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Abstract

Salt marshes are important ecosystems but their resilience  sea-level rise and possible increases in
storm intensity is largely uncertain. The current parai®:n is that a positive sediment budget
supports the survival and accretion of salt mar bh:s while sediment deprivation causes marsh
degradation. However, few studies have irves igaied the combined impact of sea-level rise and
increased storm intensity on the sedimcnt budyet of a salt marsh. This study investigates marsh
resilience under the combined impact ¢f vaious storm surge (O m, 0.25m, 0.5m, 1.0 m, 2.0 m, 3.0
m and 4.0 m) and sea-level (+0 m, +0.3 m, +0.5 m, +0.8 m and +1.0 m) scenarios by using a
sediment budget approach anc the iydrodynamic model Delft3D. The Ribble Estuary, North-West
England, whose salt ma.~he: h7.ve been anthropogenically restored and have a high economic and
environmental value, has ueen chosen as test case. We conclude that storm surges can positively
contribute to the resilience of the salt marsh and estuarine system by promoting flood dominance
and by triggering a net import of sediment. Conversely, sea-level rise can threaten the stability of
the marsh by promoting ebb dominance and triggering a net export of sediment. Our results suggest
that storm surges have a general tendency to counteract the decrease in sediment budget caused by
sea-level rise. The timing of the storm surge relative to high or low tide, the duration of the surge,
the change in tidal range and vegetation presence can also cause minor changes in the sediment

budget.
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1. Introduction

Salt marshes are vegetated wetlands, typical of mid and high latitudes, that are distributed within
the upper intertidal zone of low-energy shorelines, such as estuaries, deltas, and barrier islands
(Townend et al., 2011). Salt marshes have been widely recognised as valuable coastal defences due
to their ability to buffer storm waves (e.g. Moéller et al. 1999; Leonardi et al., 2018). There have
been a variety of projects around the world to create new salt ma(_"es and/or restore salt marshes
that were previously reclaimed for anthropogenic activities to »:ovide long-term and low-cost
coastal protection (Temmerman et al., 2013). Salt marshe: also provide other valuable ecosystem
services, including nutrient removal, habitat provision % high rates of carbon sequestration at
geological time scales (Zedler and Kercher, 2005; 3urkier et al., 2011). The fate of salt marshes is,
however, uncertain as it is still unclear how sal' macshes will be affected by the combined impacts
of sea-level rise and intensification of st.*ms acuvity, inducing higher level storm surges (Schuerch
et al., 2013; IPCC, 2018). The sensit.vity of tidal flat and salt marsh complexes to changes in
hydrodynamics depends on a va ie., of local features including tidal characteristics, sediment

availability, vegetation characiorist cs and depositional processes (Reed, 1995).

Salt marshes are generaly resilient to sea-level rise when sediment supply and organogenic
production are high enough to allow marsh accretion or when salt marshes can migrate upland
(Kirwan et al., 2010, 2016). The accretion and encroachment of new salt marshes occurs when the
delivery of fine sediments from rivers and the sea increases the elevation of marsh platforms and
tidal flats relative to the sea-level, and vegetation colonises newly exposed surfaces (Reed, 1990).
Sediments that arrive from the sea are delivered during flood tide and sediment deposition is
determined by the duration and frequency of tidal inundation (hydroperiod) with more deposition
occurring when inundation is longer and more frequent (Reed, 1990). Vegetation supports marsh

stability through biomass growth, particle capture by plant stems, and enhanced particle settling
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caused by a reduction in turbulent kinetic energy of the water flow through the plant canopy (Morris
et al. 2002; Neumeier and Ciavola, 2004; Mudd et al., 2010). Increasing rates of sea-level rise can
lead to marsh drowning by increasing the accommodation space and the amount of sediment inputs
required for marsh stability (FitzGerald et al., 2008; Kirwan et al., 2010; Ganju et al., 2017). Lateral
erosion by wind waves can also cause marsh degradation (Marani et al., 2011; Fagherazzi et al.,
2013; Leonardi and Fagherazzi, 2014; Leonardi et al., 2018; Li et al., 2019). While waves generated
during storms can contribute to salt marsh erosion, there is evidence that overwash by storm surges
delivers significant amount of sediments to marsh platforms supp~*ting marsh resilience to sea-level
rise (Turner et al., 2006; Walters and Kirwan, 2016; Casway 0 et al., 2018). Overall, the net
sediment budget of a coastal system is a useful metric tn e.aluate the life-span of salt marshes; a
positive sediment budget is frequently associated witk ti,> capability of salt marshes to expand,

while a negative sediment budget has been linked t. m~rsh degradation (Ganju et al., 2015).

