-tidal deltas (Ridderinkhof et al., 2014). These 
large-scale changes in the sediment balance of the Wadden Sea pose 
problems for coastal safety for two reasons. Firstly, eroding ebb-tidal 
deltas lose their ability to absorb wave energy propagating to the 
coasts and basins (Hansen et al., 2013). Secondly, less sediment is 

available to balance local erosion of the islands and tidal basins. 
Furthermore, observations show that ebb-tidal deltas not only 

eroded, but also changed their shape and sediment bypassing (Biegel 
and Hoekstra, 1995; Van de Kreeke, 2006; Ridderinkhof et al., 2016b). 
For the Wadden Sea, most of the sediment is bypassed through periodic 
shoal formation, migration and shore attachment accompanied by 
channel rotation and breaching (e.g. FitzGerald, 1982). However, it is 
not clear how human intervention changed this cyclic behavior. 

Oost (1995) observed that the cyclic behavior had stopped at the 
Frisian Inlet system after the closure of the Lauwerszee. Because 
approximately 30% of the surface area of the basin area was closed off, 
the surplus in ebb-tidal delta sediment formed a substantial shoal, which 
eventually attached to the downdrift Schiermonnikoog island (Elias 
et al., 2012). In contrast, channel deflection and breaching were no 
longer observed on the ebb-tidal delta. However, Ridderinkhof et al. 
(2016b) observed the formation and migration of a new shoal from 2005 
onwards and Elias et al. (2012) suggested that eventually a cyclic 
development as observed prior to the closure will reappear. However, 
the time scale of adjustment remains unknown. Furthermore, it is un-
clear how this cyclic behavior will differ and whether the period 
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between successive shoals will change. Because this period positively 
correlates with tidal prism (Gaudiano and Kana, 2001; Ridderinkhof 
et al., 2016b), the smaller ebb-tidal delta and reduced tidal prism render 
it likely that shoals of smaller volume will attach more frequently and 
merge closer to the inlet. Also for the nearby Texel and Vlie inlets it 
remains unclear how the time scale of the cyclic channel-shoal dynamics 
changed by the closure of the Zuiderzee in 1931 and whether the 
adjustment has finished. The natural variability in the dynamics makes 
it difficult to isolate the effect of the basin reduction in these observa-
tions or to quantify the adjustment time scale. 

This paper considers the most common type of cyclic behavior, 
which FitzGerald (1988) denoted as ebb-tidal delta breaching. It fea-
tures three phases, namely channel rotation, shoal growth and channel 
breaching. Using an idealized mophodynamic model, Lenstra et al. 
(2019b) showed that the relative importance of waves and tides varies 
amongst the three phases. Channel rotation is caused by wave-induced 
currents and sediment concentration, while shoal growth can only be 
explained by the combined effect of tides and waves. Moreover, there 
exists an optimum balance between tides and waves for the breaching of 
the ebb-tidal delta: if the waves are too small, not enough sediment is 
entrained for the formation of the new channel, whilst too high waves 
cause further channel rotation rather than channel breaching. This 
provides an excellent framework to understand how human intervention 
change the dynamics of ebb-tidal deltas and to discriminate between 
adaptation behavior and new dynamics because of the changes in 
geometry. 

In addition, the dynamics of tidal inlet systems are also affected by 
relative sea-level rise (e.g. Dissanayake et al., 2009; Becherer et al., 
2018; Vermeersen et al., 2018). Rising mean levels increased the volume 
of sediment accommodation space and generated is believed to have 
generated additional sediment import through the inlets in the Wadden 
Sea (Elias et al., 2012; Van der Spek, 2018). Because especially the shoal 
formation and growth depends on this sediment exchange between 
basin and ebb-tidal delta (Lenstra et al., 2019b), relative sea-level rise is 
likely to result in longer time scales for the cyclic behavior of ebb-tidal 
deltas. Moreover, if the sediment import is insufficient to let the inter-
tidal flats accrete (drowning of basins, see Wang et al., 2018), changes in 
tidal prism and tidal wave characteristics are expected (Ridderinkhof 
et al., 2014). It unknown how the dynamics of ebb-tidal deltas respond 
to the sea-level-rise-induced changes in sediment import and basin 
morphology. 

Although the examples given above were based on observations and 
studies covering the Dutch Wadden Sea, the described issues are not 
limited to this area. Not only is relative sea-level rise a worldwide 
phenomenon, but also is basin area reduction common practice around 
the world. For example, there has been land reclamation and/or dike 
construction in tidal basins in the USA (Hansen et al., 2013; Beck and 
Kraus, 2011), China (Wang et al., 2014), Australia (Sennes et al., 2007) 
and Italy (Rizzetto et al., 2009). FitzGerald et al. (1984) showed that 
poldering behind the barrier islands and along the mainland have 
reduced the basin areas of the East Frisian inlets (Germany) between 
1650 and 1960 by 149 km2, which is roughly 30% of their original 
drainage area. 

While the time scales of the cyclic behavior (long-term) and the 
mechanisms and the relative importance of tides and waves throughout 
the various phases (short-term) are relatively well understood for nat-
ural systems (Ridderinkhof et al., 2016a; Lenstra et al., 2019b), it is 
unknown how this mophodynamic equilibrium is affected by anthro-
pogenic activities. Here, we aim to elucidate how the volume and cyclic 
behavior of an ebb-tidal delta are affected by (1) an instantaneous 
reduction in basin size and tidal prism and (2) different rates of relative 
sea-level rise. The main focus is on the long-term effects, i.e. the time 
scales of cyclic behavior and the evolution of the volume and 
wave-filtering capacity of the ebb-tidal delta. These long-term effects 
will be explained by changes to the known short-term mechanisms. 
Relative sea-level rise and basin reduction are here considered 

separately to isolate their individual effects; it is not the aim of this study 
to understand how the effects of these two disruptions dominate over 
one another. These questions are addressed using an idealized geometry 
and simplified forcing in Delft3D/SWAN (Section 2), where we studied 
the morphodynamics of ebb-tidal deltas for a wide range of basin size 
reductions and rates of relative sea-level rise. The outcome will be 
compared in Section 3 with undisturbed model simulations (constant 
basin size and mean sea level) with clear patterns of channel-shoal dy-
namics (Lenstra et al., 2019b). The discussion and conclusions are pre-
sented in Sections 4 and 5, respectively. 

