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A chenier is a beach ridge, consisting of sand and/or shells, overlying a muddy substrate. In this paper, we
explore the cross-shore dynamics of cheniers in their ‘active’ phase, i.e. the phase between their formation and
their landing on the shore and can no longer be reached by daily wave and tidal influences. While cheniers
described in literature are known to only migrate onshore until they reach a stable position with their crest level
above tidal influences, observations in Demak suggest the existence of an alternative stable state, highly dynamic
on the short term, but stable on the longer term. To explore this alternative stable state, we developed an ide-
alised chenier model to investigate cross-shore chenier dynamics under daily wave and tidal influences. The

model is able to predict both onshore and offshore migration; onshore migration is mainly driven by wave action,
while offshore migration is induced by a tidal phase lag, or the effect of the storm season. For certain combi-
nations of waves, tide (incl. phase lag) and a storm season effect, the model predicts a dynamically stable chenier.
In absence of a phase lag and storm season effect, the model yields a ‘classic’ stable chenier that welds onto the

shoreline by onshore migration.

1. Introduction

Cheniers are traditionally defined as ridges consisting of wave-
reworked coarse-grained sediments, resting on top of muddy sedi-
ment, separated from the shoreline by a mudflat (Augustinus, 1989;
Otvos and Price, 1979). While Otvos (2019) argues that the term ‘che-
nier’ may only be applied to ridges that are ‘stranded’, i.e. they are
fixated between mudflats on both the landward and seaward side, and
therefore are no longer influenced by daily wave and tidal processes, the
term is also widely used for ‘active cheniers’, whose crest is still low
enough to experience (occasional) overwash and can be considered
dynamic. Some examples of active cheniers are the cheniers in the inter-
bank phase along the coast of the Guianas (Anthony et al., 2010, 2013,
2019; Nardin and Fagherazzi, 2018; Augustinus, 1980; Brunier et al.,
2019; Toorman et al., 2018), the cheniers that developed after the
construction of a dike in Gomso Bay, Korea (Lee et al., 1994; Ryu et al.,
2008), cheniers in the Firth of Thames, New Zealand (Woodroffe et al.,
1983), and the cheniers forming the Saltés Island Chenier Plain in Spain
(Morales et al., 2014). In this paper we use this more generous inter-
pretation of the term ‘chenier’ to include the active sandy ridges in a
muddy intertidal zone.
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Cheniers are usually found on mildly sloping coasts with a low to
moderate wave-energy environment (Augustinus, 1989). Their forma-
tion depends on a specific balance between wave action and sediment
availability and is generally episodic (Otvos and Price, 1979; Nardin and
Fagherazzi, 2018; Anthony et al., 2019). Contrary to beach ridges found
on sandy shores, which are built up from material similar in composition
to the adjacent beach and shoreface (Taylor and Stone, 1996), the vol-
ume of a chenier is limited by the availability of coarser particles in the
otherwise muddy shoreface (Anthony et al., 2019). As a result, when
ridges are subjected to wave action, beach ridges may be able to build
out both horizontally and vertically, but cheniers usually start migrating
landward (and alongshore) instead of building up, due to the lack of
additional sediment. Generally, cheniers continue to migrate landward
by washover processes at a decelerating rate, until their crest is above
spring tide or storm surge level (Augustinus, 1980, 1989; Morales et al.,
2014; Rhodes, 1982; Woodroffe et al., 1983; Woodroffe and Grime,
1999). Only in the rare occasions when sufficient coarse sediment is
available, cheniers are able to grow in volume and elevation, reducing
sediment transport resulting from overwash processes and the resulting
landward migration rate (Neal et al., 2002). For situations with suffi-
cient sediment availability, the cheniers may then prograde seaward
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and/or alongshore (Neal et al., 2002; Augustinus, 1980). The landward
migration may also end when a new chenier develops seaward of the
active chenier (Woodroffe et al., 1983) or in the event of renewed
coastal progradation (Augustinus, 1989). Often, relict cheniers can be
observed as a series of coast-parallel ridges in the landscape, separated
by muddy soil and/or peat, defined as a chenier plain (Russell and
Howe, 1935; Otvos and Price, 1979).

Cheniers are also found along the coastline of Demak, a region on the
north coast of Central Java (see Fig. la, indicated by the red circle)
(Winterwerp et al., 2020; Marfai et al., 2016; Tas et al., 2020; van Bij-
sterveldt et al., 2021). Relict cheniers do not exist in the coastal plain, so
this single band of cheniers along the coast is not part of a chenier plain.
Even in landscapes that have undergone extreme (antropogenic)
changes, relict cheniers are easily distinguishable because of their higher
elevation and different composition, generating a sharp contrast to their
surroundings. As a result, they are often used for roads, dikes and set-
tlements (Russell and Howe, 1935; Anthony et al., 2011). The existence
of a chenier plain can also be seen in deflections in drainage patterns
(Otvos and Price, 1979). In the coastal area of Demak, however, all
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roads, dikes and villages are on lines perpendicular to the coastline,
following the embankments of rivers and canals (see Fig. 1b-c).

The mangrove-mud coast of Demak has experienced extreme coastal
erosion over the last decades (Frvita and Marfai, 2017); at some loca-
tions the coastline has retreated with more than a kilometre (compare
Fig. 1b and c). The mangrove forest that used to cover the entire coastal
area (Lang, 1869) has been nearly completely converted to aquaculture
ponds or cleared for the expansion of the nearby city of Semarang.
Furthermore, ground water extraction has caused subsidence up to 20
cm/year in Semarang (Abidin et al., 2013; Kuehn et al., 2010), but also
in rural areas subsidence is large enough to drown coastal villages, the
vegetated foreshore and mudflats (van Bijsterveldt, 2021). As a result, a
large part of the coastal plain is now flooded by tides on a daily basis.

Demak features a tropical monsoon climate, alternating a dry, south-
easterly monsoon, usually between April and November, with a wet,
north-westerly monsoon. Thanks to the orientation of the coastline in
Demak, the south-easterly wind is directed offshore, and results in very
calm conditions nearshore. The highest waves occur in the afternoon,
when an onshore sea breeze develops locally (Fitrianti et al., 2018).