This study investigates the resilience of salt \.'arshes to sea-level rise and storm intensification by
focussing on the combined influence of .. <reasing sea-level and storm surge height on the sediment
budget of a salt marsh-tidal flat co.npiox using a numerical model of the Ribble Estuary, North-
West England. Saltmarshes in .2 ri*bble Estuary are one of Europe’s largest systems, which has
been restored through mane jeu vealignment to provide flood protection (Tovey et al., 2009). A total
of 250 numerical simulations representing different storm surge heights and sea-level rise
magnitudes were conducted; the timing of occurrence of the surge with respect to high or low tide,
the duration of the surge, the change in tidal range and vegetation presence were also considered to
understand the influence of these factors on the nature and amplitude of changes in sediment

budget.

2. Study site

The Ribble Estuary is located on the Lancashire coast, North-West England (Figure 1c). The

estuary is funnel shaped, tidally dominated and macrotidal; the ordinary tidal range is 8.0 m at
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spring tide and 4.4 m at neap tide (UKHO, 2001). The average marsh platform elevation is
approximately 3.5 m above mean sea level. The estuary experiences moderate wave energy owed to
waves being generated in the Irish Sea basin (Pye and Neal, 1994). It is thought that the formation
of the extensive intertidal sand-silt flats and the salt marsh at the south of the estuary resulted from
the combination of infilling of sandy sediments from the bed of the Irish Sea, deposition of the silt
and clay-size sediments coming from the River Ribble and a moderate wave climate insufficient to
cause significant lateral erosion (Van der Wal et al., 2002). VVan der Wal et al. (2002) suggested that
the river does not significantly influence the sediment supr!v (n the estuary and that the
sedimentation is mainly affected by marine sediment. Lyons (.29/) suggested that tidal pumping,
especially during high storm surges is the main process n:*troducing sediments into the estuary.
Between 2007 and 2017, a scheme was implemented to -estore the intertidal habitat previously
reclaimed for agricultural purposes and the area ha. hiyh ecological and economic value (Tovey et

al., 2009).

3. Methods

3.1 The model

The FLOW module of the ~m.~ical finite-difference model Delft3D was used to simulate the
hydrodynamics and seaimcnt transport of the system. The model calculates non-steady flow and
transport phenomena using Navier-Stokes and transport equations (DELFT Hydraulics, 2014). The
model accounts for bed-load and suspended-load of multiple cohesive and non-cohesive sediment
fractions, vertical diffusion of sediments due to turbulent mixing and the sediment settling due to
gravity. It also accounts for the effect of vegetation on the flow field. The suspended load is
evaluated through the advection—diffusion equation and the bed-load transport is computed using
the formulation proposed by Van Rijn (1993). The exchange of sediments between the bed and the
flow for non-cohesive sediments is computed by evaluating sources and sinks of sediments near the

