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[1] Barrier coasts display a chain of islands, separated
by tidal inlets that connect a back-barrier basin to a sea
or ocean. Observations show that barrier island length
generally decreases for increasing tidal range and increas-
ing basin area. However, this has neither been reproduced
in model studies nor explained from the underlying physics.
This is the aim of our study. Here we simulate barrier coast
dynamics by combining a widely used empirical relation-
ship for inlet dynamics with a process-based model of the
tidal hydrodynamics. Our model results show stable inlet
systems with more than one inlet open that support the
observed qualitative relationships and fit in existing barrier
coast classifications. To explain this, we identify a competi-
tion between a destabilizing mechanism (bottom friction in
inlets, tending to reduce the number of open inlets) and a
stabilizing one (spatially varying pressure gradients over the
inlets, tending to keep the inlets open). Citation: Roos, P. C.,
H. M. Schuttelaars, and R. L. Brouwer (2013), Observations of bar-
rier island length explained using an exploratory morphodynamic
model, Geophys. Res. Lett., 40, 4338–4343, doi:10.1002/grl.50843.

1. Introduction
[2] Barrier coasts, covering about 10% of the world’s

coastline [Glaeser, 1978; Stutz and Pilkey, 2011], are
densely populated areas subject to the potentially conflict-
ing interests of economy, coastal safety, and ecology. They
usually display a chain of barrier islands, separated by tidal
inlets that connect a back-barrier basin to a sea or ocean [De
Swart and Zimmerman, 2009]. Observations from mesoti-
dal barrier coasts, e.g., the Wadden Sea [Wolff, 1986; Oost
and De Boer, 1994] (see Figures 1a and 1b), Georgia Bight
[Hayes, 1979, 1994; Fitzgerald, 1996], and Long Island
[Fitzgerald, 1996], show that barrier island length generally
decreases for increasing tidal range. Barrier island length is
also observed to decrease for increasing lagoon area [Stutz
and Pilkey, 2011; Davis and Hayes, 1984]. To reproduce and
explain these relationships, we combine an empirical rela-
tionship for inlet dynamics with process-based modeling of
the water motion.
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[3] There are various empirical relationships describ-
ing tidal inlets [LeConte, 1905; O’Brien, 1931; Escoffier,
1940; Bruun and Gerritsen, 1959]. Recently, process-based
support for these concepts has been provided by complex
simulation models applied to single inlet systems [Tung
et al., 2009; Nahon et al., 2012]. In this contribution, we use
the stability concept by Escoffier [1940]. Based on a balance
between wave-driven import and tide-driven export of sedi-
ment, he proposed an equilibrium condition U = Ueq for the
ebb-tidal flow velocity amplitude U in the inlet (Figure 1c).
If U > Ueq, the inlet erodes, if U < Ueq, it accretes, where
Ueq is the equilibrium velocity. To determine the tidal flow
velocity in the inlet, Escoffier [1940] applied a simple
lumped-parameter model which assumes a spatially uniform
surface elevation in the basin. The resulting closure curve
(Figure 1c) displays one unstable and one stable equilibrium
value of the inlet’s cross-sectional area A (or no equilibrium
at all if U < Ueq).

[4] Extending Escoffier’s approach to two or more inlets
draining a single basin, assuming a spatially uniform surface
elevation, has shown that all systems are unstable [e.g.,
Van de Kreeke, 1990a, 1990b]. This implies that one inlet
will remain open, whereas all other inlets close. As sug-
gested by Escoffier [1977], accounting for spatial variations
in the basin’s surface level may lead to stable equilibria with
more than one inlet open. For double inlet systems, this was
recently confirmed using models in which these spatial vari-
ations were included either explicitly [Van de Kreeke et al.,
2008; Brouwer et al., 2012b; De Swart and Volp, 2012] or
parametrically [Brouwer et al., 2012a].

[5] So far, there have been no model studies that explain
the existence of stable barrier coasts with more than one inlet
open, let alone the observed relationships in inlet spacing.
To tackle this problem, we develop an exploratory morpho-
dynamic model that simulates the dynamics of mesotidal
barrier coasts with initially an arbitrary number of tidal
inlets, while explicitly accounting for spatial variations in
the tide levels in the back-barrier lagoon and in the ocean
(section 2). The model results reveal the existence of stable
equilibrium states with more than one inlet open, and the
number of inlets depends on the tidal range and basin width
(section 3). Both aspects of these results are then qualita-
tively explained from the physical mechanisms (section 4.1)
and embedded in the observational literature (section 4.2).
Finally, we present the conclusions (section 5).

