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Abstract Estuarine tidal mudflats form unique habitats and
maintain valuable ecosystems. Historic measurements of a
mudflat in San Fancsico Bay over the past 150 years suggest
the development of a rather stable mudflat profile. This raises
questions on its origin and governing processes as well as on
the mudflats’ fate under scenarios of sea level rise and decreas-
ing sediment supply. We developed a 1D morphodynamic
profile model (Delft3D) that is able to reproduce the 2011 mea-
sured mudflat profile. The main, schematised, forcings of the
model are a constant tidal cycle and constant wave action. The
model shows that wave action suspends sediment that is
transported landward during flood. A depositional front moves
landward until landward bed levels are high enough to carry an
equal amount of sediment back during ebb. This implies that,
similar to observations, the critical shear stress for erosion is
regularly exceeded during the tidal cycle and that modelled

equilibrium conditions include high suspended sediment con-
centrations at the mudflat. Shear stresses are highest during low
water, while shear stresses are lower than critical (and highest at
the landward end) along the mudflat during high water.
Scenarios of sea level rise and decreasing sediment supply
drown the mudflat. In addition, the mudflat becomes more
prone to channel incision because landward accumulation is
hampered. This research suggests that sea level rise is a serious
threat to the presence of many estuarine intertidal mudflats,
adjacent salt marshes and their associated ecological values.
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Introduction

Framework

Estuarine tidal mudflats form unique and valuable habitat
areas, which are flooded and become exposed again during a
tidal cycle. Amongst other ecological values, mudflats accom-
modate microphytobenthos (e.g. diatoms) and serve as feed-
ing ground for (migratory) birds and fish (e.g. Herman et al.
1999). In addition, mudflats provide important sources of sed-
iment for adjacent salt marshes (e.g. Van Wijnen et al. 2001;
Temmerman et al. 2004; Ganju et al. 2015). As such, mudflats
are an integral part of the estuarine coastline and play an im-
portant role in flood defence (e.g. Möller et al. 2014).

The mudflat shape and elevation are correlated to prevail-
ing conditions of wind waves and tides (Bearman et al. 2010),
while sediment availability and biotic dynamics play an im-
portant (seasonal) role as well. Mudflats will adapt to sea level
rise and gradually changing sediment supply on amuch longer
timescale (~decades) (Le Hir et al. 2000; Friedrichs 2012).
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Several model attempts have been made to further under-
stand mudflat morphodynamics. Friedrichs and Aubrey (1996)
derived analytical equilibrium profiles assuming no spatial gra-
dients in bed shear stress by the action of either waves or tides.
The forcing determined the shape of their solutions so that tidal
forcing led to more convex and wave forcing to more concave
solutions. Including evolution of the mudflat profile by an
adaptation timescale, Hu et al. (2015) allowed morphodynamic
adaptations toward equilibrium conditions based on the criteri-
on of a uniform bed shear stress across the mudflat profile.

Others followed a fully process-based approach which in-
cluded a detailed process description of hydrodynamics, sedi-
ment transport and eventually bed level updates without
underlying assumptions on equilibrium conditions. Hsu et al.
(2013) and Van Maren and Winterwerp (2013) explored the
suspended sediment dynamics on a fixed bed. By including a
morphodynamic feedback, Pritchard et al. (2002) and Pritchard
and Hogg (2003) confirmed the (tide forced only) equilibrium
profiles by Friedrichs and Aubrey (1996). More recently, Maan
et al. (2015) suggested the possibility that mudflats under cross-
shore tidal forcing, either prograde or retreat while maintaining
a migrating, several kilometres long, equilibrium profile shape.
Zhou et al. (2015a, 2016) explored the impact of grain sorting
and consolidation on mudflat morphodynamics, while Marani
et al. (2007), Mariotti and Fagherazzi (2010) and Zhou et al.
(2015b) provide examples on the impact of vegetation and its
feedback on morphodynamics.

Considering a realistic case study, Roberts et al. (2000)
validated a morphodynamic model against a 3 km long ob-
served mudflat profile in the Humber estuary with a bias of
about 50 cm. Roberts et al. (2000) thus showed that the
process-based approach could reach an equilibrium mudflat
profile using the prevailing tide and schematised wave condi-
tions. Remarkably, relatively high suspended sediment con-
centrations were present on the mudflat which could be related
to subsequent periods of erosion and deposition during the
tidal cycle. Still, after profile equilibrium was reached, there
was no tide-residual morphodynamic effect. This confirms
findings by Hu et al. (2015).