2. Material and methods 

The numerical model Delft3D for hydrodynamics, sediment trans-
port and bed level updates (Lesser et al., 2004; Deltares, 2014), coupled 
with the wave model SWAN (Booij et al., 1999; Ris et al., 1999; Holth-
uijsen, 2010), was used to investigate the effect of different disturbances 
on the cyclic behavior of ebb-tidal deltas. Using an idealized geometry 
and simplified forcing, we studied the disturbed morphodynamic evo-
lution of ebb-tidal deltas for several basin size reductions and relative 
sea-level rise rates. The results were compared with undisturbed refer-
ence model simulations with constant basin size and steady mean water 
level, based on the simulations presented in Lenstra et al. (2019b). These 
showed clear patterns of channel-shoal dynamics resembling those 
observed in tidal inlet systems, and are therefore an ideal starting point 
to study the effects of human interventions. A brief description of the 
model setup, forcing and new aspects are provided below; however, for 
complete details the reader is referred to Lenstra et al. (2019b). 

2.1. Model domains and settings 

The Delft3D flow module solves the depth-averaged shallow water 
equations (conservation of mass and momentum balance) to calculate 
flow velocities and water levels. The rectangular model domain (Fig. 1) 

Fig. 1. Domains that are considered in Delft3D (a) and SWAN (b) with colors 
indicating initial bathymetry. The magenta lines in the Flow domain enclose the 
grids with highest resolution in the model and the red lines indicate cross- 
sections used for analysis. The red lines in the wave domain indicate the 
three nested grids. Note that the basin area for some simulations is different 
than the one shown here, see Fig. 2. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of 
this article.) 
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consists of one inlet connecting the open sea to the tidal basin. This study 
focuses on relatively short basins with a standing tidal wave, such as the 
Frisian Inlet. The domain is divided into eight two-way coupled domains 
(domain decomposition) with grid resolutions of 1/50 m− 1 for the area 
of interest (inlet and ebb-tidal delta), 1/150 m− 1 for the tidal basin and 
1/450 m− 1 for the outer sea (Fig. 1). The time step was set at 12 s and the 
bed roughness was prescribed with a uniform Chézy friction coefficient 
value of 65 m0.5/s. The horizontal eddy diffusivity and viscosity were set 
at 1 m2/s and 10 m2/s, respectively. 

The hydrodynamic model was coupled to the third-generation phase- 
averaged spectral wave model SWAN (coupling time of 60 min), which 
solves the wave action balance equation. The SWAN model considered 
wave breaking (formulation of Battjes and Janssen (1978), γ = 0.73), 
white-capping (Komen et al., 1984) and bottom friction (JONSWAP). 
However, it did not account for wind growth, wave diffraction or 
non-linear triad-interactions. The wave domain consists of three nested 
grids with decreasing grid resolutions of 1/1350 m− 1 (east-west exten-
sion to avoid shadowing effects), 1/450 m− 1 (Delft3D domain) and 1/
50 m− 1 (area of interest). 

Sediment transport within the flow domains was calculated using the 
Van Rijn et al. (2004) transport equations with the suspended and 
bedload transport computed independently. Hereafter, the sum of both 
types is referred to as sediment transport. This sediment transport for-
mula was chosen because it incorporates both currents and waves and 
resulted in a steady littoral drift (see Section 2.4). A single sediment 
fraction with a d50 of 250 μm was used in all domains, because it is 
optimal for shoal formation and migration (Herrling and Winter 2018). 
Bed level changes were calculated from gradients in sediment transport 
and sediment settling/entrainment using a morphological acceleration 
factor M = 20 to reduce computation time (Roelvink, 2006). Sensitivity 
analysis showed that the final results were unaffected by this value. The 
hydrodynamic boundary conditions consisted of semi-diurnal tides 
(amplitude 1 m and period 12 h) propagating along the coast and waves 
coming from the northwest (origin 335o clockwise with respect to the 
north). The significant wave height and peak period for all model runs 
were 2.0 m and 7.5 s, respectively. These settings were motivated by the 
obtained tidal prism and littoral drift values, which are suitable for 
modeling cyclic behavior (Lenstra et al., 2019b). 

2.2. Model simulations 

The model runs presented in this study include both undisturbed 

reference model simulations and disturbed simulations with basin size 
reductions or relative sea-level rise. An overview of all simulations is 
shown in Table 1; the initial bathymetries are shown in Fig. 2. The 
reference simulation undis100 is the 1 m tidal amplitude and 2 m sig-
nificant wave height model run as described in (Lenstra et al., 2019b, 
run 2). This model run has clear cyclic channel-shoal dynamics similar to 
the ebb-tidal delta breaching model of FitzGerald (1988). The modeled 
cyclic behavior has three characterizing phases, each with a distinct 
relative importance of tides and waves. During Phase 1, the channel 
rotates in the clockwise direction; the rotation rate scales with signifi-
cant wave height and is relatively unaffected by tidal flow. Subse-
quently, the shoal grows in the downdrift direction during Phase 2. 
During this phase, wave-induced sediment concentrations are advected 
by a combined wave- and tide-induced mean flow. The sediment con-
centration is significantly reduced at the downdrift side of the ebb-tidal 
delta as this part is partly sheltered from incoming wave energy by the 
ebb-tidal delta platform. This causes the shoal to grow and migrate. 
During Phase 3, a new channel breaches the ebb-tidal delta. The for-
mation of the new channel scales with (1) peak ebb-flow transporting 
the sediment and (2) wave height increasing the bed-shear stress and the 
sediment concentration. However, for large ratios between wave height 
and tidal flow, the channel rotation continues and the breach is 

Fig. 2. Starting bathymetries for the undisturbed (left) and disturbed (right) runs. The white line indicates the coupling of the high-resolution domain (grid size 50 
m) and the low-resolution domain (150 m). The red lines indicate the areas that were removed from the model domain for the simulations with a reduction in basin 
area. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Overview of conducted model runs. Basin area is relative to 9 km by 3.5 km in 
the alongshore and cross-shore direction, respectively.  

Run Basin area sea-level rise Initial bathymetry 

undist100 100% 0 no ebb-tidal delta 
undist90 90% 0 no ebb-tidal delta 
undist80 80% 0 no ebb-tidal delta 
undist70 70% 0 no ebb-tidal delta 
undist50 50% 0 no ebb-tidal delta 

dist100→90  90% 0 undis100 after 3400 days 
dist100→80  80% 0 undis100 after 3400 days 
dist100→70  70% 0 undis100 after 3400 days 
dist100→50  50% 0 undis100 after 3400 days 

slr50 100% 0.5 cm/yr undis100 after 3000 days 
slr100 100% 1 cm/yr undis100 after 3000 days 
slr150 100% 1.5 cm/yr undis100 after 3000 days 
slr200 100% 2 cm/yr undis100 after 3000 days 

slr100 + 100→70  70% 1 cm/yr undis100 after 3400 days  
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postponed. 
The other undisturbed runs initially only differ in basin surface area, 

as indicated by the red lines in Fig. 2. The reference runs undis90, 
undis80, undis70 and undis50 have 90%, 80%, 70% and 50% of the 31.5 
km2 basin surface area from undis100, respectively. Amongst these runs, 
the width/length-ratio of the basin was kept constant; test runs show 
that only reducing the width or the length yielded similar cyclic 
behavior. 

