
1.  Introduction
Barrier islands are low-lying coastal land forms that constitute 10%−15% of the world's coasts (Davis & 
FitzGerald, 2010). They lie parallel to the mainland coast, thereby they protect it from coastal hazards such as 
storm surges (Davis & FitzGerald, 2010). As most coastal lowlands are densely populated, barrier islands are thus 
of great socio-economic importance.

Most barrier islands were created during the Holocene, when rates of relative sea level rise (RSLR) decreased 
from 7−15 to ∼2 mm/yr (Beets & van der Spek, 2000; Leatherman, 1983). Different theories about barrier island 
formation have been proposed. Barriers may have formed through onshore migration of subtidal bars, or through 
the reworking of sediment after the continental shelf was flooded (Davis & FitzGerald, 2010). The latter mecha-
nism is believed to be responsible for the formation of the Wadden Islands along the Dutch, German and Danish 
coast, some 7,000 years BP (Beets & van der Spek, 2000), as well as that of the barrier islands along the US east 
coast (Figure 1).

Future projected RSLR is a serious threat to most coastal systems in the world. Worst-case scenarios predict a 
global mean sea level (MSL) increase of roughly 2.7 m by the year 2300 compared to the year 2000 (Palmer 
et al., 2020). Furthermore, the effects of for example, vertical land motion should also be considered when study-
ing the response of coastal systems to changes in sea level. Given that many barrier islands are located near deltas, 
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Plain Language Summary  In extreme sea level rise scenarios (like those predicted during the 21st 
century and beyond) barrier islands may drown. Barrier drowning occurs due to a lack of sediment induced by 
sea level rise, which causes submergence of (parts of) the barrier chain. It remains difficult to predict when and 
under which conditions drowning may occur. In this study we investigated the dynamics of drowning barrier 
islands with an exploratory numerical model. A key finding from our model is that high rates of sea level rise 
(higher than 5 mm/yr), but also high waves (higher than 1.5 m) result in barrier drowning. However, even under 
model simulations with high rates of sea level rise, it takes a long time for the sand in the barrier island to 
erode. Barrier drowning and disappearance therefore might take 100s of years. The model results are consistent 
with available field data, but more observations are needed to achieve a full model verification.
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where land is sinking, they may experience even higher rates of RSLR. Climate change may also result in changes 
in storm return periods, which also affect barrier coasts through changes in barrier breaching and sediment trans-
port during overwash events (Reef et al., 2020).

A possible consequence of this increase in sea level, is that barrier islands will not be able to migrate landward 
fast enough to stay above sea level, resulting in whole-scale barrier island drowning (Mellett & Plater, 2018). 
Drowning, as we define it here in this study, is the submergence of (a part of) the barrier island chain due to 
sediment imbalance caused by RSLR. This includes whole-scale barrier drowning, in which the entire barrier 
chain is submerged below MSL, and also partial barrier drowning, in which part of the barrier chain is still above 
MSL and part of it is submerged. Partial barrier drowning could be a precursor to a whole-scale drowned barrier.

Observations of whole-scale drowned barrier systems are scarce. There is an example in the English Channel, 
where a barrier formed around 9,500–8,800 years BP, when MSL was at −22 m relative to that of present day, 
and it drowned around 8,300 years BP when MSL reached −17 m (Sanders & Kumar, 1975).

Observations of partial barrier drowning are more common. An example is the Isles Dernières barrier chain 
(Louisiana, USA), which has been exposed to a rate of RSLR of roughly 13 mm/yr since the mid-1800s (Dingler 
et al., 1993). As a response to this high rate of RSLR, new inlets have formed, and existing inlets have widened 
(FitzGerald et al., 2008). Other modern barrier island chains might also show signs of partial drowning, but this 
remains poorly quantified.

With high rates of RSLR, the part of a barrier island chain that is below MSL (inlets, see Figure 1) is expected to 
increase in the future (Mellett & Plater, 2018). Existing inlets might have been in equilibrium, due to a balance 
between sediment export by tidal currents and sediment import by littoral drift (Escoffier, 1940). But inlet sizes 
can increase because RSLR (when ignoring changes in ocean tides) causes an increase in tidal prism (Stage 2 of 
the conceptual model of FitzGerald et al., 2008). In addition, RSLR will create sediment deficits in the barrier 
chain that will further expand existing inlets beyond their equilibrium, and also create breaches that will form 
new inlets (Stage 3 of the conceptual model of FitzGerald et al., 2008). The threshold rates of RSLR that induce 
barrier island drowning are mostly unknown, and the subsequent drowning timescales could be of the order of 
100s of years (Mariotti & Hein, 2022).

Here, we study the influence of RSLR on the long-term evolution (100s of years) of barrier island chains. In 
particular, we focus on the time needed for barrier islands to respond to changes in rates of RSLR, and on the key 
mechanisms that drive barrier island drowning.

Process-based models haven been commonly used to investigate barrier drowning. Stolper et al. (2005) devel-
oped the cross-shore Geomorphic Model of Barrier, Estuarine and Shoreface Translations (GEOMBEST) model, 

Figure 1.  Relative sea level rise (RSLR) is expected to increase the fraction of barrier extent below mean sea level (MSL; 
Mellett & Plater, 2018). Examples of present-day barrier islands and their respective fraction below MSL (in the alongshore 
direction): (a) 0.22 for the Wadden Islands along the coasts of the Netherlands and Germany, and (b) 0.03 for the barrier 
islands along the US east coast of New Jersey. White curves represent the extent of islands, while red curves represent that 
of inlets. The given fraction below MSL is computed as the ratio between inlet width and the total barrier chain length (inlets 
and islands). Extracted from Google Earth (images provided by TerraMetrics).
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which allows for the study of distinct stratigraphic units characterized by a different erodibility and sediment 
composition. Using the GEOMBEST model, Moore et al. (2010) showed the rate of RSLR to be the main factor 
determining barrier island drowning. Lorenzo-Trueba and Ashton (2014) designed a cross-shore model to study 
barrier island drowning and retreat due to RSLR. They found that a barrier drowns when landward sediment 
transport on the shoreface or across the islands is too small to maintain the barrier.

Cross-shore models can represent barrier drowning, but their findings are difficult to compare with obser-
vations. This is because they make a binary prediction (a barrier is either drowned or not) and most modern 
barrier chains will be somewhere in between. To study barrier island chains, two horizontal dimensions facil-
itate easier integration of models with observations. Such models have been recently developed (Ashton & 
Lorenzo-Trueba, 2018; Mariotti & Hein, 2022; Nienhuis & Lorenzo-Trueba, 2019). The model by Ashton and 
Lorenzo-Trueba (2018) follows the same parameterized cross-shore dynamics as that of Lorenzo-Trueba and 
Ashton (2014), and couples them in the alongshore direction by adding an equation for shoreline evolution that 
depends on alongshore variations of the shoreline. The BarrieR Inlet Environment (BRIE) model of Nienhuis 
and Lorenzo-Trueba (2019) accounts for inlet dynamics as well. Moreover, all these processes are included in 
the model of Mariotti and Hein (2022), which, in addition, also solves for hydrodynamics. The advantage of the 
highly parameterized BRIE model with respect to the more complex model of Mariotti and Hein (2022) is  that 
it is fast, so it is a suitable tool for performing extensive sensitivity studies. Furthermore, since it explicitly 
accounts for inlet dynamics, such as opening, closing, or migration, it allows for simulating barrier island states 
that are in between fully emerged and fully drowned. However, BRIE only considers inlets that are in morpho-
dynamic equilibrium (i.e., following Escoffier, 1940) and does not consider the dynamic effects of RSLR on 
inlets.

Motivated by the existing modeling restrictions, we modify and expand the BRIE model into the BarrieR Inlet 
Environment-Drowning (BRIE-D)  model to allow for RSLR-driven transformations of tidal inlets on barrier 
island chains. Note that both BRIE and BRIE-D are “exploratory” models (Murray, 2003), aiming at understand-
ing a poorly understood process (here, barrier drowning) rather than representing a specific barrier island.