In addition to schematised profile modelling, Van der
Wegen et al. (2011), Van der Wegen and Jaffe (2013), Ganju
et al. (2009), and Ganju and Schoellhamer (2010) reported
skillful, decadal timescale, hindcasts of morphodynamic mud-
flat development in sub-embayments of San Francisco Bay by
2DH process-based models. Van der Wegen and Jaffe (2014)
further analysed the detailed (tidal timescale) underlying pro-
cesses and concluded that significant morphodynamic activity
took place during a tidal cycle, while tide-residual morpho-
logical developments were an order of magnitude smaller. In
their model, Van der Wegen and Jaffe (2014) further observed
that deposition and erosion of the channel-shoal interface oc-
curred during both ebb and flood. Amore governing condition
for net deposition appeared to be high suspended sediment

concentration caused by river supply or wind waves
suspending sediments from the mudflat.

The previous sections indicate that considerable sensitivity
analysis was carried out on important parameters in mudflat
development and assumed profile equilibrium conditions.
Some studies were able to reproduce measured profiles with
significant skill. As a next step, it is important to address the
adaptation of mudflats to changing forcing conditions.

The objective of this work is to assess the conditions of
mudflat equilibrium as well as the impact of sediment supply
and sea level rise on mudflat evolution. Our inspiration is the
mudflat near Dumbarton Bridge in South San Francisco Bay,
which has a detailed and historic bathymetric dataset available
for model calibration and validation.

Methodology

We use a combination of observations and 1D process-based
modelling (Delft3D). Close analysis of a series of bathymetric
surveys collected approximately every 30 years from 1858 to
2005 will describe the historic evolution of Dumbarton mud-
flat and will help to hypothesise on the mechanisms governing
the mudflat evolution.

The aim of the modelling work is to reproduce the current
mudflat profile while exploring conditions of equilibrium.
This includes extensive sensitivity analysis on model input
parameters related to sediment characteristics, wind wave
forcing and tidal dynamics. Finally, starting from a generated
equilibrium profile, we assess the impact of sea level rise and a
decay in sediment supply on profile development. These pre-
dictions will provide insight into the future development of the
mudflat and its value for ecology and flood protection.

Study Area

Physical Setting

Situated within the largest estuary on the west coast of the
USA, South San Francisco Bay is a relatively shallow sub-
estuary in the San Francisco Estuary with an average depth of
approximately 3 m and a surface area of about 400 km2

(Fig. 1, Foxgrover et al. 2004). The bathymetry of South
San Francisco Bay is simple with a single main channel
flanked by broad shallows and intertidal flats (Fig. 1). The
channel narrows from about 1 km in the north to several hun-
dredmeters in the south. The channel also shoals from north to
south from approximately 25- to 5-m depth.

Water movement in South San Francisco Bay is driven by
tides, winds and freshwater flow from seasonal streams
(Conomos and Peterson 1977; Walters et al. 1985; Cheng
et al. 1993). San Francisco Bay experiences a Mediterranean
climate with cool wet winters and relatively dry summers
accompanied by persistent northerly to northwesterly winds.
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Wind-driven waves resulting from these persistent winds play
a strong role in intertidal sediment transport (Lacy et al. 1996,
2014). During the winter, frequent storms (cyclonic low-
pressure atmospheric systems) transit the region and cause
strong, gusty southerly to southeasterly winds. These storms
often bring substantial rainfall to local land areas with subse-
quent runoff into the bay (Conomos et al. 1985). Local
streams and small creeks that enter South San Francisco Bay
discharge varying amounts of sediment and freshwater during
and after flooding (Schoellhamer 1996). Winter runoff into
North San Francisco Bay and Delta from the Sacramento
and San Joaquin River systems influences water levels and
flows in South San Francisco Bay. However, the exchange
of water between North and South San Francisco Bays, and
the effects of this exchange on circulation and sediment trans-
port are not well understood (Walters et al. 1985).

Intertidal Mudflat Characteristics and History

Intertidal flats are a major component of South San Francisco
Bay. In 2005, intertidal flat area was 51.2 + 4.8/−5.8 km2

(Jaffe and Foxgrover 2006). The asymmetry in the error is
caused by positional error acting on different slopes. Nearly
half of the intertidal flats were in the low energy, higher tidal
range environment south of Dumbarton Bridge. Intertidal flat
width increases from north to south from 200 to 900 m. The
surface sediments within South San Francisco Bay are primar-
ily composed of silts with a mean grain size of approximately
50 μ. The vast majority of samples are greater than 75%mud,
although some coarser sediments with higher sand and shell
contents are found on the eastern shoals (Barnard et al. 2013;
Jones and Jaffe 2013).

The specific area in South San Francisco Bay, the western
shore south of Dumbarton Bridge, where the proposed model
is tested, is dynamic at various time scales. The current tidal
flat elevation varies from about −2 to 0 MSL. The mudflat
width is correlated with net deposition/erosion patterns in the
entire South Bay. In historic times, the tidal flats have widened
by a factor of two during decadal periods of net sediment
import and narrowed during net sediment export from South
Bay (Fig. 2). Bearman et al. (2010) suggest that the mudflats
in the area around Dumbarton Bridge have been fairly stable

Fig. 1 Location of Dumbarton mudflat a in San Francisco Bay and b in South Bay, c in 1948 and d in 2012. Line in d reflects transect analysed in this
study, with dashed part being the channel. c, d are from Google Earth
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between 1983 and 2005 without much net profile change.
Still, seasonal frequency observations show periods of accre-
tion and erosion and (not always correlated) widening and
narrowing of the mudflat (Jaffe et al., in preparation).