N~

INDONESIA
BORNEO

(c) 2020

Fig. 1. (a) Map of the Java Sea and surroundings. The red dot on the north coast of Central Java indicates the location of the two inset photos shown in (b) and (c),
which are satellite images of the coastline of Demak in 1994 and 2020 respectively (Google Earth, 2021). They highlight the extreme coastal erosion and coastline
retreat in this area, as well as the rapid development of Semarang in the south. The white rectangle in (c) indicates the location of the zoomed satellite images in
Fig. 2a-d. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Google Earth images (Google Earth, 2021) showing the position of a chenier in (a) 2009, (b) 2012, (c) 2015 and (d) 2018 (see the white rectangle in Fig. 1c
for the location of this chenier along the coast of Demak). The profiles in (e) were measured with a Differential Global Positioning System (DGPS) between 8
November 2018 (light red line) and 8 December 2018 (dark red line). The white dashed line in (d) indicates the transect along which the profiles in (e) were
measured. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Waves are generally higher during the onshore-directed NW monsoon,
but during this period also storms occasionally occur. The tide can be
characterised as micro-tidal with a maximum tidal range of around 1 m
and it is mixed, mainly diurnal (based on water level time series
measured between May 2016 and December 2018 in Semarang (Flan-
ders Marine Institute (VLIZ) and Intergovernmental Oceanographic
Commission (I0C), 2021)).

The cheniers in Demak are not only unique in their absence of a
chenier plain, but also for their cross-shore dynamics. In other locations
around the world, the cross-shore migration of cheniers is largely in the
landward direction (Augustinus, 1989; Otvos, 2019; Quaresma et al.,
2007) with migration rates usually decreasing over time because as the
chenier moves higher, overwash becomes less frequent. For example,
both in Saemangum, Korea and Mont-Saint-Michel Bay, France initially
an onshore migration speed of 50 m/y was reported, which later reduced
to 5 m/y in Korea (Kim et al., 2020) and 1-2 m/y in France (Weill et al.,
2012). The highest onshore migration rates were reported on the Saltés
Island chenier plain in Spain, up to 675 m in 3 years, averaging 225 m/y
(Morales et al., 2014). Woodroffe et al. (1983) recorded onshore
migration of 10 m within a week, due to a storm event. Brunier et al.
(2019) measured onshore migration rates of cheniers over coastlines
that were rapidly retreating as a result of mangrove removal and frag-
mentation due to urbanisation and farming (very similar to the situation
in Demak), and these rates were much higher than in areas with a
healthy mangrove coastline (up to 70 m in 6 months). However, satellite

images of Demak between 2009 and 2018 (see Fig. 2a-d) reveal that the
chenier remained more or less at the same location over a period of 10
years. However, on shorter timescales the chenier is very dynamic,
moving landward up to 8 m/day (see Fig. 2e and Tas et al. (2020)).

The aim of this paper is to understand the drivers of cross-shore
chenier dynamics during their ‘active phase’, i.e. the phase between
their formation and the moment the chenier is stranded on the shoreline
and no longer mobile in response to daily wave and tidal influences.
Whereas cheniers described in literature have one primary migration
mode (landward migration until stranded), observations of the chenier
in Demak suggest that there may be an alternative stable state where a
chenier is very dynamic on the short term, but still maintains an equi-
librium position (not attached to the coastline) over longer timescales.
This implies that there is also a mechanism that transports the chenier
offshore. To better understand the short-term and long-term dynamics
and underlying transport mechanisms, we have constructed an idealised
morphodynamic chenier model. The set-up of this model is described in
Section 2. In Section 3, we calibrate the model results with (short term)
field measurements, and then address the chenier response to various
boundary conditions. In Section 4 we compare the model results to
observed chenier dynamics in literature, assess the specific dynamics in
Demak, draw an analogy between breaker bars and cheniers, and discuss
how cheniers could be part of a negative feedback loop induced by the
erosion of a drowning coastal plain.
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Fig. 3. (a) Idealised chenier geometry, defined by the chenier toe (xr), the beachface toe (xs), the toe of the back-barrier face (xp) and the chenier crest height (H).
The chenier center (C) is indicated with a dot. The chenier body is composed of sand (white) and lies on top of a muddy substrate (gray). The muddy shoreface has a
slope of 3, and the chenier slope has a steeper slope of a. The chenier evolution is explained in two steps: (b) first the entire chenier unit is moved horizontally with
Ax along the muddy substrate; (c) then the vertical change is corrected with 2’ such that the total vertical change equals Az. This vertical correction yields a change in
width with x’ on both sides in order to conserve the volume/surface area of the chenier.

2. Methods

A wide range of morphological models exists in literature, ranging
from high complexity numerical models to a simple set of empirical
equations. High complexity models often account for most of the rele-
vant transport processes, but they also have several disadvantages.
Computational times are often long, it is not straightforward to differ-
entiate underlying processes, and imperfect descriptions of the physics
may lead to unrealistic model behaviour (such as the predictions of
nearshore sandbar dynamics; see Cohn et al. (2019); Dubarbier et al.
(2015); Spaans (2019)). Idealised models are specifically designed to
focus on processes that are considered essential to describe a particular
phenomenon. Idealised models are fast and suitable to investigate
certain processes, but lack the complex physics of numerical models.
When selecting a modelling approach, the most appropriate scales
(temporal and spatial) of the system need to be determined. Observa-
tions of the chenier system in Demak (see Fig. 2) have shown that a large
range of timescales is required: from the short-term dynamics, to the
long-term (average) stability. Besides resolving the appropriate scales,
the selected modelling approach should be computationally feasible,
have a sound physical basis and demonstrate useful predictive skill
(French et al., 2016).

In this section we will present a hybrid model, which is essentially an
idealised model coupled to a complex numerical model. The numerical
model provides the sound physical basis on short time scales (role of
waves and tides in sediment transport and morphology), which is

synthesised in a look-up table. The idealised model is inspired by the
elegant barrier model of Lorenzo-Trueba and Ashton (2014), and com-
putes long-term chenier morphodynamics for a range of scenarios using
the look-up table generated by the numerical model. This hybrid
approach allows for a very low computational effort. The model is
applied in exploratory mode (Murray, 2003), i.e. to investigate the role
of specific processes, so not to reproduce a specific development in great
detail.