Our study objectives are to (a) understand the effects of RSLR on the barrier island sediment balance, inlet 
expansion and the related barrier drowning, (b) examine the temporal evolution of inlet expansion in a drowning 
barrier, and (c) explore the dependence of barrier island drowning on model parameters (e.g., wave height, rate 
of RSLR, storm return period, tidal amplitude).

The next section includes a description on how barrier drowning is quantified and modeled, together with the 
design of simulations and analysis of model output. Section 3 contains the results, followed by a discussion in 
Section 4. The final section contains the conclusions.

2.  Methods
2.1.  Metrics for Studying Barrier Island Drowning

In this study, we use a measure for RSLR-driven barrier island drowning that is derived as follows. Consider a 
barrier island chain, with an alongshore extent Lb, separated by N different inlets, each having a width Winlet,i, 
where i = 1, 2, …, N. In the course of time, the number of inlets N may change as a result of islands becoming 
drowned, barrier storm breaching, inlet closure, and inlets merging. The width of each inlet may also change, and 
expand to become very wide with tips that are morphologically disconnected. We define the fraction of barrier 
extent that is drowned ΔF as

Δ𝐹𝐹 = 𝐹𝐹 − 𝐹𝐹𝑒𝑒𝑒𝑒, 𝐹𝐹 =

∑𝑁𝑁

𝑖𝑖=1
𝑊𝑊𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝐿𝐿𝑏𝑏

, 𝐹𝐹𝑒𝑒𝑒𝑒 =

∑𝑁𝑁

𝑖𝑖=1
𝑊𝑊𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝐿𝐿𝑏𝑏

.� (1)

In this expression, F is the fraction of barrier extent below MSL (i.e., the part of Lb that consists of inlets, see 
e.g., Figure 1). However, F itself is not characterizing barrier drowning, as inlets do exist under non-drowning 
conditions. In the latter case, the inlets are said to be in equilibrium. The equilibrium widths of the inlets are 
denoted by Winlet,eq,i, from which it follows the fraction Feq of the barrier below MSL. As shown by Equation 1, 
it is the difference between F and Feq, that is, the fraction ΔF of the barrier length below MSL due to tide-wave 
imbalance, that quantifies how much of a barrier is drowned.
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Note that a single inlet can be comprised of a part that is due to equilibrium, and another part due to drowning 
(see Figure 2 for a graphical example). The fraction of barrier extent that is drowned varies between 0 and 1. 
If ΔF = 0, the barrier, on average, is in morphological equilibrium. Barrier drowning starts taking place when 
ΔF > 0, which may precede a whole-scale drowned barrier.

Variations in F are caused by different mechanisms. Human modifications to barriers (constructing jetties, main-
taining inlets, nourishments, etc.) cause deviations in the fraction of barrier extent below MSL. Short-term natu-
ral dynamics (storm breaching, inlet migration, etc.) also cause F to deviate away from its equilibrium. Here, we 
focus on RSLR, which affects ΔF but also Feq through modifications of the tidal prism (FitzGerald et al., 2008). 
Section 2.3 describes how ΔF is computed from (BRIE-D model) data.

2.2.  Model Description

We use the morphological BRIE-D model to study barrier drowning (measured with ΔF). We also use the BRIE 
model to simulate the evolution of a barrier chain that is always in equilibrium, thus not drowning. BRIE-D is an 
extension of the BRIE model (Nienhuis & Lorenzo-Trueba, 2019). The main differences between the two models 
are the following. In the original BRIE model, inlets are prescribed to have an equilibrium width (F = Feq, such 
that ΔF = 0). We modified BRIE into BRIE-D, in which a dynamic evolution of inlets is allowed that depends 
on the sediment mass balance. In this section, we describe inlet formation and evolution. Further details on the 
other model routines (e.g., cross-shore dynamics, shoreline evolution and numerical aspects) are given in Supple-
mentary Information S1. More details about the BRIE model are given in Nienhuis and Lorenzo-Trueba (2019). 
In this paper, we compare BRIE-D to BRIE to investigate the effect of inlet dynamics on barrier drowning, and 
we use BRIE-D to then investigate barrier island drowning timescales. All results are from the (newer) BRIE-D, 
unless specified.

2.2.1.  Inlet Opening

The BRIE-D model considers a barrier-inlet system with a given alongshore extent Lb. Initially, there are no 
inlets, but they can appear in two different ways. Inlets may open either due to barrier breaching caused by a storm 
or due to barrier drowning. Breaching is imposed every Tstorm years where the barrier volume is at a minimum, and 
at a location at least 5 km from existing inlets (Roos et al., 2013). The time Tstorm is to be interpreted as a storm 
return period. The initial width of a breached inlet is set at 1 km.

Figure 2.  Graphical example of how the variables F, Feq, and ΔF, which measure various aspects of drowning in our model, are defined. A chain (with total alongshore 
length Lb) of four barrier islands (yellow) and three inlets (widths Winlet,1,2,3) is shown. In this case, Inlet 1 is in equilibrium (Winlet,1 = Winlet,eq,1), Inlet 2 is fully drowned 
(Winlet,eq,2 = 0, i.e., according to equilibrium inlet theory it should be closed, but due to drowning of a portion of the barrier it is open), and the width of Inlet 3 consists 
of an equilibrium component and a drowned component. Purple segments represent the (parts of) inlet widths contributing to ΔF.
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Alternatively, inlets appear when a portion of the barrier drowns (either because the width or the height of the 
barrier becomes negative), which is not restricted to its proximity to other inlets. The initial width of a drowned 
inlet is set equal to the width of the portion of the barrier that drowned.

2.2.2.  Inlet Evolution

Once inlets exist, the BRIE-D model calculates their widths and equilibrium widths (needed to calculate F, 
Feq, and ΔF) as follows. First, inlet width Winlet is related to cross-sectional area Ainlet by assuming a prismatic 
cross-section and a depth-to-width ratio (or aspect ratio) γaspect. The inlet aspect ratio is assumed to be constant 
only for small inlets. Based on observations (Hume & Herdendorf, 1992), the maximum inlet depth is set at 15 m, 
above which an increase in inlet cross-sectional area causes an increase in only the inlet width. Denoting the depth 
by Dinlet, it follows that 𝐴𝐴 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑊𝑊𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝐷𝐷𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝛾𝛾𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑊𝑊

2

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
 , so

𝑊𝑊𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = (𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖∕𝛾𝛾𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎)
1∕2

, 𝑊𝑊𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = (𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖∕𝛾𝛾𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎)
1∕2

.� (2)

Now, Ainlet,eq is calculated using the Escoffier (1940) relation, that is, from a balance between sediment import 
by waves and sediment export by tides (which depends on Ainlet and given tidal conditions). Details are given in 
Equations S61–S64 in Supplementary Information S1.