For the disturbed runs, the bathymetries obtained after 3000 (for 
relative sea-level rise) or 3400 modeled days (for basin size reduction) in 
undis100 were used as a starting bathymetry. To test the effect of basin 
size reduction, part of the basin size area was instantaneous removed 
from the model domain after 3400 days, i.e., directly after the breaching 
phase of the cyclic behavior. Test runs with the basin area reduction 
after 3000 days (during the shoal growth phase) instead of 3400 days 
yielded similar results with respect to changes in cyclic behavior, time 
scale and adaptation. The basin area reduction was either 10% 
(dist100→90), 20% (dist100→80), 30% (dist100→70) or 50% (dist100→ 
50). Their outcome was compared to the undisturbed runs; for example, 
dist100→70 was compared to both undis100 and undis70. 

To study how cyclic behavior of ebb-tidal deltas is affected by rising 
mean sea level, model runs were conducted with constant rates of rising 
sea level, ranging from 0.5 to 2 cm/year with 0.5 cm/year increments. 
These rates were based on Vermeersen et al. (2018), who projected rates 
for relative sea-level rise in 2100 for the Dutch Wadden Sea ranging from 
0.22 to 1.83 cm/year. We did not take into account an acceleration of 
relative sea-level rise. The typical time scales of the cyclic evolution in 
the model are in the order 3–5 years, representative for German Wadden 
Sea systems (Ridderinkhof et al., 2016b). During such a period no effects 
of acceleration are expected. These disturbed model runs, with rising 
subtidal water level after 3000 days, are denoted as slr50, slr100, slr150 
and slr200 for a rise in mean sea level per century of 50 cm, 100 cm, 150 
cm and 200 cm, respectively. Their outcomes were compared to the 
undisturbed run with equal basin area (undis100). Test runs showed that 
outcomes the main findings were not sensitive to the initial bathymetry, 
i.e. increasing the mean sea level after 3400 instead of 3000 days. 

Moreover, one test run (slr100 + 100→70) has been included that 
combines both the basin area reduction (30%) and sea-level rise (1 cm/ 
year). The outcome of this model run will be discussed in Section 4. 

2.3. Model analysis 

For each model run, we analyzed and compared the: 

• time scale of the cyclic behavior. For this, the period between suc-
cessive breaching events (Tbreach) was used. The ebb-tidal delta was 
said to breach when a new channel splits the 3.5 m isobath into an 
updrift and a downdrift part;  

• cross-sectional area of the inlet (CSA), taken at the cross-section 
CSInlet (Fig. 1). For the runs with rising mean sea level, the area 
below the subtidal water level was computed;  

• the volume of the ebb-tidal delta (VETD), obtained by summation of 
the difference between the modeled and an no-inlet bathymetry, 
multiplied by the grid cell area. Following Dean and Walton (1975), 
the no-inlet bathymetry was constructed based on the cross-shore 
profile at both sides of the inlet (CSUp and CSDown in Fig. 1). Only 
the positive values were taken into account, i.e. channels were not 
considered to be negative volume. Furthermore, the barrier islands 
were removed from the analysis by neglecting values above mean sea 
level.  

• the orientation of the main channel, defined as the angle between the 
last and first grid point of the path of the main channel path with 
respect to the north (positive in clockwise direction). This path was 
determined in the following, iterative way. Starting at the deepest 
grid cell in the inlet, the next point of the main channel was the 
deepest grid cell that was both within 100 m of the previous point 

and further seaward from the inlet than the previous point. The end 
of the channel was reached either when the deepest point was above 
the 3.5 m isobath or when this point was more than 2000 m from the 
start of the channel (as in Lenstra et al., 2019b);  

• tidal prism (P), i.e. the volume of water entering and leaving the 
basin each tidal cycle computed at CSInlet;  

• mean flow and semi-diurnal flow amplitude at all locations. For this, 
harmonic analysis was used;  

• significant wave height (tidally-averaged) computed at all grid cells 
adjacent to CSInlet;  

• cumulative sediment transport values through the inlet (CSInlet), i.e. 
net import/export;  

• cumulative sediment transport along the updrift and downdrift coast 
(CSUp and CSDown);  

• shoal growth rate (Δhs), defined as the total deposition per time unit 
in the area that has deposition exceeding 0.015 m/day (as in Lenstra 
et al., 2019b);  

• breaching rate (Δhb), defined as the average erosion per time unit in 
the part of the ebb-tidal delta that (1) is shallower than 3.5 m and (2) 
has erosion exceeding 0.006 m/day; 

As discussed in Lenstra et al. (2019b), the volume of the ebb-tidal 
delta greatly depends on the no-inlet bathymetry. In that study, the 
no-inlet bathymetry was reconstructed after each tidal cycle because it 
better represented the formation and attachment of each shoals. Here, 
this procedure would lead to different no-inlet bathymetries for the 
different runs, which complicates the comparison between the undis-
turbed and disturbed runs. Therefore, here we opted for a fixed no-inlet 
bathymetry based on the 3400 days starting bathymetry (Fig. 2). 
Alternative fixed no-inlet bathymetries yielded similar results. 

2.4. Model calibration and validation 

Validation of the present model setup is needed to ensure that it is 
applicable to future scenarios and consistent with known empirical re-
lationships. Firstly, calibration of the model was performed based on the 
stability of the tidal prism, the littoral drift and the cross-shore coastal 
profile. A major constraint in this calibration was a steady littoral drift, 
which was found to be necessary for a successful modeling of the dy-
namic equilibrium of cyclic behavior. Numerous test runs showed un-
realistic shoreface steepening and coastal expansion, which caused the 
littoral drift to decrease in time. As a result, no morphodynamic equi-
librium was obtained in these runs. Therefore, in order to reduce this 
shoreface steepening, the wave-related bed load transport factor BedW 
was set to a constant value of 0.3. This parameter setting kept the littoral 
drift and the position of the coastline relatively steady at the time scales 
of interest. However, all model runs still feature some limited shoreface 
steepening. Eventually, these changes in the cross-shore balance also 
affect the alongshore balance and changes in littoral drift are expected 
due to the shoreface steepening. Therefore, model runs were analyzed 
for the period that the littoral drift was steady, i.e., for most runs until 
roughly 8000 modeled days. Within this modeled period the littoral drift 
was unaffected by the changes in basin area and by the rising mean sea 
level. However, test runs with sea-level rise exceeding 2 cm/yr did show 
a steadily reducing littoral drift, which was why they were not included 
in this paper. 