Model Setup

The model setup (Fig. 3, model input files at Online Material)
describes a 1D, 1000m long profile by 100 grid cells with dx =
10 m. Numerical Courant conditions allow for a time step of
12 s. Inspired by the average 1858 profile, the initial bed level
has an 800 m long, 3 m deep part adjacent to a 100-m channel
slope and 100 m wide, 20 m deep channel. The Chézy defined
roughness was kept constant at a value of 65 m1/2/s. The bed
linearly decays from 3- to 20-m depth between 800 and 900 m
from the landward end. The deep channel area was added so
that wave boundary conditions would not be affected by a
limited water depth potentially developing during a
morphodynamic model run.

The model is forced by a semi-diurnal tide with a 0.5-mwater
level amplitude at the channel end. Although the present mean
tidal amplitude at Dumbarton Bridge is about 1 m
(http://tidesandcurrents.noaa.gov/stationhome.html?id=9414509
&units=metric), preliminary model results showed a closer
match with measured profiles for a smaller tidal difference. The
discussion section will address this.

Waves enter the domain from the channel end. We applied
the ‘roller model’ option in 1D mode available in Delft3D to
describe wave action across a profile (Deltares 2014, appendix
B.15 and Roelvink et al. (2009) for a more advanced version

of the ‘roller’ approach). The roller model combines a wave
action balance equation reflecting single frequency short
waves to a roller energy equation representing infragravity
waves originating from short wave dissipation via a breaker
index formulation. At the lateral boundaries, it assumes zero
gradients alongshore. Application of the roller model is pos-
sible in the case of a narrow-banded wave spectrum both with
respect to frequency as with respect to direction. The main
advantage of the roller model option is that it is faster than
applying SWAN, since SWAN requires an extensive grid to
prevent influence from the lateral boundaries and SWAN re-
solves time-consuming spectral short wave interactions. For
example, runs for 100 years took about 3 h instead of 12 h
using SWAN. Preliminary SWAN runs typically resulted in
slightly steeper bed profiles for an equal wave height. We
applied an online coupling of the roller wave model with
Delft3D-FLOW so that both the effect of waves on current
and the effect of flow on waves are accounted for. Still, effects
of these interactions will be insignificant since preliminary
model results show that modelled tidal flow velocities are
typically an order of magnitude smaller than orbital velocities
and short wave and roller energy propagation celerities. Also,
at most locations, short wave energy appeared to be orders of
magnitude larger than energy in the infragravity waves.

Mud transport is modelled by the well-known Krone-
Partheniades formulation (Ariathurai 1974). Mud sediment con-
centration (Suspended Sediment Concentration, SSC) is pre-
scribed at the channel boundary. A so-called BThatcher-
Harleman^ condition at this boundary allows for a gradual
120-min relaxation from outgoing SSC levels to the prescribed
SSC. This prevents sudden SCC variations at the turning of the
tide.

In order to enhance bed level developments with respect to
hydrodynamic forcing (Roelvink 2006), we used a morpho-
logical factor of 100. This approach is justified when bed level
changes after a single time step do not fundamentally alter
flow conditions above the bed. Although a strict criterion is
hard to define, Roelvink (2006) suggests that bed level chang-
es should not exceed 10 % of the water depth. A single hy-
drodynamic year thus covered hundred years of
morphodynamic development. Sensitivity runs show very
limited difference between such a run and a run of 100 years
with a morphological factor of 1.

Sea level rise is included by prescribing a rise in mean sea
level (MSL) at the channel boundary on top of the semi-
diurnal forcing. We applied two SLR scenarios: a 1.67-m
SLR/century close to the projected maximum SLR along the
coast of California, while a 0.83-m SLR/century is closer to
the projected mean SLR (NRC National Research Council
2012, Fig. 4).

Initial runs showed considerable deposition in the channel
even to the extent of fully filling the channel. In reality, high
along shore channel currents would prevent channel siltation.