The evolution of the actual cross-sectional area Ainlet is governed by four drivers,

𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑑𝑑𝑑𝑑
= 𝐺𝐺𝑠𝑠𝑠𝑠 + 𝐺𝐺𝐸𝐸𝐸𝐸𝐸𝐸 + 𝐺𝐺𝑚𝑚 + 𝐺𝐺𝑑𝑑.� (3)

The first driver is Gsd, which represents the change in cross-sectional area resulting from the relative accretion 
and erosion of each inlet flank. As is shown in Figure 3, a fraction α + αr (depending on wave and tidal condi-
tion) of the alongshore wave-driven sediment transport Qs is deposited on the tip of the updrift island, causing 
the updrift inlet flank to move at a rate dLup/dt. Likewise, a certain fraction βr + δr + αr of sediment is eroded 
from the downdrift inlet flank, causing it to move at a rate dLdown/dt. In the BRIE model, these deposition and 
erosion processes only result in migration of the inlet, and the value of δr is chosen such that inlet width is kept 
constant. In the BRIE-D model this constraint is released, resulting in variations in the cross-sectional area of 
the inlet, leading to

𝐺𝐺𝑠𝑠𝑠𝑠 = 𝐷𝐷𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

(

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
−

𝑑𝑑𝑑𝑑𝑢𝑢𝑢𝑢

𝑑𝑑𝑑𝑑

)

.� (4)

In the BRIE model this sediment distribution was such that the cross-sectional area of the inlet was maintained 
constant. In the BRIE-D model we allow for both tips of the barrier to be disconnected, and grow or shrink the 

Figure 3.  Sketch of the different elements of an inlet system and the mass exchanges with updrift and downdrift tips of the 
barrier, as well as with the flood-tidal delta. The parameters α, β, δ, αr, βr, and δr denote fractions of the littoral transport Qs. 
Note that the flood-tidal delta extends through the updrift barrier because it has been building up as the inlet was migrating. 
Modified from Nienhuis and Lorenzo-Trueba (2019) and Nienhuis and Ashton (2016). A detailed description of the moving 
boundaries and the sediment exchange within the inlet is given in Supplementary Information S1.
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inlet. A description of the variations in updrift and downdrift sediment volumes is given in Equations S32–S40 
in Supplementary Information S1.

We further allow for variations in the cross-sectional area of the inlet depending on the sediment exchange 
with the flood-tidal delta. This sediment exchange depends on a prescribed transport from the flood-tidal 
delta to the inlet and the export of sediment from the inlet to the flood-tidal delta due to tidal currents. For 
this, a simple model for an inlet-bay system is employed, as was used by Escoffier  (1940) to explain the 
stability of tidal inlets. The changes on the cross-sectional area of the inlet governed by these dynamics are 
described by

𝐺𝐺𝐸𝐸𝐸𝐸𝐸𝐸 = −
𝑀𝑀

𝑊𝑊𝑏𝑏

(

1 −

(

𝑈𝑈

𝑈𝑈𝑒𝑒

)2
)

.� (5)

In this equation, Wb is the width of the barrier and U is the amplitude of the tidal current in the inlet (which 
depends on the imposed tidal amplitude at sea, the cross-sectional area of the inlet, the barrier width, and the 
wetted surface of the back-barrier lagoon). Furthermore, Ue is the amplitude of the tidal current at equilibrium 
(set at 1 m/s for all simulations), and M is the volume of sediment per time unit that the inlet receives from the 
flood tidal delta. With this representation of tidal dynamics we allow for the inlet to evolve toward an equilibrium 
configuration, using a parametrization of the net sediment transport due to tides that was earlier used by van de 
Kreeke (2004).

A third way inlets can increase their cross-sectional area is by merging with other inlets. The increase in the 
cross-sectional area of the inlet due to merging with other inlets Gm is such that the total cross-sectional area is 
conserved. As a result, if inlets j and k merge, with j < k, the cross-sectional area of inlet j is then Ainlet,j + Ainlet,k, 
and inlet k is no longer present at the next time step.

Lastly, the increase in the cross-sectional area of the inlet due to barrier drowning depends on the length Wd of the 
portion of the barrier that drowned (due to either a negative barrier width or a negative barrier height),

𝐺𝐺𝑑𝑑 =
𝑑𝑑𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
𝛾𝛾𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑊𝑊𝑑𝑑.� (6)

In the case of barrier drowning, it may be that, according to the inlet aspect ratio formulation, the inlet is deeper 
than the initial depth of the drowned portion of the barrier. In order to ensure sediment conservation, the sediment 
missing in the inlet is added to the flood-tidal delta.

2.3.  Analysis of Model Output

We study the barrier response to RSLR through F, Feq, and ΔF. Values for F, Feq, and ΔF are computed from 
Winlet and Winlet,eq, which are output of the models. Note that the value of Feq obtained with the BRIE-D model, 
which allows for a gradual evolution of inlets, will not be necessarily identical to the value of F obtained with 
the BRIE model, which imposes inlets to be in equilibrium. This is because the time evolution of both models 
is governed by different dynamics (Equation 3 in the BRIE-D model, allowing for a gradual evolution, vs. the 
immediate equilibrium imposed in the BRIE model). Indeed, the different processes implemented in the BRIE-D 
model interact with each other, resulting in non-linear dynamics. Thus, the number and distribution of inlets will 
be different in both models. This difference in number and distribution of inlets may lead to, for example, two 
inlets being closer in BRIE-D than in BRIE, producing different equilibrium inlet widths, and hence different 
values of Feq in BRIE-D from the F in BRIE.

We study the timescales involved in barrier drowning by investigating the time series of ΔF under increasing rates 
of RSLR. Two timescales are defined: first, the time it takes until ΔF exceeds 0.1, and, second, the time it takes 
until ΔF exceeds 0.3. Here, the time at which ΔF = 0.1 represents the moment at which a noticeable amount of 
drowning has occurred. The time at which ΔF = 0.3 or, in other words, the situation where RSLR has submerged 
30% of the barrier alongshore extent, represents the time at which an aggravated drowning has occurred and the 
barrier is even more prone to eventually fully drown.

We also study the time evolution of other morphological metrics of drowning barriers, namely the number of 
inlets and the barrier width. The latter is represented by its alongshore mean through time, and it is computed as 
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the distance between the seaward shoreline and the back-barrier shoreline. We compute the barrier width only 
along the parts corresponding to subaerial barrier, that is, where Wb > 0.

2.4.  Design of Simulations

Our first aim is to understand the effects of RSLR on the barrier island sediment balance, inlet expansion and 
the related barrier drowning. We compare the evolution of a barrier system in which inlets are imposed to be in 
equilibrium to that of a barrier in which inlets dynamically evolve, depending on the sediment balance. We used 
the BRIE and BRIE-D models for each of these situations, respectively, both with the same input parameters. For 
the two situations, we further compare the evolution of the barrier for two rates of RSLR (𝐴𝐴 𝜉̇𝜉 = 4, 17  mm/yr) to 
represent a situation close to equilibrium, and a situation with drowning.

To achieve the second aim, that is, to examine the temporal evolution of inlet expansion in a drowning barrier, we 
performed simulations with the BRIE-D model for 𝐴𝐴 𝜉̇𝜉 = 17  mm/yr. For the sake of comparison, we also include 
the situation that 𝐴𝐴 𝜉̇𝜉 = 4  mm/yr (no drowning).

To achieve the third aim (quantify dependence of barrier island drowning on model parameters), we performed 
simulations with a broad range of significant wave heights, rate of RSLR, storm return period, wave period, wave 
asymmetry, inlet aspect ratio, maximum overwash transport, and the suspended sediment transport efficiency 
factor, which controls the shoreface transport. These are also performed with the BRIE-D model, in order to allow 
for a dynamic evolution of the inlets and study their effects on barrier drowning.

All simulations have a run time of 2,500 years, taking 𝐴𝐴 𝜉̇𝜉 = 2  mm/yr during the first 2,000 years, which serves as 
model spin-up period. After model spin-up, when the system reaches a statistically stationary state in terms of 
inlet number and inlet migration rates, we change 𝐴𝐴 𝜉̇𝜉 in order to study the system response for another 500 years. 
All other parameters have values that are representative for a typical mid-latitude barrier island chain and are kept 
constant during the entire 2,500 years (see Appendix A for a full overview of the model parameters and their 
default values). The new 𝐴𝐴 𝜉̇𝜉 is not changed during the last 500 years of model evolution. Note that we do not aim to 
simulate any barrier system specifically, but to get a broad picture of barrier response to RSLR. Table 1 presents 
an overview of the simulations performed.

Since we deal with a stochastic system, where randomness originates from the wave angle and from the initial 
conditions (see Supplementary Information S1), we performed five model realizations for each parameter setting. 
We present the model results as the mean of the five realizations for each parameter setting. Errors are quantified 
using the standard error of the mean. Experiments performed with an ensemble size of 100 showed no significant 
differences in model outcome when compared to results computed with only five simulations.