Secondly, empirical relationships between tidal prism, volume of the 
ebb-tidal delta and cross-section of the inlet were used for validation of 
the model. O’Brien (1931, 1969) identified a relationship between the 
cross-sectional area of an inlet (CSA) and the tidal prism (P) for systems 
in morphodynamic equilibrium. This so-called PA-relationship states 
CSA = c⋅Pn with c and n as correlation coefficients. Here, we adopted the 
methodology of Nahon et al. (2012), who showed that idealized model 
simulations can abide by this relationship with (c,n)-values similar to 
those of the observations of Jarrett (1976), covering 96 inlets with no or 
one jetties on the coastline of the USA. Similarly, we determined the (c, 

K.J.H. Lenstra and M. van der Vegt                                                                                                                                                                                                        



Continental Shelf Research 214 (2021) 104323

5

n)-values based on all model simulations and compared the obtained 
values to those found by Nahon et al. (2012) and Jarrett (1976). For the 
undisturbed runs, P and CSA were averaged over the first two cycles of 
the model run, because they depend on the phase of the cyclic behavior. 
Because a basin reduction forces the system initially out of equilibrium 
(as will be shown in Section 3.2) and because rising mean sea level forces 
changes in P and CSA, for the disturbed runs P and CSA were averaged 
over the last two modeled cycles of cyclic channel-shoal dynamic (before 
the end of the run around 8000 modeled days). This analysis yields c =

1.8⋅10− 5 and n = 1.08; this is in fair agreement with c = 3.8⋅ 10− 5, n =

1.03 (Jarrett, 1976) and c = 9.1⋅10− 5, n = 1.00 (Nahon et al., 2012) The 
factor 5 difference in c can be explained by the slightly different values 
of n and the fact we did not have a wide range in values of P. For typical 
values of P ∼ 107 m3, the model yields very similar values of CSA. Also, 
model results compare well with their observation: all but one (P, 
CSA)-points fall within the 95% confidence interval, thereby providing 
additional credibility to the model setup and its predictions. Only for a 
sea-level rise of 2 cm/year does the modeled behavior not abide the 
PA-relationship; the reason for this will be discussed in Section 3.3. 

A similar empirical relationship between the tidal prism (P) and the 
volume of the ebb-tidal delta (VETD) was determined by Walton and 
Adams (1976): VETD = a⋅Pb with correlation coefficients a and b. Based 
on observations of 44 tidal inlets, they determined a = 8.7− 13.8⋅ 10− 5 

and b = 1.08 − 1.24 (depending on the exposure of the inlets) with P in 
cubic feet and VETD in cubic yards. Analysis of the present model runs 
yields a = 7.7⋅10− 5 (a = 4.7⋅10− 3 when cubic meters were used) and 
b = 1.23. Furthermore, as extensively discussed in Lenstra et al. 
(2019b), the model also abides by the relationship between the ratio of 
tidal prism over littoral drift and type of cyclic behavior (Bruun and 
Gerritsen, 1960) and mimics the conceptual models of FitzGerald 
(1988). Overall, the modeling setup performs satisfactory, both for un-
disturbed model runs and for future scenarios. 

3. Results 

3.1. Undisturbed model runs 

In each undisturbed run, several repeating cycles of channel rotation 
and breaching, development of a shoal and its subsequent migration and 
attachment to the downdrift island were modeled. Table 2 shows the 
time scales (Tbreach), tidal prism (P), ebb-tidal delta volume (VETD) and 
cross-sectional area (CSA) for each simulation. Note that the parameters 
P, VETD and CSA were averaged over the first two cycles of the model 
run, because they depend on the phase of the cyclic behavior. 

Even though the undisturbed runs yield a type of cyclic behavior 
similar to each other, several differences arise. Firstly, as can be seen 
from the average periods (Tbreach), smaller basins have shorter time 
scales. Secondly, Table 2 indicates that the volume of the ebb-tidal delta 
and the cross-sectional area of the inlet also depend on the basin surface 

area. This is because they both scale with tidal prism. 

3.2. Reduced basin area 

The simulations with reduced basin area are characterized by an 
adaptation period and a period with new cyclic behavior. During the 
adaptation period, there is significant change in the modeled magni-
tudes of mean and semi-diurnal flow in the inlet (shown in Fig. 3). These 
time-dependent values are the maximum value across the tidal inlet. 
Both values are initially but temporarily lowered by the reduction in 
basin area and tidal prism (Table 3), especially the semi-diurnal flow 
velocities. The effect of the smaller flow velocities in the inlet on the 
balance between sediment deposition by wave-driven littoral drift and 
sediment erosion by tidal currents (diagram of Escoffier, 1940) can be 
seen in Fig. 4a: in response to smaller flow velocities in the inlet, its 
cross-sectional area gradually becomes smaller. A new equilibrium is 
obtained, which brings the semi-diurnal flow velocities close to their 
original values (Fig. 3a). Table 3 shows that the corresponding values for 
tidal prism are roughly equal to those in the undisturbed run with equal 
basin area in Table 2 (e.g. dist100→70 and undis70). 

An adjustment time scale T was determined from the exponential fit 
of the cross-sectional area of the inlet as 
CSA(t) = CSAnew + (CSAold − CSAnew)⋅exp(− t /T) with t the number of 
modeled days since the basin reduction. For a 50% basin size reduction, 
the adjustment time scale is 1296 days. For 10%, 20% and 30% basin 
area reduction, T is 185, 343 and 772 days, corresponding roughly to 
14%, 26%, and 60% of the typical time scale of undisturbed cyclic 
behavior (undist100), respectively. This means that the period of 
adjustment increases with increasing basin reduction. 

The modeled ebb-tidal delta volumes are shown in Fig. 4b. It can be 
seen that a larger reduction in basin area causes a larger relative decline 
in volume. However, even though the inlet cross-sectional area and the 
tidal prism eventually converge to the value of the undisturbed runs 
with equal basin area, this is not the case for the volume (see difference 
between undist80 and dist100→80). This can partly be explained by the 
fact there is no equilibrium volume yet in most model runs (see 
increasing trend for undist100). However, comparing the dist100→50 
and undist50 simulations suggests this is not the only explanations. Both 
simulations have a steady ebb-tidal delta volume after 5000 days, but 
still have difference of roughly 0.5 Mm3 in sediment volume. This shows 
that the ebb-tidal delta can keep part of its initial volume and have a 
larger volume than would be expected based on empirical relationships. 