Fig. 2 Historical profiles along transect of Fig. 1d

Fig. 3 Model setup. Dotted red line indicates the channel slope
prescription in case of accreting mudflat (colour figure online)
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To keep hydraulic boundary conditions constant during a run
and for different sensitivity runs, the channel bed level (be-
tween 900 and 1000 m, horizontal red line in Fig. 3) was kept
constant at a depth of 20 m by removing all deposited sedi-
ment after each time step, mimicking sediment erosion by
along shore channel flow. In addition, preliminary model runs
showed the development of a 3 grid cell wide and 0.3 m high
spike at the mudflat edge. This was attributed to a numerical
instability caused by high SSC, tidal flows over a very sharp
bed level gradient. The instability was prevented by prescrib-
ing a gradual bed slope between 800 and 900 m which was
about 1:5 for most of the channel slope and 1:20 for the last
20m near the mudflat edge, allowing lower but not higher bed
levels in this section. The 1:20 slope was maintained for sea
level rise scenarios that included further mudflat accretion
(dashed line in Fig. 3). The bed slope magnitude leading to
stable results was determined iteratively. Comparison of runs
with and without this correction showed similar mudflat pro-
files, implying that the prescription of the channel slope pro-
file did not govern the level of the mudflat edge but only
filtered the spike. To allow higher mudflat profiles under sea

level rise scenarios, we extrapolated the prescription of the
channel slope (dotted red line in Fig. 3).

The first set of runs described 100 years of morphodynamic
development starting from an initial mudflat level of 3 m be-
low MSL. We carried out sensitivity analysis by varying a
range of parameters one at a time (Table 1). We calibrated
the model against the measured 2011 profile. Apart from sed-
iment characteristics, the most important calibration parameter
was the boundary condition wave height. Table 1 also presents
observed values for the applied model parameters indicating
sometimes large uncertainty bounds. The discussion section
will address this.

A second set of runs started from an equilibrium mudflat
profile generated in the first 100 years (by the Bstandard^ run)
and continued for another 100 years including the two SLR
scenarios and scenarios of lower (22.5 mg/l) SSC at the channel
boundary. This latter development is a plausible scenario given
the major wetland restoration project in South Bay (Brew and
Williams 2010, www.southbayrestoration.org). This project
aims to restore about 6000 ha of industrial salt ponds to a rich
mosaic of tidal wetlands and other habitats, attracting sediments
and favouring sediment deposition in the salt ponds.

Model input files are provided as supplementary material.
Software applied is open source Delft3D (http://oss.deltares.
nl/web/delft3d).

Model Results

Equilibrium Profile

Model runs show slow development from a flatbed toward the
2011 measured profile within 50 years after which it hardly

Fig. 4 Imposed sea level rise (SLR)

Table 1 Overview of model parameter variations in the sensitivity analysis

Parameter Standard run Minimum Maximum Observed

Tidal amplitude, dH (m) 0.5 0.25 0.75 About 1 m (http://tidesandcurrents.noaa.gov)

Boundary SSC, c (mg/l) 45 22.5 90 On average about 30 mg/l with monthly peaks between
100 and 300 mg/l and yearly peaks up to 1000 mg/l
(Shellenbarger et al. 2013)

Initial mudflat depth, depini (m) 3 1 5

Diffusion coefficient, D (m2/s) 10 1 20

Significant wave height, Hs (m) 0.123 0.09 0.15 On average about 0.25 m with occasional peaks of 1 m
(Lacy et al. 2014 for a nearby mudflat)

Peak wave period Tp (s) 2.5 2 3

Erosion coefficient,M (kg/m2/s) 5 × 10−4 5 × 10−5 5 × 10−3 1–5 × 10−5 (in North Bay summarised by Van der Wegen et al. (2011))

Dry bed density, ρdry (kg/m
3) 1200 1000 1600

Critical erosion shear stress, τcr,e (Pa) 0.25 0.15 0.35 0.05–2 (in North Bay summarised by Van der Wegen et al. (2011))

Fall velocity, w (mm/s) 1 0.1 2 0.1–10 (in North Bay summarised by Van der Wegen et al. (2011))

Morphological factor, MF (−) 100 25 200
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evolves anymore (see Fig. 5a and animation at Online
Material). Initial deposition on the mudflat occurs near the
channel edge after which the deposition front moves landward
until it reaches the boundary. At the same time, deposition
takes place at the channel side slope so that the mudflat further
extends toward the channel. The mudflat extension continues
until it reaches the prescribed channel slope between 800 and
1000m. Any sediment depositing in the channel is removed to
maintain the channel during the runs. The mudflat edge (near
760 m) remains lower than the prescribed (and allowed) bed
level indicating that wave action limits mudflat accretion at
this place. The bed level at the mudflat edge remains fairly
constant during the remaining part of the model run, whereas
the profile silts up slowly more landward.

Wave action alone does not lead to an intertidal mudflat
(Fig. 5b). The small deposition at the mudflat in the absence of
tides is the (limited) result of diffusive transport. Inclusion of
tides only leads to significant deposition close to the channel,
even to the extent that the remaining part of the mudflat is
blocked. Larger waves lead to a lower mudflat. Variations of
the erosion factor (M) and critical erosion shear stress (τcr,e)
applied in this study lead to similar profiles as the profiles by
Hs variations shown in Fig. 5b. Higher SSC levels at the
boundary lead to a higher and steeper mudflat profile, whereas
the level of the mudflat edge interface remains fairly constant.
The profiles by fall velocity variations lead to similar profile
variations. Model results are not sensitive to the dry bed den-
sity and morphological factor variations, although a MF of
200 led to numerical instabilities after 60 years. A low diffu-
sion coefficient shows less landward profile accretion, while

application of a higher diffusion shows hardly difference with
the standard profile. Lower and higher initial mudflat depths
lead to the same profile, albeit that the equilibrium profile is
reached about 10 years earlier and later, respectively. A 2DV
model with 10 vertical sigma layers leads to similar results.
The profiles of low wave height and low boundary sediment
concentration show a gap near the landward end indicating
that they are not yet in equilibrium after 100 years.