3.  Results
3.1.  Effects of Dynamic Inlets on RSLR-Induced Barrier Drowning

An example BRIE-D model simulation allowing for dynamic inlets under a rate of RSLR 𝐴𝐴 𝜉̇𝜉 = 17   mm/yr 
shows a gradual expansion of inlets during 500 years of barrier evolution (Figure 4). The barrier appears to 
drown gradually: initially (after the model spin-up period), the barrier is in a statistical equilibrium state. 
After 200 years drowning starts (ΔF = 0.2), and after 400 years more than half of the alongshore extent 
of the barrier is below MSL (ΔF = 0.6). The transition from a state in which inlets are in morphodynamic 

Aim Model used Parameter range a Figures

Effects of RSLR on inlet sediment balance BRIE, BRIE-D b 𝐴𝐴 𝜉̇𝜉 = 4, 17  mm/yr Figures 4 
and 5

Temporal evolution of barrier drowning BRIE-D 𝐴𝐴 𝜉̇𝜉 = 4, 17  mm/yr Figure 6

Dependence on model parameters BRIE-D 𝐴𝐴 𝜉̇𝜉  varying between 2 and 20 mm/yr, Hs varying between 0.75 and 3 m c Figures 7–9

 aIf not specified parameters take their default values (see Appendix A).  bSame input parameters for both models.  cMulhern et al. (2017).

Table 1 
Overview of Simulations Performed, Imposing Different Values for the Rate of Relative Sea Level Rise (RSLR) 𝐴𝐴

(

𝜉̇𝜉
)

 and Significant Wave Height (Hs)
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equilibrium toward a state of drowning is evident after 200 years, as some inlets become much wider than in 
the equilibrium situation (∼7 km). From there on, inlets merge and widen to the order of tens of km by the 
year 400.

In order to understand the potential effects of RSLR on inlet expansion and the related barrier drowning, we 
performed simulations allowing for a gradual evolution of inlets depending on the barrier sediment balance. We 
compare their output to that of simulations in which inlets are imposed to be in equilibrium. To study the effects 
of RSLR, we use low and high rates of RSLR (𝐴𝐴 𝜉̇𝜉 = 4 and 𝐴𝐴 𝜉̇𝜉 = 17  mm/yr, respectively). Recall that for all simula-
tions a spin-up period of 2,000 years with 𝐴𝐴 𝜉̇𝜉 = 2  mm/yr is used.

For low 𝐴𝐴 𝜉̇𝜉 , there are differences in barrier evolution between the situation in which inlets are imposed to be in 
equilibrium and the situation in which they are allowed to gradually evolve (Figures 5a and 5b), albeit that no 
drowning occurs in this case. Inlets tend to close more easily when they can gradually evolve in time (Figure 5a). 
This is because they are allowed to be closer to the “unstable equilibrium” (Equation 5, Escoffier, 1940), when 
inlet narrowing starts to decrease inlet flow velocities below the equilibrium velocity. In addition, independent 
updrift and downdrift flank migration rates (Equation 4) will also cause a greater instability in inlet size, which 
could lead to more frequent closure (as well as inlets larger than the stable equilibrium). Nevertheless, on longer 
timescales, low RSLR rates also lead to relatively steady inlet widths over time, similar to model simulations with 
the equilibrium imposed (Figure 5b). Furthermore, inlet migration rates are generally similar in both situations 
(∼1 to 2 m/yr), with the exception of short periods in which dynamic inlets migrate at rates of order 200 m/yr, 
due to local narrowing of the barrier. These low rates of RSLR do not present signs of an adaptation period to the 
new value of 𝐴𝐴 𝜉̇𝜉 imposed at t = 0.

Figure 4.  Modeled barrier island evolution (accounting for dynamic inlet evolution) at (a) 0, (b) 200, and (c) 400 years after 
the model spin-up period. Simulation is for a rate of relative sea level rise 𝐴𝐴 𝜉̇𝜉 = 17  mm/yr and for a domain with an along-shore 
extent of 50 km. Orange lines represent the equilibrium width for each inlet (Winlet,eq) and purple lines the difference between 
the actual inlet width an that at equilibrium. All parameters except 𝐴𝐴 𝜉̇𝜉  have their default values (see Table A1); in particular the 
offshore significant wave height is Hs = 1.5 m and the tidal amplitude is a0 = 0.8 m.
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Simulations under high rates of RSLR (𝐴𝐴 𝜉̇𝜉 = 17  mm/yr) reveal that when inlets are imposed to be in equilib-
rium, the response of the system strongly differs from that in which inlets can gradually evolve (Figures  5c 
and 5d). In general, imposing equilibrium yields an irregular evolution of inlet widths, with abrupt changes taking 
place for example, at the years 450 and 465, or with inlet closing briefly after opening at years 350–400. This 
behavior is due to barrier drowning being disconnected from (other) inlet dynamics. In contrast, by allowing for 
feedbacks between tide-induced inlets and drowning-induced inlets, we see more gradual inlet evolution. The 
resulting barrier behavior is smoother, but also a faster increase in ΔF is seen. Another difference between the 
non-equilibrium (BRIE-D, Figure 5c) and equilibrium (BRIE, Figure 5d) inlet model for 𝐴𝐴 𝜉̇𝜉 = 17  mm/yr is the 
resulting inlet migration rate. The non-equilibrium model yields higher migration rates (∼5 km/yr) compared to 
the equilibrium model (∼10 m/yr) for narrow inlets (<2 km). These high migration rates appear when the barrier 
is very narrow (<100 m). The difference between the two models is caused by the updrift and downdrift barrier 
tips evolving independently (Gsd, Equation 4), imposed to allow for inlet widening beyond its equilibrium state. 
This disconnection causes differences in sediment deposition in the inlet, which alters inlet migration. Note the 
time lag in barrier response in the BRIE-D model after the rate of RSLR has increased from 2 to 17 mm/yr at 
t = 0. It takes 100–150 years for the barrier to adapt to the new conditions.

3.2.  Evolution of a Drowning Barrier

Allowing for non-equilibrium inlets in a drowning barrier affects the temporal evolution of F, ΔF, Feq, barrier 
width Wb and the number of inlets (Figure 6). In the case of dynamic inlets and a high rate of RSLR (𝐴𝐴 𝜉̇𝜉 = 17  mm/
yr), Figure 6a shows that F gradually increases from the year 100 up to ∼0.8 after 500 years. When inlet equi-
librium is imposed, F also increases, due to an increase in tidal prism, reaching values up to 0.3. This increase 
in F corresponds to the sudden inlet creation and inlet widening taking place from the year 350 onward (see 
Figure 5e). Gradually evolving inlets result in a gradually increasing F from the year ∼100. The situation with a 
low rate of RSLR (𝐴𝐴 𝜉̇𝜉 = 4  mm/yr) shows a constant F for both situations.