2. Model
[6] We present a new process-based model that simu-

lates the evolution of multiple inlet systems. It is of the
exploratory type [Murray, 2003], implying that we include
only the essential processes while qualitatively reproducing
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Figure 1. (a) Satellite image of the Wadden Sea (copyright: Eurimage 2003, Common Wadden Sea Secretariat, Brockmann
Consult). (b) Inset showing the relationship between tidal range and barrier island length (adapted from Wolff [1986]). (c)
Inset showing Escoffier’s [1940] stability concept for a single inlet system. A so-called closure curve shows the inlet’s tidal
velocity amplitude U versus its cross-sectional area A. Triangles indicate inlet evolution, showing erosion if U > Ueq and
accretion if U < Ueq. White dots represent equilibrium states (U = Ueq), giving either one unstable and one stable equilibrium
(upper curve) or no equilibrium at all (lower curve).

a poorly understood phenomenon, without considering site-
specific details and without expecting quantitative accuracy.
Our model combines Escoffier’s stability concept with a
process-based hydrodynamic model for depth-averaged tidal
flow in the inlets, basin, and ocean. The tidal flow pattern
is calculated analytically, after which Escoffier’s concept is
applied to obtain the evolution of each inlet’s cross-sectional
area in a computationally efficient way. This enables us
to systematically analyze the evolution toward equilibrium
states, which is essential to discover dependencies and to
identify physical mechanisms. Running a complex simu-
lation model is unfeasible in view of the large temporal
and spatial scales and the need to make extensive sensitiv-
ity analyses.

[7] Consider a multiple inlet system with J inlets that
connect a single rectangular basin of uniform depth hb with
a semi-infinite ocean of uniform depth ho (Figure 2a). Note
that inlets are not created by the model; they are specified
by the initial geometry (or may otherwise be externally
imposed at a certain moment to mimic the effect of a storm).
The cross-sectional area Aj of an individual inlet evolves
according to Escoffier’s principle, i.e.,

dAj

dt
=

M
l

"�
Uj

Ueq

�3

– 1

#
, (1)

with inlet length l, wave-driven sediment import M that is
proportional to the cube of the equilibrium velocity Ueq,
and amplitude Uj of the cross-sectionally averaged tidal
flow velocity in the inlet [De Swart and Zimmerman, 2009;
Escoffier, 1940]. The parameters l, Ueq, and, hence, M are
all assumed to be identical for each inlet. Note that effects
of wind waves are parametrically included in the values of
Ueq and hence M. Equation (1) is integrated numerically,
assuming each inlet’s shape factor � 2

j = hj/bj to be constant
with hj the inlet depth and bj the width [e.g., De Swart and
Zimmerman, 2009].

[8] For these short and narrow inlets, the required flow
amplitudes Uj follow from a balance among inertia, depth-
dependent bottom friction, and the pressure gradient over
each inlet [De Swart and Zimmerman, 2009]:

duj

dt
+

rjuj

hj
= –g
h�oij – h�bij

l
. (2)

Here, uj is the instantaneous cross-sectionally averaged tidal
flow velocity in the inlet and rj = 8cdUj/(3�) is a linear
bottom friction coefficient, involving a drag coefficient
cd = 2.5 � 10–3 and a velocity scale Uj [Lorentz, 1922].
Furthermore, the pressure gradient is proportional to the
ratio of gravitational acceleration g and inlet length l as
well as the difference between the cross-sectionally aver-
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Figure 2. Model geometry and example of simulations, using parameter values typical for Georgia Bight (Table 1). (a) Plan
view of initial geometry showing a rectangular basin, connected to a sea/ocean by Jinit = 40 randomized inlet channels.
(b) Evolution, the horizontal bars showing that most inlets close and only 10 remain open. (c) Equilibrium state satisfying
Uj = Ueq for all 10 open inlets. (d) Equilibrium state with five inlets, before—to mimic a storm event (at t = 0)—two
breaches are added to two of the barrier islands (stars). (e) Evolution, showing that one breach closes and the other stays
open. (f) New equilibrium with six inlets.

aged elevations h�oij at the ocean side and h�bij at the basin
side of inlet j.