The standard run shows a gradual decrease of the RMS
error and development toward equilibrium after 50 years with
a final RMS error of about 0.25 m (Fig. 6). Most other runs
show similar behaviour, albeit with larger RMS errors. Two
runs (w = 0.1 mm/s and M = 5 × 10−3 kg/m2/s) even show a
smaller RMS error of about 0.15 m. Other runs show a min-
imum RMS error after some decades after which the error
increases again. A fourth set of runs show only a gradual
decrease of RMS error, which remains relatively large even
after 100 years.

Closer analysis (Fig. 7) reveals that, initially, maximum
SSC levels during a tidal cycle are lower than SSC levels
at the boundary (45 mg/l). However, as the mudflat level
becomes higher, maximum SSC levels increase up to
values that are nearly double the SSC imposed at the
boundary. These high SCC levels remain stable after
about 75 years even when the bed level does hardly
change anymore. Highest SSC levels of about 80 mg/l
occur in the middle of the mudflat. For channel adjacent
mudflats in a close-by San Francisco Bay sub-embay-
ment, MacVean and Lacy (2014) also measured highest
SSC in the intertidal area of the mudflat. MacVean and

Fig. 5 a Modelled profile
evolution. b Sensitivity analysis
on profile after 100 years. The
grey area reflects the observed
tidal difference at Dumbarton
Bridge
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Lacy (2014) report SSC levels during significant wave
action in the range of 100–300 mg/l at subtidal stations,
while SSC exceeded 1000 mg/l at the intertidal (more
landward) station. More moderate wave conditions
showed SSC levels comparable to our study. In addition,
Brand et al. (2010) measured SSC level at two stations on
a subtidal mudflat in South Bay. The SSC levels at the
more landward located stations were about double the
SSC at the deeper station close to the channel, while wave
action tripled SSC for both stations.

Spikes of SSC occur between 40 and 70 years (Fig. 7a).
These numerical instabilities develop first near the landward
boundary when the deposition front just reaches the landward

boundary. They occur just after lowwater and persist for about
an hour. Closer sensitivity analysis could not reveal the exact
cause, but the instabilities seem to be related to wave breaking
in cells close to the landward end (excluding the wave model
does not lead to instabilities). The wave breaking results in
sharp gradients in short wave and roller energy and (compared
to the rest of the profile) relatively high roller energy levels at
low water depth at the most landward point. These small in-
stabilities are temporal (both during the tidal cycle and the
morphodynamic evolution) and do not seem to disturb the
general evolution trend.

The bed level does not develop gradually (Fig. 7b). In all
three stations, the mud flat level initially linearly increases
with time. When mudflat levels reach a certain level (lower
levels for more landward locations), the accretion rate sudden-
ly drops, because wave action limits (but does not block)
accretion rates.

Starting at high water and during subsequent maximum
ebb flow (hardly exceeding 0.5 mm/s), SSC levels remain
relatively low although wave heights are high (t = 0, t = 2 h)
(Fig. 8). When water depth on the mudflat further decreases
and wave action starts to resuspend sediments from the mud-
flat, SSC levels significantly increase (t = 4 h, t = 6 h).
Subsequent flood flow and larger water depth (t = 8 h) leads
again to higher waves, while SSC levels drop when water
depth becomes higher and wave impact decreases (t = 10 h).
High SSC levels occur with a similar profile during both ebb
and flood (compare conditions at t = 4 and t = 8), indicating
that an equal amount of sediment is transported landward
during flood and seaward during ebb.

Maximum shear stresses vary across the mudflat from
0.26 N/m2 at the landward boundary during high water
(t = 0 h) to 0.3 N/m2 during low water (t = 6 h) (Fig. 9).
Lowest shear stresses also vary considerably across the mudflat.
Remarkably, shear stresses across the mudflat are lower than the
critical erosion shear stress (0.25 N/m2) during a large part of the
tidal cycle (t = 0, 2 and 10 h). At high water (t = 0 h), only the
shear stress close to the landward boundary exceeds the critical
erosion shear stress. Tidally induced shear stresses are negligible
compared to the contribution by wave action.