The changes in ebb-tidal delta also affect the wave energy that rea-
ches the inlet and back-barrier basin. The smaller ebb-tidal deltas cause 
a decrease in both the width-averaged and the maximum significant 
wave height in the inlet (Fig. 4d, solid and dashed lines, respectively). 
The wave height in the inlet largely depends on the size of the updrift 
oriented secondary channel. Because this channel is both shallower and 
narrower for smaller basins, more wave energy dissipates seaward of the 
inlet. The decrease in size of the secondary channel for decreasing basin 
area is visible from the black depth contours in Figs. 8 and 9 and also 
affects the cross-sectional area (Fig. 4a). 

Fig. 4e shows the additional cumulative sediment import caused by 
the basin size reduction. This is the difference in net sediment import 
between disturbed runs and undist100. Additional sedimentation of the 
basins for a 10–30% basin size reduction shows that the channels in the 
basin and the inlet are too big for the reduced basin. The additional 
cumulative import after 6200 days equates to an average sedimentation 
of the basin of 1.8 cm for dist100→90, 3.2 cm for dist100→80 and 3.7 cm 
for dist100→70. After the initial adjustment period, no additional sedi-
ment import is modeled. During the adjustment period the inlet and 
basin find a new dynamic equilibrium, as further illustrated by the 
balance between tidal flow and inlet cross-sectional area (Figs. 3 and 4a, 
respectively); it can be seen that the inlet converges to the dynamic 
equilibrium in the reference run with equal basin size. 

Surprisingly, for a 50% basin area reduction (dist100→50), less 

Table 2 
Overview of model output for undisturbed runs with periods between successive 
breaches (Tbreach) and its average value (Tbreach). The values for P (tidal prism), 
VETD (ebb-tidal delta volume) and CSA (cross-sectional area) are averaged over 
the first two cycles of cyclic behavior.  

Run Tbreach (days)  Tbreach 
(days)  

P 
(Mm3) 

VETD 

(Mm3)  
CSA 
(m2) 

undist100 760, 1160, 1700, 
1500, 1350 

1294 55 11 4000 

undist90 1010, 850, 1050 970 50 10.5 3600 
undist80 1000, 1100, 700, 

500, 700 
800 45 9.7 3300 

undist70 350, 750, 350, 750, 
800, 950 

658 38 9 2800 

undist50 350, 400, 650, 450 463 30 7.5 2000  
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infilling is modeled. In this case, only after the cross-sectional area has 
adjusted to the reduced tidal prism, more sediment is imported than in 
undist100. Here, the average sedimentation in the basin after 6200 days 
is only 1.3 cm. Possibly, the weaker mean flow magnitudes (Fig. 3b) 
limit the capacity of the tidal flow to import sediment. 

Fig. 4f shows the additional cumulative sediment transport along the 
downdrift coast forced by the basin size reduction. The corresponding 
change in cumulative sediment transport along the updrift coast 
(roughly 0.9 Mm3/year) is less than 0.01 Mm3/year. Another difference 
between dist100→50 and the other model runs can be seen. For a 50% 
basin size reduction, the sediment transported along the downdrift coast 
is persistently lower than for the undisturbed model runs and the model 
runs with a 10–30% basin size reduction. However, the difference is 
much smaller than the absolute littoral drift magnitude. 

Basin area reductions also impact the cyclic behavior of the ebb-tidal 
delta. Table 3 shows that the effect of the basin reduction on the periods 
between successive breaches during and after the adjustment period 
differs. Note that there is considerable variability of Tbreach within each 
model run (both for undisturbed and disturbed model runs). However, 
relating the periods in the disturbed runs to those in the reference runs, 
does consistently show the following two effects. Firstly, the cyclic 
channel-shoal dynamics are initially slowed down by the reduction in 
basin size area and tidal prism. Within each disturbed model run, the 
duration of the first cycle (Tfirst) exceeds that of undist100: for the 
disturbed runs, Tfirst is between 860 and 1260 days, whereas the 
matching period in undist100 is 760 days. Secondly, the subsequent 
periods (Tbreach) are consistently shorter than in the undisturbed model 
run. This apparent acceleration is unsurprising as the undisturbed runs 

showed that period between breaches correlates with basin area and 
tidal prism (Table 2). The physical mechanisms leading to the initial 
longer and the eventual shorter periods of the cyclic behavior will be 
discussed in Section 4.1. The average values Tbreach suggest shows that 
the time scale remains longer than that of the undisturbed run with 
equal basin area, regardless of the basin area reduction. This suggests 
that the eventual acceleration after basin area reduction is limited such 
that the eventual period of cyclic behavior is longer than what would be 
expected based on the tidal prism. However, as can be seen in Tables 2 
and 3, the modeled period varies greatly within all model runs, which 
could also explain the longer period. 

3.3. Relative sea-level rise 

For the runs with different rates of relative sea-level rise, the ba-
thymetries are initially very similar; but eventually, as the mean water 
level further rises, the cyclic behavior continues with noticeable 
changes. The period between successive breaches, listed in Table 4, 
shortens with rising mean sea level for the lower rates (≤ 1.5 cm/yr: 
slr50, slr100 and slr150). Fig. 6c shows that the shorter periods are 
concurrent with an increase in the minimum channel orientation. 
Breaches that are followed by a more downdrift oriented new channel 
(larger minimum channel orientation) are also followed by shorter 
period. This downdrift shift is concurrent with slightly smaller semi- 
diurnal flow velocities (Fig. 5a), which can be explained by an in-
crease in inlet cross-sectional area (Fig. 6a). For the lower rates of sea- 
level rises, the larger minimum channel orientation explains the 
shorter third and fourth period. 

Only when the relative sea-level rise is 2 cm/yr (slr200), the cyclic 
behavior slows down. The larger periods are related to an increase in 
cross-sectional area larger than that for the lower rates of sea-level rise. 
The increase in cross-sectional area is particularly evident after 5500 
days. This increase has the effect of significantly smaller flow velocities 
(orange line in Fig. 5a), which in turn causes breach postponement. In 
contrast to the lower rates of rising sea level, reduced tidal flow causes 
longer periods between successive breaching events. Again, the time 
scale is linked to the channel orientation after the breach (Fig. 6c); in 
this case, the new channel has a more updrift orientation. Based on this 
transition from shorter to longer periods, we conclude that there is a 
critical rate of relative sea-level rise for cyclic behavior, in this system 
between 1.5 and 2 cm/yr. Above the critical rate, the increase in cross- 
sectional area cannot be compensated by additional sediment input from 
the littoral drift, slowing down the cyclic evolution of the ebb-tidal 
delta. Below the critical rate, the cross-sectional area of the inlet is 
relatively steady and shorter periods were modeled. 