[9] The ocean’s surface elevation �o is the superposition
of the prescribed tidal wave and the waves radiating away
from each inlet. The prescribed tidal wave is of the form
�o,forc = 1

2 Htide cos(koy – !t) with tidal range Htide, wave
number ko, alongshore coordinate y, and angular frequency
!. For ko = ˙!/

p
gho, this gives a wave propagating along-

shore; for ko = 0 a normally incident one. To analytically
calculate the radiating waves, we apply the near-field form
of Buchwald’s [1971] oceanic Green’s function (without
rotation), satisfying the linearized shallow water equations.
Likewise, the basin’s surface elevation �b is the superpo-
sition of the cooscillations induced by the flow through
each inlet. These contributions are calculated analytically
using the (truncated) Green’s function for the closed basin
[Sommerfeld, 1949; Miles, 1971], satisfying the linear
shallow water equations with bottom friction (with coeffi-
cient rb = 8cdUb/(3�) involving velocity scale Ub). The
(complex) amplitudes of basin and ocean elevation induced
by an individual inlet are thus proportional to that of the
flow through that inlet. This finally gives a set of coupled
algebraic equations for all Uj. An iterative procedure is then
applied to ensure that the velocity scales Uj and Ub, used
to calculate the friction coefficients rj and rb, agree with the
solution. Note that we ignore other natural phenomena, such
as complex channel-shoal bathymetry, tidal watersheds, inlet
migration, fluvial influences, and alongshore variations in
basin width and grain size.

3. Results
[10] We have simulated the evolution of a barrier coast

with initially a large number of inlets, randomized in terms
of their position, initial width, and depth (Figure 2a). We
subsequently apply parameter values that are typical for
the Georgia Bight and Wadden Sea (Table 1). The central

Table 1. Parameter Values for Georgia Bight and Wadden Sea
Parameter Symbol (dim.) Georgia Bight Wadden Sea

Tidal range Htide (m) 2 (Figure 3a) 2 (Figure 3b)
Tidal frequency ! (rad s–1) 1.41� 10–4 1.41� 10–4

Basin width B (km) 2 (Figure 3c) 10 (Figure 3d)
Basin lengtha L (km) 100 100
Basin depth hb (m) 2 5
Ocean depth ho (m) 30 20
Wave number ko (rad m–1) 0 8.2� 10–6

Inlet lengthb l (km) 1 5
Inlet depthc,d hj (m) 2 5
Inlet widthc,d bj (km) 0.4 1.0
Inlet shape factorc � 2

j (-) 0.005 0.005
Number of inletsd Jinit (-) 40 40
Equil. velocity Ueq (m s–1) 1.0 1.0
Sediment import M (m3 yr–1) 1� 105 1� 106

Num. time stepe �t (yr) 0.5 1.0–2.0

aSmaller than actual basin length to limit computational time, but large
enough to allow for sufficient resolution in inlet spacing.

bIdentical for all inlets because of model geometry (Figure 2a).
cThese are mean values; the individual widths and depths (and thus shape

factors) are randomized around these values.
dValues characterizing the initial state.
eIn the forward Euler discretization of equation (1).
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Figure 3. Modeled inlet spacing dependencies. Minimum average inlet spacing �ymin = L/Jmax as a function of (top)
tidal range Htide and (bottom) basin width B, for parameter values characterizing (left) Georgia Bight and (right) Wadden
Sea. Each bar is based on a Jmax-value that is the maximum over an ensemble of 20 simulations with a randomized initial
configuration (example in Figure 2). Parameter values are shown in Table 1.

part of the Georgia Bight barrier system is mesotidal with
a normally incident tidal wave with a tidal range of about
2 m, a wave height of 0.8 m and a littoral drift in the order
of 105 m3 yr–1 [Hayes, 1994]. The geometrical characteris-
tics (basin width �2 km, basin depth �2 m, and inlet length
�1 km) are estimated from Amante and Eakins [2009].
Because these are rough estimates, we will make a sensitiv-
ity analysis with respect to these parameters. The Wadden
Sea barrier system is also mesotidal, with a tidal wave prop-
agating along the coast with a tidal range of about 2 m (see
Figure 1a), a typical wave height of about 1 m and a littoral
drift in the order of 106 m3 yr–1 [Oost and De Boer, 1994;
Van de Kreeke, 2006]. The geometrical characteristics (basin
width �10 km, basin depth �5 m and inlet length �5 km)
have been estimated from Oost and De Boer [1994].