Fig. 6 RMS error between
measured and modelled bed
profiles over time

Fig. 7 Evolution of tidally maximum SSC levels and bed levels across
the mudflat
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A possible explanation of the modelled mudflat accretion
and the developing equilibrium conditions is as follows. On a
deep mudflat bed, mud initially deposits close to the mudflat
edge. As this area becomes shallower, wave action resuspends

the sediments during low water. Subsequent flood flow trans-
ports this mud landward where it deposits.Wave action during
ebb flow is not able to resuspend these sediments so that the
mudflat also accretes and a depositional front migrates land-
ward. This process continues until the mudflat profile reaches
equilibrium conditions when the sediment that is transported
landward during flood is resuspended and transported sea-
ward during ebb. This implies that tide residual sediment
transport and its spatial gradients across the mudflat are
(almost) not present after 50 years. During equilibrium condi-
tions, the shear stress at the landward boundary hardly ex-
ceeds the critical shear stress for erosion indicating that, from
that location, no sediment can be transported seaward during
subsequent ebb flows.

Sea Level Rise

Starting from the 100-year mudflat profile generated by the
standard run, we performed 100-year runs imposing scenarios
of SLR and lower SSC levels at the boundary. SLR leads to a
proportionally higher mudflat profile which is similar in shape
to the standard run, albeit with a slightly gentler slope (solid
lines in Fig. 10a and in the animation at Online Material). The
mudflat becomes narrower as the mudflat edge develops along
the imposed bed level slope (Fig. 3). Doubling SLR (from
0.83 to 1.67m/century) roughly leads to a doubling of mudflat
accretion (0.6 m to about 1.2 m/century). An abrupt 50 %
reduction in SSC level at the boundary leads to an almost
uniformly lower mudflat profile of about 0.15 m, although
the mudflat erosion remains limited at the landward end
(Fig. 10b). Combination of lower SSC and both SLR scenar-
ios leads to lower profiles as well similar to the standard case.
Exceptionally, a combination of high SLR (1.67 m/century)
and a drop in SSC level lead to a mudflat that does not accrete
anymore at the landward end.

There are two adaptation timescales (Fig. 10b). An abrupt
50 % decay of SSC has a relatively fast effect on the mean
mudflat level (a decrease of about 0.15 mwithin 20 years for a

Fig. 8 Hsig (black line), SSC (dashed black line) and water depth (blue
line) during a tidal cycle along the standard mudflat profile after 50 years.
Sequence starts at high water. Arrows denote tidal velocity at the channel
slope (colour figure online)

Fig. 9 Shear stress during a tidal cycle along the standard mudflat profile
after 50 years. High water slack is at t = 0. Dotted black line indicates
critical erosion shear stress, τce
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constant MSL), which stabilise afterward (dotted red line).
SLR drowns the mudflat more slowly, albeit at a continuous
rate (about 0.27 m over 100 years for the 1.67-m SLR scenar-
io). Although the mudflat accretes under SLR scenarios, it
also drowns because of the larger increase in MSL. This is
apart from the effect of the shortening of the mudflat due to the
imposed channel slope. Figure 10c shows that intertidal area
decreases as well. A higher SLR leads to faster loss of inter-
tidal area. Of the original amount of intertidal area, about 65%
remains after 100 years under a SLR scenario of 1.67 m/cen-
tury. The sudden drop in the scenario of 1.67 m/century sea
level rise in combination with a 50 % SSC decrease is

explained by the limited accretion at the landward end (see
Fig. 10a). Although the mudflat length decreased due to the
imposed extrapolation of the channel slope, the intertidal por-
tion of the mudflat remained always 600 m or less, i.e. less
than the minimum mudflat length of about 620 m so that
mudflat length decrease did not contribute to intertidal area
decrease. The amount of intertidal area was calculated with a
tidal amplitude of 1 m, which is the mean tidal amplitude
measured at Dumbarton mudflat.

The mudflat accretes under SLR scenarios. The gentler
mudflat slope under SLR scenarios suggests that the mudflat
adapts by a (very small) deposition front gradually moving
from the mudflat edge toward the landward end, similar to
the mudflat evolution in Fig. 5a. This process explains the
gap near the landward end in the 1.67 m/century SLR and
50 % SSC drop scenario. At a certain moment, SLR leads to
a water depth at which waves cannot resuspend sediments at
the deposition front anymore at low water. At that moment,
landward front migration comes to a halt. Additional runs (not
shown) indicate that the same gap develops for higher SLR
scenarios and longer mudflats under equal SLR scenarios
(both without SSC decrease).

Discussion

Model Schematisation

Our modelling exercise satisfactorily reproduces an observed
mudflat profile applying physically reasonable input parame-
ters. This is despite considerable simplifications concerning
plan form and forcing.

An example of a simplification covering probably more
complex dynamics is the applied tidal amplitude of 0.5 m.
This is smaller than the average tidal amplitude of 1 m and
also neglects more complex tidal oscillations with diurnal
constituents present in the Dumbarton mudflat area. Still, the
0.5-m amplitude leads to better decadal timescale results,
while a higher (lower) value leads to a steeper (gentler) profile
(see Fig. 5b), suggesting that conditions smaller than the ob-
served tidal amplitude govern morphodynamic development.
Another explanation is that processes not considered in this
study (such as along mudflat currents or mud particle grada-
tion) could make the mudflat slope more gentle while main-
taining the observed tidal amplitude.