Fig. 3. For undist100 and the reduced basin runs the maximum value in the inlet of the (a) semi-diurnal flow amplitude and (b) mean flow magnitude.  

Table 3 
Period between successive breaches for the disturbed runs with a reduction in 
basin area after 3400 days with Tfirst the period of the first cycle and Tbreach all 
subsequent periods. Here, Tbreach is the average period after first cycle and P the 
tidal prism averaged over the first two cycles of cyclic behavior.  

Run Tfirst 

(days)  
Tbreach (days)  Tbreach 

(days)  
P 
(Mm3) 

dist100→ 
90  

860 850, 1050, 1050 983 50 

dist100→ 
80  

960 800, 1250 1025 46 

dist100→ 
70  

1260 750, 900, 750 800 38 

dist100→ 
50  

860 850, 300, 400, 400, 350, 550, 
600, 500, 800 

528 32  
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Fig. 6b shows the relative volume of the ebb-tidal delta, i.e., the 
difference between the volumes in the runs with and without relative 
sea-level rise. The solid lines are based on the initial mean water level, 
whereas for the dashed lines the volume is corrected for relative sea- 
level rise. Surprisingly, the ebb-tidal deltas maintain most of their vol-
ume; as the dashed lines show, they are simply further submerged 
because the water level rises. As expected, the increased water depth 
reduces the offshore wave energy dissipation and thus increases the 

wave height in the inlet (Fig. 6d). 
Fig. 6e and f shows the additional sediment transport through cross- 

sections across the inlet and perpendicular to the downdrift coast, 
respectively. The former shows that more sediment is imported than in 
undis100. For relative sea-level rise below the critical rate, the addi-
tionally imported sediment scales with increasing rate of sea-level rise. 
The additional cumulative import until 7000 days equates to an average 
sedimentation of the basin of roughly 0.15 cm/yr for slr50, 0.17 cm/yr 
for slr100 and 0.32 cm/yr for slr150. In contrast, for slr200, eventually 
no more sediment is imported than for slr150. This suggests that the 
declining peak flow velocities due to the oversized cross-sectional area 
limit the capacity of tidal currents to transport sediment into the basin. 
The sediment flux along the downdrift coast (Fig. 6f) reveals another 
difference between the model runs with rate of relative sea-level rise 
below and above the critical value. For rates of relative sea-level rise 
below the critical rate, the littoral drift at the downdrift coast increases, 
possibly because of the shorter periods of cyclic behavior. However, for 
2 cm/yr relative sea-level rise, a decrease in littoral drift is modeled at 
the downdrift island. The change in cumulative sediment transport 

Fig. 4. For the reduced basin runs (a) cross-sectional area of the inlet, (b) volume of the ebb-tidal delta, (c) the orientation of the main channel, (d) the average (solid 
lines) and maximum (dotted) significant wave height in the inlet, (e) additional cumulative sediment import, and (f) additional cumulative littoral drift along the 
downdrift coast. 

Table 4 
Period between successive breaches for the disturbed runs 
with rising subtidal water level together with undist100 for 
reference. Only the first 4 periods are shown.  

Run Tbreach (days)  

undist100 760, 1160, 1700, 1500 
slr50 760, 1130, 1430, 1480 
slr100 760, 1110, 1450, 1200 
slr150 760, 1220, 1350, 1170 
slr200 760, 1150, 1860, 1960  
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along the updrift coast due to sea-level rise is negligible (less than 0.02 
Mm3). 

4. Discussion 

Deflecting channels and periodic breaching are natural sediment 
bypassing mechanisms at many ebb-tidal deltas (FitzGerald, 1988; 
FitzGerald et al., 2000; Ridderinkhof et al., 2016b). The feedbacks be-
tween this cyclic behavior and the underlying physical processes are 
relatively well understood (Cayocca, 2001; Bertin et al., 2009; Ridder-
inkhof et al., 2016a; Lenstra et al., 2019a, b). Some tidal basins have 
been reduced in area in the last century, disrupting the natural dynamics 
(FitzGerald et al., 1984; Van de Kreeke, 2006; Elias et al., 2012). Many 
tidal inlet systems are further affected by relative sea-level rise (Van der 
Spek, 2018; Vermeersen et al., 2018; Wang et al., 2018). Observations 
indicate that these anthropogenic influences resulted in erosion of 
ebb-tidal deltas; slowing down of cyclic behavior of ebb-tidal deltas; and 
additional sediment import into the basin. These patterns were repro-
duced by the model. Furthermore, we have quantified the different ef-
fects and differentiated between relative sea-level rise and changes in 
basin area. In the discussion we will analyze why ebb-tidal delta dy-
namics change (Section 4.1) and put our results in a broader perspective 
(Section 4.2). 

4.1. Physical mechanisms 

We have reproduced the observations that a reduction in basin area 
causes initially longer and eventually shorter cycle periods and we have 
discussed the underlying mechanisms. The patterns of erosion/deposi-
tion, mean and semi-diurnal flow velocities and (tidally-averaged) 
sediment transport were analyzed during the three phases of cyclic 
behavior to explain the longer duration of the first cycle. Fig. 7 shows 
these parameters after 3400 days, i.e., directly after model restart and 
during the phase of channel rotation. At this moment, the morphology is 
the same for all model runs such that the instantaneous effect of basin 
reduction on tidal currents and sediment dynamics was isolated. The 
green contour indicates the change in tidal flow magnitude, particularly 
in the inlet (as in Fig. 3a) and in the main channel. The results show that 
the deepening of the new channel (blue) scales with basin area. The 
maximum erosion along the black line across the channel is 0.033 m/day 
for undist100 and 0.029, 0.025, 0.020 and 0.014 m/day for a 10%, 20%, 
30% and 50% basin reduction, respectively. Furthermore, also the 
deposition in the seaward part of the delta slows down for larger 
reduction in basin area. However, the maximum deposition rate along 
the black line in the area flanking the channel is, with values ranging 
between 0.1055 and 0.1077 m/day, surprisingly similar. This is because 

the wave-induced patterns of mean flow (yellow/black vectors) and 
sediment transport (white/magenta) over the shallow ebb-tidal delta 
platform are relatively unaffected. Based on the similar deposition rates, 
it is concluded that the longer duration of the first cycle cannot be 
explained by changes in the channel rotation rate. This is supported by 
the fact that the channel orientations after 3600 days are roughly equal 
(see Fig. 4c). However, due to the reduced tidal flow, both the size of the 
channel and growth of the ebb-tidal delta are reduced. 