2.1. Chenier geometry

We approximate the cross-sectional dynamics of the chenier with an
idealised geometry, similar to idealised geometries of deltas and barrier
islands (Parker and Muto, 2003; Lorenzo-Trueba and Ashton, 2014), see
Fig. 3a. The model consists of two components: the muddy subsurface,
and the sandy chenier. We assume the muddy substrate to be static; it
has a constant slope of # and there is no sediment exchange between the
two components. The chenier body is defined by four parameters: the
chenier toe (indicated with subscript T), the beachface toe (subscript S),
the toe of the back-barrier face (subscript B) and the height of the che-
nier crest (H, defined as the vertical distance between the beachface toe
and the crest of the chenier). The model assumes conservation of sand
volume, so the surface area defined by these four parameters in the
cross-section remains constant. The surface area/volume of the chenier
is represented by one single point in the computations: the chenier
center (subscript C). This point is defined horizontally as the middle
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Fig. 4. () Situation without a drowned hinterland due to subsidence: no phase lag. (b) Situation where subsidence has caused the hinterland to flood with each high
tide (green line), which causes a phase lag to develop during ebb (purple line); water levels are vertically exaggerated for illustrative purposes. (c) Water level time
series applied to the seaward model boundary (blue line) and landward model boundary (red line). During flood both water levels are in phase, during ebb the
landward water level lags behind. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

between the beachface and the back-barrier face, x¢c = x5 + (xg — x5)/2,
and vertically as the highest point of the chenier, z¢c = 2 + H. The
chenier toe has a slope @, which is steeper than the offshore shoreface
slope . The slope of the beach and back-barrier is several orders of
magnitude steeper (Heward, 1981) and are approximated as vertical.

2.2. Chenier dynamics

The idealised chenier evolves over time by prescribing hourly
displacement rates, computed with a process-based model (Delft3D),
which will be specified in more detail in the section hereafter. Every
hour, the chenier center moves horizontally with Ax and vertically with
Az (derived from Delft3D for the specific boundary conditions at that
time step), and the shape of the chenier (height and width) changes such
that the total volume of sand remains constant. This procedure is
explained in two steps and is illustrated in Fig. 3b-c: first, the entire
chenier migrates upslope (or downslope if Ax < 0), without changing
the shape of the chenier (see Fig. 3b). Since the muddy substrate has a
slope f3, this horizontal migration with Ax automatically yields a vertical
change as well, equal to fAx. However, this vertical change is not
necessarily equal to the total vertical change of the chenier center, Az.
Therefore, the vertical change needs to be corrected with 2’ such that the
total vertical change of the chenier center equals Az = fAx — 2’ (see
Fig. 3c). In case Az < fAx, sediment is removed from the crest of the
chenier, and equally distributed on both sides in terms of lateral
expansion x’ (so that the horizontal position of the chenier center is
maintained). In case Az > pAx, the crest of the chenier is heightened
with sediment from both sides of the chenier crest, reducing the width of
the chenier with 2x’ and increasing the height of the chenier H with 2'.

The new coordinates of the four chenier parameters (subscript 1) can be
expressed in function of Ax, Az, and the coordinates at the previous time
step (subscript 0):

Xr) = Xro + Ax, (€9
zr1 = zro + pAx, 2
X5 = X509+ Ax — x/, 3
251 = 250 + PAxX — Utx/7 4)
X1 = Xpo + Ax+x, 5)
21 = 2no +PAX+ X, 6)
H, = Hy— fAx+ Az; (7)
where

. (x50 — Xs0) (fAX — Az)
2H, + 2Az + 250 — 280 — PAX

)

For all steps in the model described above, sediment mass is
conserved (i.e. the total body of sand in the chenier does not change in
time). The horizontal and vertical displacements, Ax and Az are a
function of (1) the offshore wave height, H; ; (2) the water depth on
top of the chenier crest, d;o, (see Fig. 4c); (3) the phase of the tide (ebb or
flood); and (4) a phase lag, 0 (see Fig. 4c). We use a process-based model
to determine the relationship between Ax and Az on one hand, and the
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Fig. 5. (a) Bathymetric profile measured with a DGPS in Demak, Indonesia (dotted line), with its representative idealised geometry (solid line) and a generalised
chenier profile for the Delft3D simulations (dashed line). The chenier center of all three profiles coincides and is indicated with a dot. (b) Comparison of the
validation run with Delft3D (dashed lines) to the measured profiles (dotted lines). The colours represent the days between 28 November 2018 and 4 December 2018.
The chenier center of the measured profiles is indicated with a dot, and a triangle for the Delft3D profiles.

tidal and wave conditions on the other hand, through a large number of
model realisations. Before introducing this process-based model, we first
elaborate on the the phase lag 6.

2.3. Boundary conditions

The chenier only becomes mobile when it is fully submerged,’ i.e.
when the water level 5 exceeds the chenier crest level > 25 + H. Field
observations (Tas et al., 2020) showed that both tide and waves are
responsible for sediment transport on the cheniers of Demak. Waves
transport sediment directly, through skewness, and indirectly, through
stirring, where waves stir up the sediment which is then transported by
tidal currents. Tidal currents are only sufficiently strong to resuspend
sediments when the water depth above the chenier is very small. Most
sediment transport occurs when high tide (i.e. inundated chenier) co-
incides with high wave events. Weill et al. (2012), for instance, showed
that most chenier migration took place when the 4.4-year and/or 18.6-
year tidal cycles caused higher water levels in the Mont-Saint-Michel
Bay, while Tas et al. (2020) linked chenier migration to the interac-
tion between the diurnal component of the tide and the sea breeze-
induced waves which occurred in the afternoon.