Another major assumption is the imposed bed profile of the
channel slope not only between 700 and 1000 m but also at
higher mudflat profiles. This leads to a narrower mudflat in
case the mudflat accretes such under SLR scenarios (Fig. 3).
Morphodynamic processes at the channel slope are difficult to
include following our 1D approach. Preliminary model tests
imposing an along shore current in the channel reach and on
the mudflat by means of a water level gradient across the

Fig. 10 a Profiles by SLR and SSC scenarios after 100 years with respect
to constant MSL. Profile evolution under different scenarios: b mean
mudflat depth and c meter intertidal area. The observed tidal range is
1 m. The applied tidal range in the model results is 0.5 m and is
constant for the sea level rise scenarios
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lateral boundary (i.e. Neumann boundaries) lead to unstable
model results. Gong et al. (2009) present a more successful
(although still not fully stable) 2D modelling effort applying
Neumann boundary conditions on a mud coast model with a
largely subaqueous mudflat. Van der Wegen et al. (2011), Van
der Wegen and Jaffe (2013) and Van der Wegen and Jaffe
(2014) present a skillful 2D modelling effort on hindcasting
and analysing decadal timescale morphodynamics in North
San Francisco Bay. The channel shoal interface is similar to
the Dumbarton mudflat conditions although the plan form
with rocky outcrops had a governing impact on the develop-
ing morphodynamics in San Pablo Bay.

A major simplification concerns the 1D approach. Our
study applies a profile model where waves and tide enter
from the channel toward the shore. However, prevailing
conditions at Dumbarton mudflat are different. Tides
propagate from north to south along the mudflat.
Persistent northerly to north-westerly winds occur during
the summer, while gusty, southerly to south-easterly
winds prevail during the winter. These winds will gener-
ate waves propagating along rather than across the mud-
flat. In addition, the mudflat width is not uniform along
the channel while the adjacent bridge at the northern
boundary may have significant impact by the bridge piers
inducing turbulence patterns. Along-shore currents may
play an important role enhancing shear stresses and
sediment resuspension at the mudflat. Brand et al.
(2010) and Lacy et al. (2014) observed currents of up to
0.3 m/s at nearby San Francisco Bay mudflats. Not con-
sidering wave current interactions, these currents lead to a
shear stress of approximately 0.21 N/m2, which is similar
to the modelled wave-induced shear stress (Fig. 9). This
suggests that our model underestimates the importance of
tidal flows relative to wave action.

A number of reasons may explain why the model still re-
produces the measured profile so well. Wave height at the
mudflat is depth limited and a correct wave direction seems
of less importance. The value of the wave model is to provide
an extra bed shear stress in addition to the relatively low tidal
currents. The modelled waves could thus reflect waves com-
ing from any direction. The modelled tidal currents are low
and are important to transport wave resuspended sediments
onto the mudflat. Along-shore tidal currents at the mudflat
entering and leaving the model from its lateral (northern and
southern) boundaries may do the same. Assuming uniform
tidal conditions along the mudflat, these boundaries will prob-
ably supply and take along a similar amount of sediment not
leading to a significant (first order) net morphodynamic effect.
On the other hand, conditions at Dumbarton mudflat are not
constant with bridge piers intersecting the mudflat at the
northern boundary and a wider mudflat at the southern bound-
ary. Future research may explore 2D effects and dynamics in
more detail.

Equilibrium

The modelled profile is in morphodynamic equilibrium.
Although sediment resuspension and deposition (and associ-
ated small (~mm) bed level changes) occur during a tidal
cycle, the tide residual transports remain negligible.
Confirming model results by Roberts et al. (2000) and mea-
surements by MacVean and Lacy (2014) and Brand et al.
(2010), the equilibrium profile allows for high SCC levels
during a tidal cycle. A profile maintaining uniform and equal
to or lower than critical erosion shear stress across the mudflat
profile is not needed for equilibrium conditions. Such a profile
would thus reflect a limit deeper than the equilibrium profile
obtained in this study.

Although model results could reproduce the 2011 mea-
sured profile quite well, it may be questioned whether the
modelled equilibrium conditions reflect an actual equilibrium
state of the measured profile as well. Just as argued in the
discussion on SSC and SLR induced adaptation time scales,
the measured mudflat profile may be, and probably is, in an
adaptation process due to past changes in forcing. Historic
developments were considerable, but more recent bathyme-
tries indicate much less morphodynamic activity (Fig. 2). If
we assume that currently on-going morphodynamic develop-
ments associated with past changes in forcing will remain
small compared to the SSC and SLR scenarios, the equilibri-
um conditions obtained by the standard run offer an excellent
opportunity to start systematically exploring the impact of
changing boundary conditions such as SLR and SSC
variations.