Fig. 8 shows the patterns of erosion/deposition, mean and semi- 
diurnal flow velocities and (tidally-averaged) sediment transport after 
3800 days. At this moment, all model runs are characterized by shoal 
growth, as indicated by the areas of deposition on the downdrift side of 
the ebb-tidal delta. The shoal growth was quantified by the shoal growth 
rate, i.e., total deposition in the area in thick black contour in Fig. 8. For 
undist100, the shoal growth rate is 10229 m3/day, whereas for the runs 
with basin reduction this is 7837 m3/day (dist100→90), 6338 m3/day 
(dist100→80), 5909 m3/day (dist100→70) and 4098 m3/day 
(dist100→50). As shown in Lenstra et al. (2019b), the shoal growth 
scales both with wave-induced sediment concentration and with mean 
flow magnitude (both tide- and wave-induced) over the ebb-tidal delta 
platform. Here, there is no significant variations in sediment concen-
tration on the ebb-tidal delta platform amongst the simulations with 
different basin sizes, whereas comparison of the black/yellow vectors 
indeed show that the mean flows during the first cycle decrease with 
basin area. Therefore, we conclude that the dampened shoal growth due 
to a drop in mean flow at least partly explains the longer duration of the 
first cycle. 

After the phase of shoal growth, the breaching of the ebb-tidal delta 
is initiated. The breaching rate was calculated as the average erosion in 
the area in thick black contour in Fig. 9. This figure shows the patterns of 
erosion/deposition, mean and semi-diurnal flow velocities and (tidally- 
averaged) sediment transport when the breaching rate is maximum in 
the first cycle. For a 10% or 20% basin reduction, the breaching rates 
(0.0148 m/day and 0.0153 m/day, respectively) are significantly higher 
than that in the reference run (0.0115 m/day). This increase in erosion is 
due to a ∼ 10% increase in sediment concentration. For a 30% basin 
reduction, the breaching rate of 0.0117 m/day in the first cycle is close 
to that of the reference run. Only for a 50% basin reduction is a lower 
breaching rate obtained for the first breach (0.0086 m/day). Here, both 
the sediment concentration and the mean peak ebb flow velocity are 
roughly ∼ 10% lower than in the reference run. This suggests that the 
adaptation is completed for dist100→90 and dist100→80, almost 
completed for dist100→70 and continues for dist100→50. 

The shoal growth rate and the breaching rates for all reference runs 
and runs with basin reduction are summarized in Table 5. A distinction 
is made between the rates before and after the adjustment. During the 

Fig. 5. For undist100 and the runs with relative sea-level rise the maximum tidal flows amplitudes in the inlet with (a) semi-diurnal flow and (b) mean flow.  
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adjustment period, the shoal growth rate decreases with decreasing 
basin size, whereas the opposite effect is found after the adjustment 
period. Following the reference runs, the shoal growth rate increases 
with decreasing basin size. A similar trend is found for the breaching 
rate: the breaching rates correlates positively and negatively with basin 
size before and after the adjustment period, respectively. For dist100→ 
90 and dist100→80, the values in Fig. 9 are similar to those in the sub-
sequent cycles, indicating that the adaptation was completed. This is not 
the case for dist100→70 and dist100→50; this slower adaptation corre-
sponds with the longer adaptation period and the largest values for Tfirst . 

In conclusion, the initial slowing down of the cyclic behavior can be 
attributed to an initial dampening of the shoal growth phase, whereas 
the channel rotation phase is unaffected. The subsequent acceleration is 
in turn due to an increase in shoal growth rate and breaching rate after 
the adjustment period. It remains unclear why Tfirst of dist100→70 ex-
ceeds that of dist100→50, despite the lower shoal growth and breaching 
rates for the latter. Possibly, this is due to the smaller ebb-tidal delta. 

Fig. 6. For the runs with relative sea-level rise (a) cross-sectional area of the inlet, (b) relative volume of the ebb-tidal delta (solid lines: based on the initial mean 
water level; dashed lines: based on the actual mean water level), (c) the minimum orientation after the breach versus the period between the two breaches, (d) the 
average (solid lines) and maximum (dotted) significant wave height in the inlet, and (e) additional cumulative sediment import, and (f) additional cumulative littoral 
drift along the downdrift coast. 
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4.2. Comparison and shortcomings 

This study focused on relatively short basins with a standing tidal 
wave, such as the Frisian Inlet. Our results explain what has happened at 
this inlet, where the closure of the Lauwerszee caused additional import 
of sediment and slowed down the first cycle of channel-shoal dynamics 
(Biegel and Hoekstra, 1995; Oost, 1995; Van de Kreeke, 2006). We 
found that the adjustment time scale increases with basin area reduc-
tion. Note that the observed formation of an exceptionally large shoal at 
the Frisian Inlet (Elias et al., 2012) was not reproduced in the present 
study. The modeled drop in ebb-tidal delta volume was also observed at 
other inlets which had a reduction in basin area, such as the San Fran-
cisco Bay (Dallas and Barnard, 2011). Furthermore, our results indicate 

that in the future (after the adjustment) the morphological development 
of the Frisian Inlet and similar inlets will accelerate with shorter period 
of cyclic behavior because of faster shoal growth and breaching of the 
ebb-tidal delta. The shorter time scale of the cyclic behavior matches the 
observations of Gaudiano and Kana (2001) and Ridderinkhof et al. 
(2016b), who found that the period of the cyclic behavior correlates 
positively with the tidal prism. It appears that the typical period after the 
adjustment remains longer than the typical period in the undisturbed 
runs with equal basin area. Similarly, the volume of the ebb-tidal delta 
after the adjustment was lower than in undis100, but exceeded that of 
the undisturbed runs with equal basin area. Because larger ebb-tidal 
deltas tend to have a longer period between successive breaches/shoal 
attachments, it is likely that the latter two results are interrelated. 