Figure 5.  Comparison between the output of a model that allows for a gradual evolution of the cross-sectional area of the inlets (BRIE-D), and that of a model 
imposing inlets to be in equilibrium (BRIE): temporal evolution of barrier systems during 500 years in a 50 km long domain for a 𝐴𝐴 𝜉̇𝜉  of (a and b) 4 mm/yr (barrier 
drowning is not occurring) and (c and d) 17 mm/yr (there is barrier drowning causing widening the inlets). Simulations (a and c) allow for a gradual evolution of 
the inlets, whilst in simulations (b and d) inlets attain equilibrium instantaneously. All parameters except 𝐴𝐴 𝜉̇𝜉  have their default values (see Table A1); in particular the 
offshore significant wave height is Hs = 1.5 m and the tidal amplitude is a0 = 0.8 m.
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When allowing for dynamic inlets, ΔF is much larger than Feq for 𝐴𝐴 𝜉̇𝜉 = 17  mm/yr (see Figures 6b and 6c), mean-
ing that drowning is the main process through which inlets are created and maintained open. The fraction ΔF 
starts to deviate from zero after 100 years of evolution when 𝐴𝐴 𝜉̇𝜉 = 17  mm/yr, and achieves a value of 0.8 after 
400 years more. In contrast, the simulation during which 𝐴𝐴 𝜉̇𝜉 = 4  mm/yr is always close to equilibrium, that is, ΔF 
is always close to zero with a maximum deviation of 0.001. In this situation of low rate of RSLR, the barrier 
moves landward without losing mass or subaerial surface area. Accordingly, ΔF remains constant. This means 
that landward migration of the barrier sufficiently offsets lagoon widening to prevent severe changes in the tidal 
prism and thus drowning from increases in tidal prism does not occur. This is consistent with observations from 
Deaton et al. (2017).

The fraction Feq decreases until reaching a value of 0 after 500 years of evolution for 𝐴𝐴 𝜉̇𝜉 = 17  mm/yr. This is 
because Feq is a metric arising from each individual inlet (not the barrier chain as a whole), thus it decreases when 
the barrier starts to drown and inlets starts to merge. With 𝐴𝐴 𝜉̇𝜉 = 4  mm/yr, Feq slightly increases from 0.025 to 0.05 
because of a small increase in tidal prism caused by lagoon widening.

Barrier width rapidly decreases in the simulations with 𝐴𝐴 𝜉̇𝜉 = 17  mm/yr during the first ∼100 to 150 years of evolu-
tion after spin-up (see Figure 6d). This means that the sediment reservoir of the barrier (its sediment volume) 
starts decreasing briefly (less than 30 years) after the barrier is exposed to a new rate of RSLR. This period is a 
transition period, in which the barrier is adjusting to the new 𝐴𝐴 𝜉̇𝜉 . There is also a minor decrease in barrier width 
for the case 𝐴𝐴 𝜉̇𝜉 = 4  mm/yr, regardless of the inlets being always close to equilibrium. The barrier width eventually 
reaches an equilibrium value that depends on the 𝐴𝐴 𝜉̇𝜉 imposed. That value is about 30 m larger when imposing inlet 
equilibrium instead of allowing for a gradual inlet evolution for the two values of 𝐴𝐴 𝜉̇𝜉 shown. This difference is due 

Figure 6.  (a) Time series of F for 𝐴𝐴 𝜉̇𝜉 = 4 and 𝐴𝐴 𝜉̇𝜉 = 17  mm/yr, comparing barrier drowning under non-equilibrium inlet 
dynamics (solid) and equilibrium inlet dynamics (dashed). Panel (b) as panel (a), but for ΔF (only for non-equilibrium inlet 
dynamics because ΔF = 0 for inlets in equilibrium). Panel (c) as panel (b), but for Feq. Panel (d) as panel (a), but for mean 
barrier width Wb. Panel (e) as panel (a), but for the number of inlets. Curves represent the mean over five simulations. Shaded 
areas represent the standard error of the mean. Note the different scales of the vertical axes.
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to the added inlet dynamics in the latter situation. Adding sediment exchange between the inlet and the flood-tidal 
delta decreases sediment availability along the barrier islands, thereby reducing the barrier width.

Both configurations, that is, equilibrium and non-equilibrium inlet dynamics, produce roughly the same number 
of inlets for 𝐴𝐴 𝜉̇𝜉 = 4  mm/yr (Figure 6e), because the inlets are close to equilibrium (i.e., ΔF ∼0). In equilibrium, 
the number of inlets is controlled solely by the available tidal prism and the alongshore distance at which inlets 
remain stable (Roos et al., 2013). Thus, the number of inlets remains constant at ∼8 to 9. For faster RSLR (

𝐴𝐴 𝜉̇𝜉 = 17  mm/yr), equilibrium and non-equilibrium inlets start to behave differently. The number of inlets fluctuates 
between 8 and 9 when imposing equilibrium, showing no big differences with the situation with lower 𝐴𝐴 𝜉̇𝜉 until the 
year 350. After 350 years, it increases up to ∼11 to 12. In contrast, when letting inlets gradually evolve in time, 
the number of inlets decreases to ∼5 to 6 and fluctuates around these numbers from the year ∼200 onward. This 
is because inlets are wider when they are not restricted to be in equilibrium, thus there is less subaerial portion of 
the barrier where inlets may form and survive without merging with other existing inlets.

3.3.  Wave Height and RSLR Effects on Barrier Drowning

We performed a sensitivity analysis for the main parameters that control the system: tidal amplitude, significant 
wave height, wave period, rate of RSLR, wave asymmetry, inlet aspect ratio, storm return period, maximum over-
wash transport and the suspended sediment transport efficiency factor, which controls the shoreface transport. 
The significant wave height Hs and the rate of RSLR 𝐴𝐴 𝜉̇𝜉 turned out to be the parameters with the strongest impact 
on barrier drowning. The full sensitivity analysis is presented in Appendix B.

The fraction of barrier extent below MSL, F, changes due to the variations in Feq, and in ΔF. Here, Feq shows a 
dependence on significant wave height Hs and rate of RSLR 𝐴𝐴 𝜉̇𝜉 (see Figure 7a). This dependence is mainly caused by 
variations in tidal prism and sediment imported into the inlets by the littoral drift. For example, higher waves cause 
a decrease in Feq, because they tend to close existing inlets. Nevertheless, variations in Feq are low compared to the 
effects of drowning (see Figure 7b). There are two mechanisms that explain why ΔF shows more variations than 
Feq. First, RSLR results in thinner barriers, decreasing barrier volume, and thereby higher Gsd. Second, waves affect 
shoreface sediment transports, increasing the potential onshore sediment transport, but also the shoreface depth (see 
Supplementary Information S1), leading to higher ΔF for intermediate wave height. The behavior of F is only domi-
nated by that Feq for low rates of RSLR (𝐴𝐴 𝜉̇𝜉 𝜉 5  mm/yr), where the effect of RSLR is lower (see Figure 7c).

Overall, the results of Figure 8 reveal that an increase in 𝐴𝐴 𝜉̇𝜉 causes more drowning, as ΔF eventually takes larger 
values (see Figures 8a1, 8b1, and 8c1). ΔF, deviates from zero for rates of RSLR larger than a certain threshold (

𝐴𝐴 𝜉̇𝜉 ∼ 6  mm/yr). For 𝐴𝐴 𝜉̇𝜉 lower than 6 mm/yr, maximum differences in ΔF are 0.04 by the year 500. A similar general 
dependency of the barrier width Wb on the rate of RSLR is seen (Figures 8a2, 8b2, and 8c2), which attains lower 
values at latter times and at higher 𝐴𝐴 𝜉̇𝜉 . Yet, Wb responds earlier to changes in 𝐴𝐴 𝜉̇𝜉 , presenting more variability with 
respect to the initial value than ΔF after t = 100 years. Note that these values depend on other parameters as well 
(e.g., tidal amplitude, maximum overwash transport).