Still, this equilibrium condition raises a number of ques-
tions. In reality, forcing conditions will not be constant. Tides,
wind, wind waves and associated sediment transport vary on a
daily to seasonal timescale. Sediment characteristics (varying
grain size, critical shear stress, erosion factor or fall velocity)
may vary seasonally as well, for example due to the presence
of biofilms, consolidation or varying supply of organic matter
stimulating flocculation processes (e.g. Zhou et al. 2016;
Widdows et al. 2000; Friedrichs 2012). Shellenbarger et al.
(2013) shows the seasonal variation in SSC at the Dumbarton
Bridge site. Furthermore, extreme wind and wave events may
temporally adjust the profile and could, for example, play an
important role in filling the gap developing at the landward
end on high SLR scenario (see Fig. 10a).

We stress that our approach applies considerable time av-
eraging of forcing conditions. The forcing conditions and sed-
iment characteristics defined in the current model must thus be
considered as accounting for or neglecting of variations on a
time scale smaller than modelled characteristic developments.
It is possible that that daily to yearly variations simply do not
have an effect on decadal time scale mudflat evolution. It is
also possible that the effect of daily to yearly variations is
somehow included in the model calibration parameters. The
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model will thus not capture the effect of individual extreme
events, but rather considers their average effect in the calibra-
tion parameters. For example, individual events with high
waves, strong wind-induced currents (or even along-shore
currents) may be represented in the model by an increased
mean wave height. This approach is possible when the mud-
flat system is resilient. Extreme events should not fundamen-
tally change the mudflat system so that regular and prevailing
conditions can recover the impact by extreme events and the
system can be modelled by average forcing.

Impact of Sea Level Rise

The mudflats under SLR scenarios are not in equilibrium.
Adaptation time scales as the result of abruptly changing
boundary conditions (e.g. drop in SSC) may be decades. In
the SLR scenarios, mudflats are still adapting, while boundary
forcing even continues to change as well. As shown in Fig. 5a,
the mudflat builds up from channel to the landward end. The
gentler profiles under SLR scenarios are thus probably the re-
sult of relatively more accretion at the mudflat edge than at the
landward end. A SCC decrease leads to a contrasting process,
where more sediment erodes near the landward end than at the
mudflat edge, leading to a gentler profile as well (Fig. 10a).
Along this line of thought, if SLR would abruptly stop, the
mudflats will continue to adapt leading to a steeper and
shallower profile similar to but higher than the standard profile.

Model results suggest that changing boundary conditions
may not only drown mudflats but can also make them less
stable. This is due to the character of the mudflat adaptation
process with bed levels near the channel adapting faster than the
bed level near the landward end. When SLR is too large, the
mudflat is too long or SSC levels drop too fast; the landward-
directed mudflat growth comes to a halt creating depressions
between the maximum mudflat level at the depositional front
and the landward end. Tidal flows directed along a mudflat
could easily further excavate these depressions into ebb drain-
age and flooding channels. Figure 2 shows the historic presence
of such a channel at Dumbarton Bridge mudflat.

Ecological Values

Sea level rise is a potential threat to many estuarine, intertidal
mudflats. This holds in particular for engineered systems in
which the landward end of the mudflat is bounded by levees
protecting hinterland against flooding. Although the mudflat
will continue to exist, intertidal area will disappear. In such
scenarios, ecological values associated with intertidal mudflats
(such as feeding ground for birds) will be put under pressure.
Action is required to maintain ecological functions, for exam-
ple, by allowing landward migration through landward levee
replacement. This research suggests that intertidal will disap-
pear under all sea level rise scenarios, but those developments

are quite gradual. This implies that there is time and opportunity
to develop adaptation strategies in policy making.

Conclusions

Measured mudflat profiles over the past 150 years on
Dumbarton mudflat show that considerable profile develop-
ment occurred as the result of changing sediment supply.

Our 1D modelling effort reproduces the current mudflat
profile in an equilibrium condition that maintains high SSC
levels. An important indicator for reaching equilibrium condi-
tions is that shear stresses are not exceeding the critical thresh-
old for erosion during high water, while the highest shear
stress under high water conditions is at the landward end.

Probably, our approach is possible due to the system’s re-
silience. This implies that extreme events should not be able to
fundamentally change the mudflat system so that regular and
prevailing conditions can recover the impact by extreme
events and the system can be modelled by average forcing.

Model results suggest that the mudflat will lose a consid-
erable amount of intertidal area when suggested SLR and SSC
scenarios will occur. Also, mudflats may become more unsta-
ble since the landward accumulation comes to a halt when
mudflats are too long, SLR is too high or SSC decrease is
too fast. Under these conditions, channel development may
occur at landward locations that could not adapt fast enough
to the changing conditions.

Future research may explore the impact of grain sorting,
extreme wind/wave events, 2D configurations accounting for
along mudflat tidal flows and wave action and morpho
dynamic processes at the channel-shoal interface.
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