Fig. 7. Erosion (blue) and deposition (red) after 3400 modeled days. The vectors represent tidally-averaged total sediment transport (white/magenta) and flow 
velocities (yellow/black). The vectors are shown in every third grid cell in both directions. The green line encloses the area with semi-diurnal flow magnitude 
exceeding 0.23 m/s. The shown area is 4 km (east-west direction) by 3 km (north-south). In the upper right corner of each panel, the model run is shown. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Furthermore, the wave height in the inlet decreased with basin area 
because of the also decreasing size of the secondary (updrift oriented) 
channel, which is between the inlet and the predominant wave direc-
tion. This reduction is contrary to Lenstra et al. (2019a), where the 
Ameland Inlet was best protected from incoming waves when the main 
channel has an updrift orientation. In that case, more energy dissipated 
on the ebb-shield and the shallow areas flanking this channel, whereas 
in this study, the dissipation on these shallow areas was similar amongst 
the runs. This discrepancy might be explained by the spatial dimensions 
(Ameland Inlet is one order of magnitude larger than the idealized inlet 
in the present study) and by the orientation of the main channel 
(updrift/shore-normal for Ameland, downdrift/shore-normal here). 

In some systems, reduction of the basin area has lead to an increase in 
tidal prism. For example, at the Texel and Vlie basins in the Dutch 
Wadden Sea, the construction of the Afsluitdijk caused the shift from a 

propagating to a standing tidal wave (Ridderinkhof et al., 2014). 
Resonance effects subsequently increased the tidal prism. However, the 
effect of such a transition is beyond the scope of this study. 

In our simulations, the volumes of the ebb-tidal deltas subject to 
relative sea-level rise were relatively unaffected. They were simply 
submerged further because of the rising subtidal water levels. This im-
plies that the sediment that has been observed to be imported into the 
basin in times of sea-level rise (Becherer et al., 2018; Wang et al., 2018), 
originates not from the ebb-tidal delta, but from other areas. Also, this 
suggests that the observed historic erosion of Dutch ebb-tidal deltas 
(Elias et al., 2012) was primarily caused by the basin reduction and not 
by the relative sea-level rise. Nevertheless, when the average water 
depth above the ebb-tidal deltas increased, less offshore wave energy 
dissipation was modeled. Because, as a result, the wave height increased 
in the inlet and the basin, this will potentially cause erosion of intertidal 

Fig. 8. As Fig. 7, but after 3800 modeled days.  

K.J.H. Lenstra and M. van der Vegt                                                                                                                                                                                                        



Continental Shelf Research 214 (2021) 104323

12

flats in the basin. Furthermore, more energetic waves can propagate into 
the nearshore zone of the updrift tip of barrier islands, which further 
exposes the already eroding island heads. 

In our model runs, the additional import of sediment was not suffi-
cient to compensate for the accommodation space created in the basins. 
This is probably because of the relatively coarse sediment used in this 
study. It is known that finer sediment is transported more easily into the 
basin than coarse sediment (e.g. Sha, 1990; Gao and Collins, 1994; 
Herrling and Winter 2014; Zhou et al., 2015). However, it was not the 
objective of this study to examine or replicate the morphological 
response of the basin area, but that of the ebb-tidal delta. Wang et al. 
(2018) studied the effects of relative sea-level rise on sediment dynamics 
and morphology at the Dutch Wadden Sea and showed that each tidal 
basins has an individual critical rates for ‘drowning’ of intertidal flats. In 
other words, if the pace of rising mean sea level exceeds this rate, the 

maximum volume of imported sediment is no longer sufficient to 
maintain a portion of intertidal flats. Here, we found a similar critical 
rate of relative sea-level rise for cyclic behavior. Above this rate, the 
cross-section of the inlet was not in balance with the tidal flow, slowing 
down the cyclic channel-shoal dynamics. These longer periods between 
successive breaches were linked to an updrift shift in breach location. In 
contrast, if relative sea-level rise was below the critical rate, shorter 
period were associated with a downdrift shift in breach location. 

This modeling study showed the connected adjustment of cyclic 
behavior, ebb-tidal delta volume, inlet cross-sectional area, tidal flow 
amplitudes and sediment import for both relative sea-level rise and 
basin area reduction. Many cyclic ebb-tidal deltas are located in an 
environment characterized by land reclamation, subsidence and/or sea- 
level rise. The outcomes of this study contribute to our understanding of 
the long-term evolution of tidal inlets in such an environment. 

Fig. 9. As Fig. 7, but when the breaching rate is maximum during the first cycle.  
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The focus of this paper is on the separate impacts of basin area 
reduction and relative sea-level rise. However, one model run has been 
conducted that combines the basin area reduction with relative sea-level 
rise (slr100 + 100→70). The outcome has been added to Fig. 4 (red 
dashed line). It can be seen that for the shown parameters, the combined 
effect is not very different from adding the effects of the two individual 
cases (slr100 and dist100→70). For example, because both slr100 and 
dist100→70 feature additional sediment import, even more sediment is 
imported for slr100 + 100→70. Furthermore, the periods between suc-
cessive breaches are 1250, 750, 880 and 700 days. Comparing those to 
dist100→70 (Table 3) shows an acceleration due to the relative sea-level 
rise below the critical rate. It remains unknown whether the effects of 
relative sea-level rise and basin reduction dominate over one another 
and how this depends on the rate of relative sea-level rise and on the 
basin area. 

5. Conclusions 

This study has explored how natural cyclic behavior of ebb-tidal 
deltas and its time scale for short tidal basins are affected by an 
instantaneous reduction in basin area and by relative sea-level rise. To 
this aim, numerical model simulations were used which follow well- 
known empirical relationships. Back-barrier basin area reductions, 
which are common in many tidal inlet systems worldwide, lead to longer 
periods of cyclic behavior during an initial adjustment period and 
shorter periods after the adjustment. The initial longer periods were 
linked to severely reduced tidal flow in the inlet, an oversized cross- 
sectional area, dampened shoal growth and slower breaching of the 
ebb-tidal delta. Simultaneously a relative decrease in ebb-tidal delta 
volume and tidal prism was found. This decrease in tidal prism is 
eventually also related to the shorter periods of cyclic behavior after the 
adjustment period. Despite the erosion of ebb-tidal delta, the wave 
height in the inlet decreased because channels silted up. 

We found shorter periods of cyclic channel-shoal dynamics for 
relative sea-level rise below a critical rate of 1.5 cm/yr. In this case, the 
sediment supplied to the inlet by the littoral drift compensated for the 
increase in cross-sectional area due to the rising water level. The ac-
celeration of the cycle was related to a downdrift shift in breach location 
due to a small decrease in peak flow magnitudes. However, above the 
critical rate, significantly smaller flow velocities in the inlet caused the 
cyclic behavior to slow down. The ebb-tidal deltas maintained their 
volume, but because the water depth increased, so did the wave height 
in the inlet. 
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