Figure 7.  For different values of significant wave height Hs and rate of relative sea level rise 𝐴𝐴 𝜉̇𝜉  : (a) the fraction of barrier 
extent below mean sea level (MSL), assuming an equilibrium situation for the inlets (Feq), (b) the fraction of barrier extent 
below MSL due to tide-wave imbalance in the inlet (ΔF), and (c) the fraction of barrier extent below MSL (Feq + ΔF = F) at 
the year 300.
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The number of inlets does not show such a clear dependence on Hs and 𝐴𝐴 𝜉̇𝜉 as ΔF or Wb (see Figures 8a3, 8b3, 
and 8c3). Specifically, there are some cases with RSLR-driven drowning with a low number of inlets with (some 
of) them being very wide (Winlet ∼10 to 20 km). In other cases with barrier drowning, widths of inlets overall take 
lower values (Winlet ∼1 to 5 km). Still, the total fraction below MSL is larger than that at equilibrium, because 
the number of inlets is very large (∼15 to 20). Situations in which there is barrier drowning with a large number 
of relatively narrow inlets are characterized by high waves (Hs ≥ 2 m) and rates of RSLR generally lower than 
15 mm/yr. In these situations, there is an important deposition of sediment by the littoral drift, which creates 
narrower inlets. In contrast, drowning situations with few and wide inlets only take place for 𝐴𝐴 𝜉̇𝜉 𝜉 15  mm/yr and 
intermediate Hs. In these cases, the combined effect of the deepening of the toe of the shoreface (see Equation S1 
in Supplementary Information S1) and RSLR causes a widening of the inlets which can not be balanced by the 
sediment import of waves. Thus, simulations with similar ΔF and Wb may have a significantly different number 
of inlets.

Depending on the rate of RSLR and on the wave height, the barrier starts drowning (if it does) after a certain time. 
In all cases, this is not achieved instantly after the rate of RSLR changes, but there is a time lag for the barrier 
system to adapt. Situations in which ΔF attains a value of 0.1 or 0.3 are reached earlier for environments with 
higher 𝐴𝐴 𝜉̇𝜉 and intermediate Hs (Figure 9). The time lag depends on 𝐴𝐴 𝜉̇𝜉 because of the gradual evolution of the inlets 
cross-sectional area. Still, for the same rate of RSLR, this lag in barrier response depends on Hs as well, with 

Figure 8.  For different values of significant wave height Hs and rate of relative sea level rise 𝐴𝐴 𝜉̇𝜉  : color plots of ΔF (a1, b1, 
c1), alongshore mean of barrier width Wb (a2, b2, c2), and number of inlets (a3, b3, c3). All three quantities are shown 
at years 100, 300 and 500 after model spin-up (first, second, and third columns, respectively) and averaged over five 
simulations. Situations depicted in white in panels (c1–c3) correspond to simulations that became numerically unstable while 
inlets were widening due to barrier drowning and thus stopped before reaching the year 500. Other simulations yielded a fully 
drowned barrier, represented by ΔF = 0.9, Wb = 0, and no inlets (top central part of panels (c1–c3)).
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intermediate wave heights (Hs ∼2 m) yielding the fastest barrier response. Intermediate Hs causes more drowning 
due to the deepening of the shoreface toe, which cannot be counteracted by the increased import of sediment into 
the inlets by the littoral drift. A deepening of the shoreface toe means a larger volume of sand that has to adapt to 
RSLR, thus creating more prone to drowning barriers. For higher waves, sediment imported by the littoral drift 
is able to counteract the effects of the deepening of the shoreface toe, and it takes longer for a barrier to drown. 
For lower waves, even if the sediment imported by the littoral drift is not so abundant, the toe of the shoreface is 
shallower, thus the whole barrier system adapts faster to RSLR-induced drowning. Interestingly, even if most situ-
ations deviate from equilibrium, not all of them reach a state that is characterized by ΔF = 0.1 within 500 years.

Most model simulations of barrier drowning are numerically robust for both BRIE and BRIE-D. All quantities 
shown in Figures 7–9 have a low standard error compared to their mean. For ΔF, this value takes generally values 
below 0.05 and only reaches 0.15 in situations where ΔF is of the order of 0.9. The standard deviation of the mean 
barrier width is always below 15 m, and generally around 5 m. Lastly, the standard deviation of the mean number 
of inlets is always below 3. Only after 500 years of evolution and high rates of RSLR (𝐴𝐴 𝜉̇𝜉 𝜉 15  mm/yr) and wave 
heights (HS > 2 m) some of the simulations become numerically unstable during barrier drowning (white patches 
in Figure 8). We further explored the sensitivity of model output to halving the grid size and halving the time 
step and found that differences in F and ΔF were smaller than 3% for the situation with default parameter values.

4.  Discussion
4.1.  Choice of Parameters

The main objective of this study was to gain insight on the different dynamics related to barrier drowning. For 
simplicity, we have kept wave height, tidal amplitude and storm return period constant through the simulations, 
albeit they are expected to change as 𝐴𝐴 𝜉̇𝜉 increases (Bricheno & Wolf, 2018; Pickering et al., 2012). The chosen 
values are representative of different barrier systems in the world (Mulhern et al., 2017).

Our RSLR scenarios may not be representative of all barrier systems. We have chosen a spin-up period with 
𝐴𝐴 𝜉̇𝜉 = 2  mm/yr, followed by 500 years with a constant 𝐴𝐴 𝜉̇𝜉 between 2 and 20 mm/yr through all simulations, which 

allows for a broader range of scenarios. A constant 𝐴𝐴 𝜉̇𝜉 causes an abrupt change in the system after model spin-up, 
inducing an adaptation period of ∼100 years (see Figures 5 and 6). The irregularities in the backbarrier shoreline 
just after spin-up (see Figure 4a) may be another manifestation of the abrupt change in 𝐴𝐴 𝜉̇𝜉 . Still, these irregularities 
are smoothed with time and end up disappearing, hence we do not consider them to be a sign of model instability.

Additional simulations with accelerating rates of RSLR (based on RCP scenarios) showed the same tendency 
as the respective simulations with equivalent constant rates of RSLR (see Figure S8 in Supplementary Informa-
tion S1). Future studies could, however, study in further detail the effects of a gradual increase in rate of RSLR 
by varying the increase in sea level as well as the timescale involved in this gradual evolution. Furthermore, vari-
ations in storm return period did not cause substantial differences on the results (see Appendix B).

Figure 9.  Color plots of drowning timescales (time after spin-up needed to reach (a) ΔF = 0.1 or to reach (b) ΔF = 0.3) 
for different significant wave heights Hs and rate of relative sea level rise 𝐴𝐴 𝜉̇𝜉  . Green and red rectangles refer to the situations 
shown in Figure 6.
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4.2.  Comparison With Earlier Models

The cross-shore dynamics reproduced by gradually evolving inlets (BRIE-D model) are similar to those obtained 
with the BRIE model of Nienhuis and Lorenzo-Trueba (2019) and with an earlier 2D horizontal barrier island 
model (which did not include inlets) of Lorenzo-Trueba and Ashton (2014). Barrier width eventually attains a 
constant value that depends on 𝐴𝐴 𝜉̇𝜉 . Lorenzo-Trueba and Ashton (2014) found the same behavior and termed this 
state as dynamic equilibrium, because the barrier is still migrating landward, but its width does not change. 
Similarly, the more severe barrier drowning found for larger wave heights due to a deepening of the toe of the 
shoreface is in agreement with results of Lorenzo-Trueba and Ashton  (2014). Differences include the barrier 
susceptibility to RSLR, which can be lower in BRIE and BRIE-D, because these also account for additional 
landward sediment transports due to inlet and alongshore dynamics.

Compared to BRIE, the BRIE-D model computes very high inlet migration rates for higher 𝐴𝐴 𝜉̇𝜉 (∼5 km/yr, see 
Figure 5c). These rates mostly appear for narrow barriers under high rates of RSLR. BRIE-D inlet migration 
rates exceed rates commonly found along modern barrier islands, as indicated by a compilation of Nienhuis and 
Ashton (2016), who found a maximum of 700 m/yr. The BRIE model yields more realistic migration rates (of the 
order of 10 m/yr, see Figure 5d). These differences are caused by different migration speeds of the updrift and 
downdrift tips of the barrier, which allow for inlet widening. They may also result in unrealistically large inlet 
migration rates. Inlet dynamics in BRIE-D are based on Delft3D simulations from Nienhuis and Ashton (2016), 
who computed the distribution of sediment transport between the updrift and downdrift tips of the barrier. 
However, their experiments were performed with barrier widths between 250 and 800 m and inlets narrower than 
1 km. Thus, situations with RSLR-driven drowning were not included. Future studies should investigate how to 
better parameterize inlet sediment distributions under drowning situations in which the barrier becomes narrower, 
possibly inducing new inlet dynamics. Inlet expansion rather than inlet migration is a key mechanism for barrier 
drowning. Yet, lower inlet migration rates would result in a more realistic overall barrier behavior. There would 
be less frequent inlet merging, which would leave less space available for barrier breaching, and would result in 
narrower inlets. Given that changes in inlet cross-sectional area of wider inlets only affect inlet width (not depth), 
having narrower inlets would result in lower F, and probably lower ΔF. Given that barrier width shows the same 
dependencies on wave height and rate of RSLR as ΔF, we expect the broad picture to be the same even with more 
realistic inlet migration rates.