Due to coastal erosion and subsidence, large parts of the coastal plain
in Demak flood during each tide. This drowning of the coastal plain
induces a phase lag in tidal flow over the chenier. Due to the strong
antropogenic influence in this area, this phase lag is even more pro-
nounced than in undisturbed systems, for the following reasons. The
drowned coastal plain is characterised by a few channels (either rem-
nants of man-made channels, or naturally formed creeks) with relatively
low hydraulic drag (Bayliss-Smith et al., 1979; Friedrichs, 2010), while

! In reality this is less straightforward: while the mean water level may be
below the chenier crest level, higher waves could roll over the crest and
transport sediment. To account for this transport, the water level in the model is
increased with 10% of the significant wave height.

the rest of the basin is covered by obstacles (such as mangrove vegeta-
tion, aquaculture pond bunds, houses etc.) which generate high friction
(Temmerman et al., 2005; Horstman et al., 2013, 2021). The rising tide
can enter the tidal basin through the channels, eventually flooding the
entire area; during ebb the water flows back first over the high-friction
shallow areas, before reaching the channels and creeks (Friedrichs and
Madsen, 1992; Mazda et al., 1995; Horstman et al., 2021). Due to the
high resistance, this ebb flow is slowed down, and a tidal phase lag
develops between the tidal basin and the open sea. Lower friction in the
straight, man-made channels and higher friction on the tidal flats due to
remnants of constructions creates an even larger phase lag. This phase
lag generates a cross-shore water level gradient near the mouth of the
channels and creeks. When a (sufficiently long) chenier is present in
front of a channel mouth, this water level gradient occurs over the
chenier crest, resulting in a residual seaward-directed flow. The
magnitude of this flow (and the resulting sediment transport) is related
to the tidal range and inversely related to the water depth above the
chenier crest.

This results in three boundary conditions for the idealised chenier
model: an offshore wave height, applied at the seaward boundary, and
two water levels, one applied at the seaward boundary and one at the
landward boundary. During flood, these water levels are in phase, while
during ebb a phase lag may be prescribed at the landward boundary, see
Fig. 4.

2.4. Process-based model

The values of Ax and Az used in the idealised model are computed
using a morphodynamic model set-up in Delft3D. Delft3D is a process-
based modelling suite that is capable of simulating hydrodynamics
(flow and waves), sediment transport and morphology (Lesser et al.,
2004). This Delft3D model set-up uses an alongshore uniform, general-
ised profile representative for a chenier (dashed line in Fig. 5a). Similar
to the idealised geometry, the chenier center of this generalised profile
in D3D is defined as the part of the chenier above the lowest low water
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Fig. 6. Hourly horizontal and vertical displacement based on the Delft3D model for some of the scenarios. The left column ((a) and (c)) shows the values of Ax and
the right column ((b) and (d)) Az; while the upper row ((a) and (b)) shows the displacements for a situation during ebb without a phase lag (¢ = 0 min) and the lower
row ((c) and (d))a situation during ebb with a phase lag of # = 10 min. Within the contour plot, the horizontal axis shows the water depth on top of the chenier drop
and the vertical axis the deep water wave height H; . The red colour represents an onshore or upward shift for Ax and Az respectively, blue means offshore-directed
(Ax) or lowering (Az). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

line. The chenier center of the generalised profile used in Delft3D has the
same coordinates as the center of the idealised geometry used in the
idealised model (solid line in Fig. 5a).

At the seaward boundary of the Delft3D domain, a time-varying
water level and wave height is prescribed. The wave height is the
wave height at deep water, corrected for shoaling to the water depth at
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the model domain boundary. The landward end of the domain is also an
open boundary, where only a water level time series is prescribed (to
which the phase lag 6 applies).

The Delft3D model is run for a representative range of calm to
moderate conditions, representative for the SE monsoon season: (1) Hj,
=0 —2m; (2) dp =0 — 2m; (3) ebb or flood; and (4) = 0 — 20 min.
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Fig. 7. Comparison of the idealised model (solid lines) with measured profile changes (dotted lines). The chenier center in the idealised model profiles is indicated
with a dot and in the computed model profiles with a triangle.
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Since measurements were collected during the SE monsoon season, the
model can only be validated for calm to moderate conditions (see Sec-
tion 2.5), and therefore storm conditions are not considered here. For
each possible combination of boundary conditions, the model is run for
6 h, and the bed level change between the second and sixth hour of the
model simulation is used to determine the average change per hour (so
total change divided by 4 h). These values are stored in an hourly
displacement matrix (see Fig. 6). For each time step in the idealised
chenier model, the values of Ax and Az are interpolated for the current
values of Hy, «, d;op, €bb/flood, and 6 from the displacement matrix.

Fig. 6 visualises the different hourly displacements for a range of
water depths above the chenier (horizontal axis) and offshore wave
heights (vertical axis). The left panels (a and c) show the hourly hori-
zontal displacement Ax in m, where blue colours represent offshore
migration and red colours onshore migration; the right panels (b and d)
show the hourly vertical displacement Az in m, where blue colours
represent lowering of the chenier crest and red colours heightening. The
first row (a and b) shows a scenario during ebb when there is no phase
lag; the second row (c and d) shows a scenario during ebb with a phase
lag 6 = 10 min.

From Fig. 6a we can derive that higher waves lead to more onshore
transport, and combined with Fig. 6b, higher waves also lead to a
lowering of the chenier crest for small water depths. The absence of blue
shades in Fig. 6a reveals that under these circumstances, the chenier
only migrates onshore. Only when introducing a phase lag during ebb
(Fig. 6¢-d), the chenier also migrates in the offshore direction (for
smaller wave heights in combination with larger water depths).

2.5. Validation Delft3D model

The Delft3D model was validated with 6 days of data collected at a
chenier off the mangrove-mud coast in Demak, Indonesia between 28
November 2018 and 4 December 2018. The measured initial profile
(dotted line in Fig. 5a) is used as initial profile for this validation run. For
the validation run, offshore waves were measured with a WaveDroid
directional wave buoy and water levels were measured with two OSSI-
010-003C-01 Wave Loggers, one which was deployed seaward of the
chenier and one landward. The profiles computed with Delft3D (dashed
lines, triangle for chenier center) are shown in Fig. 5b and compared to
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the measured profiles (dotted lines, dot for chenier center). While the
exact shape of the profiles diverges slightly over time, the migration of
the chenier center of both the measured and modelled profiles remain
very similar.

3. Results
3.1. Calibration idealised chenier model

The first set of model results with the idealised model (not shown
here) predicted a gradual lowering of the chenier crest. This lowering
results from the tendency that morphodynamic models such as Delft3D
tend to flatten bars (van Duin et al., 2004). We mitigate this shortcoming
through a vertical correction 2., so that the Az applied in egs. 3-7
becomes Az = Azp3p + Zcor- The value of 2., was calibrated using the
measured profiles. Various distributions were tested, but in the end the
most optimal results were obtained for a constant value of 2. = 0.0015
m/h. The resulting profiles computed with the idealised model simula-
tion are shown in Fig. 7 (solid lines) and compared to the measured
profiles (dotted lines).