[11] Each simulation shows a gradual process in which
some inlets close (see the horizontal bars that become
narrower and disappear in Figure 2b), which eventually
leads to an equilibrium characterized by Uj = Ueq for all
open inlets (Figure 2c). The time scale of this evolution is
controlled by the quantity Al/M (with A the typical scale for
the inlets’ cross-sectional areas in equilibrium); it is about
30 years for the default Georgia Bight parameter values. This
demonstrates an important first result: our model allows for
stable equilibrium states with more than one inlet open. Here
the concept of stability within our morphodynamic model is
used in a mathematical sense: when the cross-sections are
slightly perturbed, the system will return to its equilibrium.
Note that external changes are absent.

[12] Our simulations, carried out for a given barrier sys-
tem and forcing conditions but with a different number
of initial inlets J in different randomized configurations,
reveal a maximum number Jmax of open inlets, correspond-
ing to what we call a saturated barrier coast (example
in Figure 2c). Furthermore, this system may also be in

equilibrium with the same number of inlets located differ-
ently, or with a smaller number of inlets (nonsaturated coast,
see e.g., Figures 2d and 2f). As illustrated in Figures 2d–
2f, newly formed inlets, externally added, e.g., to mimic the
effects of a storm event, may either close or remain open (see
Figure 2e), which results in a new equilibrium (Figure 2f).
In any case, this new equilibrium cannot contain more inlets
than Jmax.

[13] Directly associated with the maximum number of
inlets Jmax is a minimum average inlet spacing �ymin,
defined as

�ymin =
L

Jmax
. (3)

By simulating the evolution toward equilibrium for different
values of the tidal range and basin width, we investigate
the dependency of �ymin on the tidal range and lagoon
area. Each set of simulations represents a stretch of barrier
coast for which the tidal conditions are constant. Using
both Georgia Bight and Wadden Sea parameter values, our
modeled inlet spacing is found to decrease for increasing
tidal range (Figures 3a, 3b) and for increasing basin width
(Figures 3c, 3d). Sensitivity analysis with respect to water
depth shows that inlet spacing increases for increasing basin
depth, and we find hardly any dependency on ocean depth.
Moreover, inlet spacing is found to increase for increasing
inlet length.

4. Discussion
4.1. Physical Mechanisms

[14] Our model results, i.e., the existence of stable equilib-
ria with multiple inlets open and the resulting dependencies
in Figure 3, are explained by a competition between two
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Figure 4. Illustration of stabilizing mechanism. (a) Pressure field in the basin driving the ebb flow for a symmetric double
inlet system in equilibrium, without bottom friction in the basin. (b, c) Pressure responses to the bottom-frictionally induced
velocity changes (here ˙0.01 m s–1 for perturbations I and II, respectively. (d) Same as Figure 4c but now for smaller inlet
spacing (4 km). (e, f) Examples of flow charts showing an unstable equilibrium when assuming a spatially uniform surface
elevation in the basin and a stable equilibrium when including spatial variations. Uj = Ueq-contours in blue (inlet 1) and
red (inlet 2); arrows indicate the system’s tendency. Parameter values for the Georgia Bight as given in Table 1, except
L = 20 km, B = 10 km; inlet spacing �y = 10 km.

mechanisms. The first is associated with bottom friction in
the inlets, represented by the second term in equation (2).
Since bottom friction depends on depth hj = �jA1/2

j and hence
on the inlet’s cross-sectional area Aj, its direct feedback on
the water motion amplifies perturbations from the equilib-
rium value Aj,eq. For example, if Aj is increased, also Uj will
increase (keeping the pressure gradient constant). Bottom
friction in the inlets thus acts as a destabilizing mechanism.
The second mechanism concerns the system’s feedback on
the local pressure gradients over the inlets, expressed in the
right-hand side of equation (2). To clarify this competition,
we consider a symmetric double inlet system, identically
forced at the inlets’ ocean sides (Figures 4a–4c). By symme-
try, there is an equilibrium satisfying A1,eq = A2,eq. We now
identify two types of perturbations: (I) equally increasing A1
and A2, (II) increasing A1 and decreasing A2 with the same
amount (Figures 4d, 4e).

[15] For type I, the bottom-frictionally induced increase
in inlet velocities is overcome by the velocity reduction due
to the reduced pressure gradient over the inlets (resulting
from the increased tidal elevation amplitude in the basin;
Figure 4b). This implies accretion and thus a return to equi-
librium. This argument, not requiring spatially varying water
levels in the basin, actually also explains Escoffier’s single
inlet stability (Figure 1c).