The observed lag in barrier drowning (ΔF) to the abrupt change in rate of RSLR at t = 0 is of the order of 
∼100 to 300 years for 𝐴𝐴 𝜉̇𝜉 = 5 − 20  mm/yr. Mariotti and Hein (2022) found barrier retreat lags changes in 𝐴𝐴 𝜉̇𝜉 by 
500 years for 𝐴𝐴 𝜉̇𝜉 = 1 − 10  mm/yr. They explained this lag by the presence of a barrier “geomorphic capital”; that 
is, the rate of landward retreat increases only after the sediment reservoir of the barrier has decreased enough, and 
the barrier has adjusted to the new 𝐴𝐴 𝜉̇𝜉 . The BRIE-D model results represent this mechanism as well. The barrier 
width, as an indicator for its sediment reservoir, decreases first. Drowning starts when the barrier width has 
decreased and the littoral sediment transport into the inlets can no longer keep up with RSLR. Thus, the barrier 
first looses part of its sediment reservoir, and then starts drowning (increases in ΔF after several 100s of years, 
Figure 9).

4.3.  Comparison With Observations

The scant observations that exist on barrier drowning are comparable to our simulations. The Isles Dernières 
have experienced gradual drowning during the last ∼200  years under a rate of RSLR of 13  mm/yr (Dingler 
et al., 1993). For this barrier island chain, F increased from 0.05 to 0.37 to 0.55, in the years 1853, 1934, and 
2015, respectively (obtained from aerial images provided in Davis and FitzGerald (2010)). Simulations performed 
with the BRIE-D model with a rate of RSLR of 13 mm/yr resulted in a similar behavior. Starting from F = 0.06 
after 100 years after model spin-up (such that the model has adapted to the new 𝐴𝐴 𝜉̇𝜉 ), F increases up to 0.3 after 
80 years of evolution, and to 0.45 after another 80 years (see Figure 10). But, situations might not be perfectly 
comparable. Part of the Isles Dernières barrier drowning could have been the result of marsh loss (FitzGerald 
et al., 2008; Lorenzo-Trueba & Mariotti, 2017) instead of sedimentary deficits. BRIE-D does not simulate marsh 
loss and its influence on the tidal prism, so more research, and perhaps model updates, are needed to further 
investigate the causes of Isles Dernières barrier drowning. In addition, model outcomes are also sensitive to 
other factors (e.g., shoreface response rate, maximum overwash transports) that are difficult to retrieve from field 
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observations. Nevertheless, the gradual disintegration of a barrier subject to RSLR and timescales involved are 
qualitatively similar.

Another way to compare our BRIE-D model simulations to observations is to consider F, the fraction below 
MSL. For example, the Wadden Islands have an F of 0.22, and the New Jersey coast has an F of 0.03 (Figure 1). 
The time evolution of F could be obtained from satellite images (Figure 1), available since the 1980s, as well 
as historic maps that go back further. Future work could be designed to model the evolution of barrier casts and 
calibrate and/or validate based on observed F, and then separate between ΔF and Feq to study potentially ongoing, 
or future drowning.

4.4.  Limitations in Modeling and Analysis

The BRIE-D model is not able to reproduce all the dynamics involved in barrier drowning. For example, we 
have not modeled the curvature of barrier tips occurring in wide inlets when bypassing diminishes (Davis & 
FitzGerald, 2010). Future research should focus on finding appropriate parametrizations for these dynamics and 
implementing them in the BRIE-D model such that the drowning state of a barrier is modeled as realistically as 
possible.

Note that the BRIE-D model includes a “storm” component, during which breaching occurs (by imposing a new 
inlet). It would be interesting to make the model more stochastic, and to link the occurrence and effects of storms 
to the offshore wave conditions that now only affect long-shore and cross-shore transport. A possible approach to 
do this is to assess what the correct scaling is to reduce the effects of stochastic wave heights into a single param-
eter (similar to geomorphic flood for river discharge). Ortiz and Ashton (2016) did this for cross-shore transport, 
but we are not aware of similar scaling rules for overwash or other critical processes. It would be interesting to 
investigate this in future studies.

Furthermore, the ebb-tidal delta is not explicitly included in the BRIE-D model albeit it is a prominent entity in 
the sand balance of tidal inlets. Nevertheless, its effects on inlet migration rate and the size of the flood-tidal delta 
are implicitly taken into account through its effects on waves and currents (Nienhuis & Ashton, 2016). In that 
sense, the BRIE-D model, as well as the BRIE model, offers a different picture on inlet and barrier dynamics than 
that in previous studies, such as that of van de Kreeke (2006).

The overwash transport is assumed to be independent of wave height, which is a simplification of reality. One 
of the advantages of the BRIE-D model is the low computational effort it requires, involving parametrizations 
of certain processes. Making overwash dependent on wave height is out of the scope of this study, but we would 
expect to have more severe drowning for lower wave heights because less sediment would be transported to the 
top and back of the barrier. We performed a sensitivity analysis on the maximum overwash transport, and saw no 
important dependencies on the obtained results (not shown).

Another way to assess the model performance would be to perform a global sensitivity and uncertainty analysis 
relating non-linear interactions of model parameters to model output (e.g., Convertino et al., 2014). Given that we 

Figure 10.  Time series of F for 𝐴𝐴 𝜉̇𝜉 = 13  mm/yr, and observations of F for the Isles Dernières (obtained from aerial images 
provided in Davis and FitzGerald (2010)). We align the year 1853 with the model year 100 after spin-up to account for the 
time needed for the modeled barrier to adapt to the new 𝐴𝐴 𝜉̇𝜉  .
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focused on understanding barrier drowning, rather than the interactions between model parameters and output, 
this is out of the scope of the present study.

We have studied barrier drowning through the alongshore extent of the barrier below MSL due to tide-wave 
imbalance, ΔF. We chose this definition because it is straightforward to calculate and easy to compare to obser-
vations. Yet, barrier response to high rates of RSLR also includes a decrease in barrier height and width. The 
latter effect was considered by computing barrier width over time. The decrease in barrier height has not been 
quantified in this study, but given that it eventually yields drowning of portions of the barrier, it is mainly implic-
itly included when computing ΔF. Other ways of quantifying barrier drowning could have been based on the 
computation of aerial barrier area or volume. These are out of the scope of this study.

The BRIE-D model is a useful tool to understand the different mechanisms involved in barrier island evolution 
and, particularly, drowning. In that sense, it should be seen as an “exploratory model” (Murray, 2003), aiming 
to understand a poorly understood phenomenon (drowning), rather than simulate any barrier system specifically. 
Specifically, the multiple parametrizations used in the model make it very computationally efficient, allowing for 
an in-depth study of the effects of multiple parameters on the response of barrier systems. More observations are 
needed to properly evaluate and compare projections from BRIE-D, also in comparison with more process-based 
models, such as that of Mariotti and Hein (2022).