While the modelled profiles may not perfectly follow the measured
profiles, the trends are very similar: small changes the first days, fol-
lowed by a larger landward migration and lowering, and on the last days
small horizontal migration accompanied by some heightening of the
crest.

3.2. Idealised boundary conditions

As a next step, the model is run for a much longer time span of 10
years. These longer model simulations are first executed with a sche-
matic, idealised set of boundary conditions. A water level time series is
constructed with the two main tidal constituents in Demak: K1 and M2.
Based on the typical sea-breeze induced waves, a schematic wave time
series is constructed, with waves during the afternoon and evening only
(between 14 h00 and 22 h00), while the rest of the day no waves occur
(since the SE monsoon wind is directed offshore, resulting in very calm
conditions nearshore). During the sea breeze, the wave height is con-
stant, Hy o, = 0.23 m, representative for the waves measured with a
WaveDroid at deep water during sea breeze events. Fig. 8 shows the
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Fig. 8. Chenier evolution under idealised boundary conditions, for a situation (a) without phase lag, and (b) with a phase lag of # = 3.5 min. One profile per year is
shown, with increasingly darker shades of red over time. The chenier center is indicated with a dot, and is shown for each month, giving an impression of the
dynamics during the year. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Probability density functions of the horizontal ((a) and (c)) and vertical ((b) and (d)) displacement (relative to the initial position) for different scenarios over
a period of 10 years after 500 realisations. The effect of different phase lags is shown in (a) and (b), with increasingly darker shades of blue (and going from solid via
dashed, dash-dotted to dotted lines) for larger values of the phase lag, 6. The effect of a storm reset Ax,, is visualised in (¢) and (d), with increasingly darker shades for
larger values of Axg. Blue lines represent a situation without a phase lag; red lines & = 5 min. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

resulting profiles after 10 years as a result of these schematic boundary
conditions, both without a phase lag (¢ = 0, Fig. 8a), and with a phase
lag (0 = 3.5 minutes; Fig. 8b).

For the scenario without phase lag (Fig. 8a), the chenier migrates
onshore. Interestingly, this migration rate is not constant throughout the
year. For a couple of months, the chenier migrates rather rapidly
onshore, generally accompanied by a small lowering of the crest level.
This onshore migration is halted rather abruptly, and replaced by a
strong vertical growth, until the chenier has reached a height close to
high water level. It remains stable for a while, until at some point the
maximum water levels are high enough to submerge the chenier. The

chenier crest then lowers rapidly and the chenier again migrates rapidly
onshore starting a new cycle that is repetitive over multiple years. This
cyclic pattern is a result of the timing between the sea breeze-induced
waves and the tide. The sea breeze always occurs at exactly the same
time (during the afternoon, between 14 h00 and 22 h00), but the time of
the (diurnal) high tide shifts a day in a year (see Fig. 9 in Tas et al.
(2020)).

The persistent wave-driven onshore migration in Fig. 8a) result in
onshore welding of the chenier, and not in a dynamically stable chenier
as observed in Demak. This stability does result from a non-zero phase
lag (Fig. 8b). The phase lag (see Section 2.3) creates a water level
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gradient over the chenier, with higher water levels on the landward side.
This induces flow over the chenier in offshore direction, driving offshore
sediment transport. For values of 6 close to & = 3.5 min (and a sea
breeze-induced wave height of H; ., = 0.23 m), the onshore migration
by waves is balanced by the offshore migration during ebb induced by
the phase lag. As the timing between the sea breeze-induced waves and
the tide shifts, one process becomes dominant over the other, resulting
in a circular pattern over the year. This balance only occurs for a very
small range of combinations of wave height and phase lag; for all other
combinations the chenier either migrates onshore or offshore.

3.3. Stochastic boundary conditions

In the previous section, the boundary conditions were reduced to a
set of idealised conditions to identify the role of moderate wave condi-
tions and 6. In reality, the boundary conditions are much more variable.
The tide consists of a wide range of constituents, and while the pattern of
the sea breeze is fairly regular, its magnitude and presence may vary. To
account for these variations, the model is forced with water levels
computed with a full set of tidal constituents, and a stochastic wave
climate based on measurements collected with a WaveDroid during
August 2017, April 2018 and October-November 2018 (all during the SE
monsoon season). The corresponding time series is constructed as
follows.

Field observations show that a sea breeze occurred for 50% of time.
The synthetic wave conditions time series is thus determined in two
steps: first, the occurrence of a sea breeze (hence, whether there are
waves in the afternoon) is determined randomly with a 50% probability
of sea breeze. Then, if there is a sea breeze that day, a wave height is
randomly picked from a database containing observed daily wave
heights. For the first and last hour of the sea breeze event (14 h00 and
22 h00), the wave height is 50% of the representative wave height, the
other six hours the wave height is 100% of the representative wave
height to mimic the onset and waning of the sea breeze.

The random selection of wave input parameters allows for a sto-
chastic evaluation of chenier dynamics by creating many realisations
(500 in this case), generating a probability density function (pdf) of
horizontal and vertical chenier displacement for various scenarios. The
pdfs computed with four different values of 6 (0, 2.5, 5 and 7 min;
Fig. 9a-b) reveal that for the situation without a phase lag (lightest shade
blue, solid line), the horizontal and vertical migration is positive (i.e. the
chenier migrates onshore and the crest level becomes higher).

For small phase lags, the chenier still migrates onshore (positive
horizontal migration), but the crest level lowers (negative vertical
migration). This vertical migration is accompanied by a widening of the
crest, i.e. the chenier spreads out to become an increasingly thinner
layer of sand on top of the muddy substrate. Moreover, the lowering of
the crest is limited by the stable muddy substrate (which is a conse-
quence of our assumption of a constant slope), so when the crest level
reaches the muddy substrate, the chenier is assumed to have dissolved.”
For 6 = 2.5 min, 95% of the model realisations reach this point within
10 years, with an average simulation time of 3.6 years. For 6 = 5 min,
98% of the model realisations reach this point within 10 years, with an
average simulation time of 2.5 years. In other words, for small phase
lags, the chenier dissolves as a wide, fine layer of sand on top of the
muddy substrate. This layer of sand is located closer the shoreline for
smaller phase lags.