[16] For double inlets systems, however, we must also
consider perturbation type II. Then, bottom friction alone
tends to increase the velocity in inlet 1 and decrease it in
inlet 2. Since the mean water level is unaffected, this triggers

a local decrease of the water level at the basin side of inlet
1 and a local increase at inlet 2 (Figure 4c). This affects the
pressure gradients, reducing the ebb velocity in inlet 1 and
increasing it in inlet 2, counteracting the destabilizing flow
response from friction alone.

[17] Depending on geometry and forcing conditions, this
stabilizing mechanism may prevail and lead to a stable
multiple inlet configuration, provided that spatial variations
are indeed included (Figures 4e, 4f). For small inlet spacing,
the stabilizing mechanism is negligible compared to the
destabilizing one (Figure 4d). For increasing inlet spacing,
the stabilizing mechanism gains relative importance. The
above competition thus implies a minimum stable inlet
spacing. By Escoffier’s concept, increasing tidal range or
increasing basin area causes the equilibrium cross-sectional
area to shift to a larger value. For increasing cross-sectional
area, the stabilizing mechanism gains relative importance.
Hence, the minimum stable inlet spacing indeed decreases
for increasing tidal range and increasing basin area.

[18] Alternatively, decreasing wave height or littoral drift
will, because of the relationship M � U 3

eq reduce both M
and Ueq (see section 2). As seen from equation (1), it is the
ratio Uj/Ueq that controls inlet stability, whereas M deter-
mines the time scale. Hence, decreasing Ueq while keeping
Uj constant has the same effect as increasing Uj while keep-
ing Ueq fixed. This last scenario is exactly what we already
studied by increasing the tidal range. In either case, the ratio
Uj/Ueq will increase by which the preferred inlet spacing
will decrease.
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4.2. Observations and Barrier Coast Classification
[19] The occurrence of stable equilibria with more than

one inlet open demonstrates that our model is capable of
reproducing the observed existence of multiple inlet sys-
tems. In our model, external changes have been absent.
However, in reality, such gradual changes occur (e.g., sea
level rise, changes in wave climate). This implies that the
barrier system will show transient behavior on the time scale
of the changes in the forcing. Our sensitivity analysis with
respect to ho and hb suggests a tendency for inlet spacing to
gradually increase under a rising sea level.

[20] The model reproduces the observed relationship
[Hayes, 1979; Wolff, 1986; Oost and De Boer, 1994; Hayes,
1994; Fitzgerald, 1996] of decreasing inlet spacing for
increasing tidal range (Figures 3a, 3b). As explained in
section 4.1, the same is achieved for decreasing wave
activity. The additional result that minimum average inlet
spacing �ymin decreases for increasing basin surface area
(Figures 3c, 3d), also in agreement with observations [Stutz
and Pilkey, 2011; Davis and Hayes, 1984].

[21] In the limits of strong and weak tides, our results
fit in Hayes’ [1979] barrier coast classification. Following
Hayes, smooth barrier coasts with few inlets are associ-
ated with microtidal conditions, short and drumstick-shaped
barriers with mesotidal conditions and absence of barri-
ers with macrotidal conditions. Later, this classification is
refined by noting that it is actually the importance of tides
relative to waves that matters, along with other factors such
as tidal prism (and thus basin area) [Davis and Hayes, 1984].
For increasingly strong tides (relative to waves), the mod-
eled equilibria display ever more inlets, which can be seen as
a transition stage to Hayes’ tide-dominated regime in which
barriers are absent. Conversely, for relatively weak tides,
the modeled equilibria display few inlets, resembling Hayes’
wave-dominated regime.

5. Conclusions
[22] By combining Escoffier’s inlet stability concept with

a hydrodynamic model for tidal flow in multiple inlet
systems, we found stable equilibria with multiple inlets.
In our exploratory model, we have intentionally ignored
other natural phenomena, such as complex channel-shoal
bathymetry, tidal watersheds, inlet migration, fluvial influ-
ences, and alongshore variations in basin width and grain
size. Even so, our model results qualitatively reproduce
observed relationships in inlet spacing and agree with barrier
coast classifications in the literature. Our explanation does
not require tidal watersheds to preexist; they may actually be
interpreted as resulting from the flow patterns.
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