5.  Conclusions
Here we aimed to (a) understand the effects of RSLR on the barrier island sediment balance, inlet expansion, 
and the related barrier drowning, (b) examine the temporal evolution of a barrier island while drowning, as well 
as quantifying drowning timescales, and (c) explore its dependence on model parameters. With our new model 
(BRIE-D), we performed simulations with a wide range of values for significant wave height Hs and rate of RSLR 

𝐴𝐴 𝜉̇𝜉 . From model outputs, we studied barrier island drowning by computing the fraction of barrier alongshore extent 
below MSL, that caused by tide-wave imbalance, the alongshore mean of the barrier width, and the number of 
inlets.

We found large effects of inlet dynamics on barrier drowning, making it important to include these effects to 
study the future of barrier islands. Effects of RSLR on inlets manifest as an increase in inlet width and number. 
Barriers drown faster in simulations that include feedbacks between tidal inlet dynamics and the cross-shore 
barrier evolution. Nevertheless, barrier response to changes in rates of RSLR remains slow at timescales of ∼100s 
of years for common barrier characteristics. During this adaptation period, first the barrier loses part of its sedi-
ment reservoir through a decrease in barrier width. After this period, barrier width stabilizes but inlets expand 
until the barrier drowns. Specific timescales for barrier drowning will vary between barrier island chains, and 
should be interpreted to be general rather than specific.

We expect environments with intermediate wave heights to be most sensitive to RSLR-induced drowning. Lower 
wave environments have shallower depth of closure and thus respond faster to RSLR. Higher waves trigger two 
opposed mechanisms: a more frequent inlet closure, and a more severe barrier drowning. The former is caused by 
the larger amount of sediment imported into the inlet system, whereas the latter is a result of the deeper shoreface 
toe, which makes a barrier system more prone to drowning.

Appendix A:  Default Model Parameters
Unless stated otherwise model parameters take their default values, given in Table A1.

Name Value Units Explanation

ρw 1,025 kg m −3 Density of water

ω 1.4 ⋅ 10 −4 s −1 Offshore tidal radial frequency

g 9.81 m s −2 Gravitational acceleration

R 1.65 – Submerged specific gravity of sediment

Table A1 
Default Values of Model Parameters
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Appendix B:  Sensitivity Analysis
We performed a sensitivity analysis for the main parameters that control the system: tidal amplitude a0, signif-
icant wave height Hs, wave period Tp, rate of relative sea level rise (RSLR) 𝐴𝐴 𝜉̇𝜉 , wave asymmetry a, inlet aspect 
ratio γaspect, storm return period Tstorm, maximum overwash transport Qow, max and the suspended sediment transport 
efficiency factor es, which controls the shoreface transport. We varied each of the parameters around ±50% of 
their default values and computed the fraction of the barrier alongshore extent below MSL (F) at three different 
stages: at years 100, 300, and 500 after model spin-up. For each set of parameters we created five realizations, 
from which we computed F and the standard error of the mean. We found clear patterns and deviations from the 
default case for only four of the eight parameters: a0, Hs, 𝐴𝐴 𝜉̇𝜉 , and γaspect. We also add the results for Tstorm given its 
relevance in inlet formation (see Figure B1). Among these five, largest variations were observed for the signif-
icant wave height Hs and the rate of RSLR 𝐴𝐴 𝜉̇𝜉 . Thus, we decided to study the dependence of the model on these 
parameters in more detail (see Section 3.3).

Name Value Units Explanation

es 0.01 – Suspended sediment transport efficiency factor (LTA14)

cs 0.01 – Friction factor (B80)

n 0.05 s m −1/3 Manning roughness coefficient

𝐴𝐴 𝜉̇𝜉   10 m yr −1 Rate of RSLR

Hs 1.5 m Significant wave height in deepwater (M17)

a0 0.8 m Offshore tidal amplitude (M17)

Tstorm 10 yr Minimum period between inlet forming storms

Tp 10 s Peak wave period

a 0.8 – Wave asymmetry (AM06)

h 0.2 – Wave highness (AM06)

γaspect 0.005 – Inlet aspect ratio (γaspect = Dinlet/Winlet)

ue 1 m/s Tidal inlet equilibrium velocity (SZ09)

Hcrit 2 m Critical barrier height (LTA14)

Wb,crit 200 m Critical barrier width (LTA14)

Qow, max 50 m 3 m −1 yr −1 Maximum overwash transport (LTA14)

Lmin 5 km Minimum distance between tidal inlets (R13)

Lb 50 km Length of barrier chain

sbackground 10 –3 – Background slope (LTA14)

k 0.06 m 3/5 s −6/5 Alongshore sediment transport constant (N15)

Δy 100 m Alongshore grid spacing

Δt 0.05 yr Time step

Note. Shortened references are as follows: LTA14 (Lorenzo-Trueba & Ashton, 2014), B80 (Bowen, 1980), M17 (Mulhern 
et al., 2017), AM06 (Ashton & Murray, 2006), SZ09 (de Swart & Zimmerman, 2009), R13 (Roos et al., 2013), and N15 
(Nienhuis et al., 2015).

Table A1 
Continued
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Increasing the tidal amplitude, results in a generally larger F due to a gain in tidal prism, which increases the 
amount of sediment exported by tidal currents (de Swart & Zimmerman, 2009). Lower tidal amplitudes cause a 
lower F due to less sediment being exported by tidal currents.

Regarding the significant wave height, we observe two opposite responses. Depending on the time after model 
spin-up, higher waves may produce a decrease or an increase in F. This is explained by distinguishing two 
processes caused by high waves: (a) higher waves tend to import more sediment into an inlet, thereby favoring its 
closure (Escoffier, 1940), and (b) higher waves affect the sediment at deeper bed levels, causing a larger depth of 
closure (Houston, 1995). A larger depth of closure means that a larger volume of sand responds to sea level vari-
ations, yielding a system that is more prone to drowning. After 100 years, an increase in significant wave height 
decreases F to −0.03, while a decrease in Hs increases F up to +0.02. This is because at this stage the first mech-
anism dominates. Nevertheless, after 300 or 500 years of model evolution, when the effects of RSLR-induced 
drowning are more prevalent, a decrease in Hs causes a decrease in F. There is a clear peak in F for intermediate 
wave heights. In these situations the second process dominates the evolution of the barrier system, inducing more 
severe drowning.

Increasing the rate of RSLR results in more severe drowning, inducing an increase in F of up to +0.68 by the year 
500 for the most extreme case. Note that effects of drowning are only visible from year 300 onwards. In contrast, 
decreasing the rate of RSLR decreases F by −0.13 because there is less drowning.

An increase in inlet aspect ratio creates narrower inlets for the same cross-sectional area, thereby yielding a 
slightly lower F at year 100 (−0.01). However, in the years 300 and 500 an increase in inlet aspect ratio results 
in the opposite effect, yielding an increase in F of up to +0.36. Lowering the inlet aspect ratio makes shallower 
inlets, increasing the bottom friction. This causes the inlets to be more susceptible to closing, decreasing thus 
F at year 100 by −0.05. However, at 300 or 500 years after model spin-up, F increases for lower values of the 
inlet aspect ratio. These differences in behavior between earlier and latter times suggest that the dependence of 
the barrier evolution on the inlet aspect ratio is susceptible to RSLR-driven drowning, similarly to the situation 
obtained when varying Hs.

The model shows a weak dependency on the storm return period. A decrease in storm return period causes 
more frequent breaching, yielding a larger F. Larger Tstorm shows no important differences in F during the first 

Figure B1.  Differences in fraction below mean sea level (MSL) with respect to the default case when varying different 
morphodynamic parameters at (a) 100, (b) 300, and (c) 500 years after model spin up. Note the different scales in the vertical axis.
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300 years of evolution. At the year 500, a larger Tstorm seems to suggest a larger F. This asymmetry in behavior 
means that at this stage the evolution of the barrier system is controlled by RSLR-driven drowning.

Data Availability Statement
The code for the BRIE-D model is accessible from https://doi.org/10.5281/zenodo.7353693 (Portos-Amill 
et al., 2022).
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