For larger phase lags, such as € = 7 min (darkest blue, dotted line in
Fig. 9a-b), the chenier migrates in offshore direction (with its crest just
below MSL). As can be seen by the double peak in the pdfs, part of the
simulations (around 25% of the model realisations) shows the same
behaviour as for the smaller phase lags, with the chenier migrating

2 The sand is still present in the system, so at a later point a new chenier may
be formed, but that is beyond the scope of this model.
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onshore while lowering until the chenier sand spreads out over the
muddy substrate and the chenier dissolves (although this fine layer of
sand is further offshore compared to a situation with a smaller phase
lag).

Similar to the idealised boundary conditions, the chenier remains
stable horizontally for only a narrow range of phase lags 6. Smaller
values lead to onshore migration until either the crest reaches high tide,
or the crest lowers until the chenier dissolves as a wide, thin layer of
sand on the muddy substrate closer to the shoreline. Larger values lead
to offshore migration, with the crest between low tide and MSL.

While the phase lag mainly has a horizontal effect (onshore vs.
offshore migration), it also has a small vertical effect (generally two
orders of magnitude smaller than the horizontal displacement, see
Figs. 6 and A.12). This vertical effect can cause an indirect horizontal
effect, because by lowering the crest, the chenier is submerged longer,
which in turn may lead to additional horizontal displacement. In some
cases, it is therefore possible that a scenario with a phase lag may lead to
more onshore migration than a scenario without a phase lag (compare
the tails of the pdfs of @ = 0 min and 6 = 2.5 min in Fig. 9a).

The model realisations in Fig. 9a-b assume a year-round dominance
of sea-breeze conditions (as this was the period for which we had data
available). However, these conditions are only representative for the SE
monsoon season. Between December and March (the NW monsoon
season) winds are constantly onshore, resulting in higher waves
throughout the entire day, and with occasional storms. Due to the
absence of measurements during the NW monsoon season, the idealised
chenier model has not been tested and calibrated for such conditions.
Moreover, there are no satellite images available during these months
due to cloud cover. However, comparing the last satellite image before
the NW monsoon season with the first image after, suggests that there is
a net offshore migration over the NW monsoon season. To avoid using
the model under storm conditions (for which we do not have field data
to calibrate the model with, moreover during storm conditions other
processes may govern the chenier dynamics) we simplify the net effect of
the storm season as a net seaward displacement over a distance Ax at
the last time step of the SE monsoon season. This new position is then the
starting point for the calculations of the next SE monsoon season. The
exact magnitude of such a storm reset is unknown; based on Google
Earth images, it is estimated to be in the order of 50 m. However, cloud
cover typical for the NW monsoon season prevent an accurate estimate
for Axg. Therefore, Axg = 50 m and Axg = 100 m are both tested and
compared to Axg = 0 m to assess the effect of this storm reset.

Fig. 9c-d shows the probability density functions of the horizontal
and vertical displacements after 10 years, for different values of Axg
(darker colours for larger storm resets) and with (red colours) and
without (blue colours) phase lag. Without a phase lag, regardless of the
magnitude of the storm reset Ax;, the horizontal distribution is wide,
but vertically very narrow. This indicates that all simulations converge
to a crest around high tide, but there is quite some variation in the
amount of horizontal migration. In the case of Axy; = 0 m (lightest blue
shade), the chenier shows the most onshore migration. For Axs = 50 m,
the chenier still migrates onshore, but less; for Axs; = 100 m the hori-
zontal migration is smallest, and could be both in onshore or offshore
direction. For even larger values of Axg (not shown), all horizontal
migration is offshore-directed.

In the scenarios with a moderate phase lag of & = 5 min, the chenier
crest no longer reaches high tide (as described above). The simulations
with a moderate storm reset (Ax; = 50 m) follow the same behaviour as
the scenario without a storm reset, for most model realisations (97%) the
chenier sand spreads out as a thin layer on top of the muddy substrate
close to shore (average simulation time 5.1 years). However, due to the
storm reset, this sand layer is located more seaward than the previous
scenario without a storm reset. A larger storm reset (Axs; = 100 m) does
not follow this trend of onshore migration and diffusion over the muddy
substrate; instead the chenier remains between MSL and low tide. The
horizontal migration remains limited and could be either onshore or
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Fig. 10. Chenier evolution over 10 years, under stochastic boundary conditions. One profile per year is pictured, in increasingly darker shades of red. The position of
the chenier center is indicated with a dot for each month. Panel (a) shows a scenario without phase lag (¢ = 0 min) or storm reset (Ax;, = 0 m). Panel (b) shows a
scenario with a phase lag of # = 5 min and a storm reset of Ax;, = 100 m. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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Fig. 11. Conceptual figure summarising the findings of the idealised chenier model. (a) shows a coastline without phase lag, where the chenier only migrates
onshore under wave action. (b) shows the situation off a drowning coastal plain, where a tidal phase lag generates offshore migration, balancing the wave-driven

onshore migration, resulting in a dynamically stable chenier.

offshore. Without a phase lag, only 4% of the model realisations lead to
chenier dissolution, and with a phase lag of = 5 min, this is the case for
less than 1%.

In summary, the storm reset's main effect is a seaward displacement.
Due to this yearly seaward displacement (and consequent lowering), the
chenier remains more dynamic, even if the crest reached a high enough
elevation to prevent submergence by regular tides during the SE

11

monsoon season. Throughout the year, the chenier's behaviour is still
dominated by the interaction between the waves, tide and a possible
phase lag.

As a final step, all the processes and short-term dynamics described
above are combined to investigate the long-term dynamics (10 years),
and possible stable chenier states. First, a ‘classic’ chenier is modelled,
without phase lag or storm reset (see Fig. 10a). The chenier migrates
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onshore, and the crest level increases until it is close to the highest tidal
levels. Once it reaches this high elevation, the onshore migration be-
comes more episodic, requiring very high tides to submerge the chenier
before it can become mobile again. When the chenier is mobile, it fol-
lows the pattern of alternating strong onshore migration and local
heightening. The chenier does not become as high as classically
observed on coastal plains (Augustinus, 1989; Otvos, 2019; Quaresma
et al., 2007; Morales et al., 2014; Woodroffe et al., 1983) because we do
not account for storm surges in the boundary conditions.

When including a phase lag (0 = 5 min) and yearly storm reset (Axs
=100 m), the net horizontal displacement of the chenier is much smaller
(see Fig. 10b). The onshore migration is counterbalanced by the gradual
effect of the phase lag, and the yearly setback of the storm reset. Both
also lower the chenier crest, and therefore increase the submergence
time of the chenier, further increasing its dynamics. While initially the
chenier migrates onshore, eventually a stable position is found, with the
crest around MSL. At intra-annual scales (see dots for chenier location
per month) the chenier is still very dynamic, both horizontally and
vertically (in agreement with field observations of the chenier, see
Fig. 2e), but over annual to decadal scales its average position remains
stable (consistent with satellite images, see Fig. 2a-d). This dynamic
behaviour is visualised in Fig. 11, where Fig. 11a shows a situation
without subsidence (no tidal phase lag), and Fig. 11b shows the
behaviour on a drowning coastal plain (with a tidal phase lag).

4. Discussion

As shown in Fig. 10, the idealised chenier model is able to capture
trends in chenier geometry under both onshore and offshore migration,
mimicking trends we have observed in Demak and have been described
in literature for cheniers at other locations around the world. Besides the
trend, it is also interesting to compare the magnitude of the migration
speeds. For the scenario without phase lag or storm reset the chenier
moves on average 500 m landward over 10 years, or 50 m/y (see
Fig. 9a). This is the same order of magnitude as migration speeds
observed in Korea (Kim et al., 2020) and France (Weill et al., 2012).
Fig. 10a shows that the migration speed varies over time, with monthly
migration speeds varying strongly over the year. The largest onshore
migration computed is around 40 m in one month. It is difficult to
compare this value to values in literature, since most recordings cover
much longer periods (over a year); the highest monthly migration speeds
in literature (when averaging the recorded migration per month) are
17.5 m/month (351 m over 20 months in Saltés Island chenier plain,
Spain, Morales et al. (2014)) and 13.6 m/month (95 m over 7 months in
Firth of Thames, New Zealand, Woodroffe et al. (1983)). In Demak, the
chenier moved 17 m in 10 days during a period of strong onshore
migration (see Fig. 2e), which would equal 51 m/month.

In this model set-up, two processes are capable of transporting the
chenier offshore: the phase lag and the storm reset. While the phase lag
has only a small effect over one tidal cycle, it takes place continuously,
resulting in a large effect over longer time; the storm reset only occurs
once a year, applying a large offshore displacement at once. We argue
that both processes together are responsible for counterbalancing the
onshore chenier migration in Demak. Scenarios with a storm reset (Axs
> 0 m) but without phase lag (¢ = 0 min), see Fig. 9c-d, show that, while
it is possible to have a stable position over a long term for a large enough
storm reset, the horizontal distribution is very broad. This means that
such scenarios are relatively easily disturbed, and may not return to
previous (equilibrium) positions. Scenarios with a phase lag (6 > 0 min)
but without storm reset (Axs; = 0 m), see Fig. 9a-b, reveal that only for a
narrow range of 6 an equilibrium is reached; while smaller values of 6
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invariably lead to onshore migration and lowering (until the chenier
becomes a very wide, thin layer of sand on top of the muddy subsurface
and dissolves), larger values result in transport of the chenier offshore.
However, combining both a non-zero phase lag (¢ > 0 min) and a non-
zero storm-reset (Axs > 0 m), yields a chenier which is very dynamic on
the short term, but stable on the long term, and is able to recover from
disturbances. Such a dynamic equilibrium can be obtained for different
combinations of # and Axs. We do not know the exact value of 8 and
Axg, and it is also highly probably that these vary over time (for example
in response to the monsoon seasons, or due to continuing subsidence).
However, on longer time scales the cheniers in Demak are stable, from
which it may be concluded that both > 0 min and Axg > 0 m. If not,
only very specific combinations of boundary conditions would yield
long-term stability, and this would require the absence of any form of
disturbance.

It is interesting to note the similarities and differences between
cheniers and breaker bars. While they occur in different environments
(cheniers occur on muddy coastlines, breaker bars are a feature of sandy
coasts), they are both shore-parallel bodies of sand, reducing wave
impact on the coastline. Classic cheniers are known to migrate onshore
only, while breaker bars move slowly onshore under mild wave condi-
tions and rapidly offshore under higher wave conditions (Wright and
Short, 1984). Eventually, cheniers will become part of the coastline, as
they migrate higher up the beachface until they reach above the highest
water levels. Breaker bars, on the other hand, will migrate offshore until
they reach the limit of the surf zone where they dissolve. Interestingly,
the cheniers in Demak seem to posses properties of both ‘classic’ che-
niers and breaker bars, showing both onshore and offshore migration.
The model is able to capture all these dynamics, providing an explana-
tion for the driving processes behind them.

A recommendation for future research would be to measure the
chenier dynamics in Demak for a wider range of conditions (so also
during the NW monsoon season), with special attention to the tidal
phase lag, such that the values of § and Axg are known for more situa-
tions. It may also be useful to repeat similar field observations at
different locations around the world, since there is a lack of short-term,
detailed observations of chenier dynamics during their ‘active phase’.
Note that this model is developed for existing cheniers; their formation
(and occasional dissolution) is not accounted for. For certain scenarios,
many model realisations end early, when the chenier migrates onshore
and the crest lowers, until it becomes a thin layer of sand on top of the
muddy subsurface and the chenier dissolves. Therefore, another
recommendation for future research is to investigate the development of
cheniers; not only their initial formation, but also what would happen to
such flattened cheniers, such that this behaviour can then also be inte-
grated into the idealised chenier model.

The observed chenier in Demak, while very dynamic, maintains a
relatively constant geometry, which allows our approach of using a look-
up table based on a single, generic profile (see Fig. 5a). However, if the
chenier geometry varies strongly, feedback between the geometry and
the displacements could be introduced by modelling different chenier
geometries in Delft3D, creating multiple look-up tables. Furthermore,
these extra model runs, as well as any additional field observations,
could eventually be used to go from look-up tables to deterministic al-
gorithms, which could be used to calculate the fluxes between the
different chenier components (similar to the barrier island model of
Lorenzo-Trueba and Ashton (2014), or the beach-dune model of Hallin
et al. (2019)).

The tidal phase lag is found to be one of the important processes in
stabilizing the chenier in the nearshore zone. This phase lag is the result
of strong coastal erosion and subsidence, which have caused breaches in
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the coastline and turned the coastal plain into a large tidal basin. The
presence of a chenier in the nearshore creates a buffer against strong
wave action, while still letting water and sediment pass. By damping
waves, the chenier protects the coastline against further erosion, and as
such, the chenier actually generates a negative feedback on the erosion
cycle. Moreover, the presence of a chenier could create a window of
opportunity for the mangrove coast to restore and expand again, even-
tually naturally closing the breaches in the coastline. This would cancel
the tidal phase lag, which may tip the chenier dynamics to a different
stable state, where the chenier migrates onshore until it ends up in the
shoreline. However, a small change to the phase lag, for example by
closing off (part of) the hinterland by a dike, could disturb this chenier
equilibrium. The dike would strongly reduce the tidal phase lag, which
in turn reduces the seaward sediment transport, and the chenier would
start migrating onshore. Attached to the shoreline, the chenier no longer
creates a sheltered area for mangrove restoration, and there may be local
deepening seaward of the chenier, which could eventually lead to
aggravated coastal erosion. And finally, if the subsidence continues, the
phase lag could even increase, until the seaward transport becomes
dominant and the chenier migrates further offshore, leaving the shore-
line unprotected.

5. Conclusions

Chenier dynamics on a day-to-day basis are driven by waves and
tides. Most cheniers described in literature are known to migrate
onshore only, until they stabilise high on the beachface, where they are
no longer reached by even the highest tides. Observations in Demak
suggest that there may also be an alternative stable state for cheniers,
where they remain dynamic on the short-term, but hold a stable position
at a certain distance from the shoreline on the longer term.

We have developed an idealised chenier model using output from a
complex physics-based model to investigate the drivers of cross-shore
chenier dynamics under daily wave and tidal influences. The model is
able to capture trends in chenier geometry under both onshore and
offshore migration. Onshore migration is mainly driven by wave action.
Offshore migration occurs when a phase lag generated on the drowned
coastal plain causes a water level gradient over the chenier.

Both the tide and waves may vary over the year; waves due to sea-
sonal effects, tide due to the interaction between the various tidal
components. During the SE monsoon season in Demak, the wave climate
is driven by a very regular sea breeze. Due to the mixed, mainly diurnal
character of the tide, the timing of high water levels shifts over the day
throughout the year. This leads to a yearly pattern in chenier dynamics,
where based on the timing of the sea breeze vs. the high tide, a period of
strong onshore migration is followed by a period of local vertical
growth.

Without a tidal phase lag or storm reset, the model reproduces the
typical chenier dynamics of strong onshore migration, until the chenier
reaches a height that can no longer be reached by daily tidal influences:
the ‘classic’ stable state. Introducing a phase lag (caused by subsidence
of the coastal plain) and storm reset (representing the net seaward
displacement during the storm season) to the boundary conditions
strongly impacts these chenier dynamics. Both introduce an offshore
transport component, counterbalancing the onshore migration. While
either process alone can produce a dynamically stable chenier, this
stable position only occurs for a very narrow range of boundary condi-
tions, and the equilibrium is easily disturbed. Both processes together,
however, create a more robust equilibrium: very dynamic on the short
term, due to the natural variation in boundary conditions, but stable on
the long term: an alternative, dynamically stable state.
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List of symbols

a beachface slope [—]

p muddy substrate slope [—]

Ax horizontal hourly displacement of the chenier center [m/h]

AXge horizontal offshore migration as result of NW monsoon
(storm) season [m]

Az vertical hourly displacement of the chenier center (including
vertical correction) [m/h]

Azpsp  vertical hourly displacement of the chenier center derived
from Delft3D [m/h]

n water level [m above MSL]

[ tidal phase lag between seaward and landward model
boundary [min]

B subscript indicating the toe of the back-barrier face

C subscript indicating the center of the chenier

dsop water depth on top of the chenier crest [m]

H height of the chenier crest [m]

Hi, o deep water significant wave height [m]

MSL Mean Sea Level

s subscript indicating the beachface toe

T subscript indicating the chenier toe

X horizontal coordinate [m]

x horizontal correction during chenier evolution in order to
guarantee conservation of volume [m]

2z vertical coordinate [m above MSL]

4 vertical correction during chenier evolution in order to
guarantee conservation of volume [m]

Zeorr vertical correction to vertical hourly displacement derived

from D3D [m/h]
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Appendix A. Hourly horizontal and vertical displacements for all scenarios

The idealised chenier model is valid for calm to moderate conditions, representative for the SE monsoon season in Demak. Therefore, the hourly
horizontal and vertical hourly displacements for a representative range of conditions have been determined with the Delft3D model: (1) Hy o =0 — 2
m; (2) dyyp = 0 — 2 m; (3) ebb or flood; and (4) 6 = 0 — 20 min. In the main text, Fig. 6, the hourly displacements for all wave heights and water depths
of two sets of scenarios have been shown: ebb without a phase lag (Fig. 6a-b); and ebb with a phase lag of 6 = 10 min (Fig. 6¢-d). Here, we include the
remaining scenarios: flood (Fig. A.12a-b); ebb with a phase lag of # = 5 min (Fig. A.12c-d); and ebb with a phase lag of = 20 min (Fig. A.12e-f).
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Fig. A.12. Visualisation of the hourly displacement matrix for the scenarios not covered in the main article (see Fig. 6). The first row ((a) and (b)) shows the
displacements during flood; the second row ((c¢) and (d)) during ebb with a phase lag of = 5 min; and the third row ((e) and (f)) during ebb with a phase lag of 0 =
20 min. The left column ((a), (c) and (e)) gives the horizontal hourly displacement Ax in m/h, where onshore migration is coloured red and offshore blue; the right
column ((b), (d) and (f)) gives the vertical hourly displacement Az in m/h, where red colours indicate that the chenier crest becomes higher, while for blue colours
the crest lowers. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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