bottom, respectively due to upward diffusion and sediments dropping out from the flow due to their
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settling velocities (Van Rijn, 1993). For cohesive sediments, the Partheniades—Krone formulations
for erosion and deposition are used (Partheniades, 1965). The vegetation presence is computed
following the formulation of Baptists (2007). The module accounts for the three-dimensional effect
of rigid cylindrical plant structures on drag and turbulence. The first is modelled by adding an extra
source term of friction force, caused by the cylindrical plant structures, in the momentum equation;
the second is achieved by adding an extra source term of turbulent kinetic energy dissipation,
generated by the cylindrical plant structures, in the k-e equations. For more information on the
vegetation module, we refer to DELFT Hydraulics (2014). The de<ig:. of the domain and the set-up
and calibration of the model for this study were performed hy {1 et al. (2018, 2019). The domain
consists of a grid of 344 x 80 cells in the east to west and r.orth to south direction (Figure 1a), and
three equally spaced vertical layers. The bathymetry (Firuic 1b) was obtained from the combination
of two datasets: the bathymetric data for the opzn <ez collected from EDINA DIGIMAP and the
LiDAR data for the coastal regions dow: toa.ed from the Environment Agency’s LIiDAR data
archive. Since the two datasets have dn.~rent vertical reference levels, Low Astronomical Tide
(LAT) and Above Ordnance Datum Mev.hva (AODN) respectively, they were adjusted and referred
to Mean Sea Level (MSL) follc viny the spatially varying Vertical Offshore Reference Frame
(VORF) corrections provided 1, t'ie UK Hydrographic Office prior to combination. The model is
constrained within two vp.n wuundaries, one 20 km offshore and one across the River Ribble. Data
for the offshore boundary was provided by the Extended Area Continental Shelf Model fine grid
(CS3X), which has approximately 12 km resolution, covers an area from 53.55° N to 53.92° N and
from -3.33° E to -2.75° E, and uses meteorological data from the UK Met Office Operational
model, consisting of hourly water level and current simulation values. Data for the river boundary
was collected from the National River Flow Archive and consists of a time series of daily-averaged
river discharge values; a constant discharge of 44 m*/s was estimated using the mean discharge for
the simulated period. Measurements of suspended sediment concentration performed in the Ribble

Estuary by Wakefield et al. (2011) were used to estimate a constant sediment discharge from the
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river of 0.29 kg/m’s. A restricted area of the domain was selected for the sediment budget
calculation (Figure 1). For more information on model setup and calibration we refer to Li et al.

(2018, 2019).
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Figure 1. Grid (a), bathymetry (k) an. map (c, d) of the domain. The continuous brown lines
represent the land boundary. The arca enclosed by the black curved lines and the area enclosed by
the brown dashed lines (pariel c. b and d) are respectively the restricted domain and the salt marsh
used for the calculation of he cumulative sediment deposition. The area enclosed by the white
dashed lines (panel d) is now part of the saltmarsh as it was restored in 2017 (RSPB, 2019). In
panel b, the yellow shade corresponds to the tidal flat and nearshore area, the green shade

corresponds to the inner estuary and the light blue shade corresponds to the outer estuary.
3.2 Simulation scenarios and tidal analysis

A total of 250 simulations were conducted (Table 1). Each simulation was run for a month from
January 1% until January 31% 2008. The maximum spring and neap high tides in this period reach

respectively 4.2 m and 3.2 m above mean sea-level and the minimum spring and neap low tides
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reach respectively 3.8 m and 2.5 m below mean sea-level. Storm surges that characterise mid-high
latitudes have a typical duration of 2-5 days (von Storch et al., 2015). To understand the impact of
the storm duration on the sediment budget, gaussian functions with duration 48 hours (¢ = 6 hours),
72 hours (6 =9 hours) and 120 hours (o = 15 hours) were added to the initial water level time series
at the offshore boundary. Extreme value analysis of storm surge residuals along the UK coastline,
presented in Table 1 by Pannozzo et al. (2021), showed surge heights up to 3 m for exceedance
probabilities p=0.01. Values at regular intervals within the range of these observations were chosen
to simulate storm surges of different heights: 0 m, 0.25 m, 0.5 m 1.7m, 2.0 m, 3.0 m and 4.0 m
(Figure 2a and 2b). To understand the role of the timing of th: s.rge with respect to tidal levels, for
each surge height, two runs were conducted, one with the neak of the surge coinciding with the
peak of high tide and one with the peak of the surge cu:nciding with the peak of low tide. To
understand the role of tidal range, these scenarios w re simulated for both spring and neap tide. The
storm surge was introduced after 11 days of simdJlation for the spring tide scenario and after 18 days
for the neap tide scenario, to avoid any interference with the initial spin-up time. To simulate
different sea-level scenarios, the bathvn.~t'y was lowered by 0 m, 0.3 m, 0.5 m, 0.8 m and 1.0 m
(Figure 2c). These values were c.asen as regular intervals within the range of the IPCC scenarios
(IPCC, 2018). The whole bau~vraetry was modified, without accounting for morphodynamic
evolution. This has been ¢ ne In previously published papers to simulate scenarios of higher sea-
level (e.g. Zhang et al., 2020). Storm surges and sea-level scenarios were then combined to
investigate the integrated effects on the sediment budget; the 48 hours scenarios occurring during
spring tide were used for this purpose. The Ribble Estuary experiences moderate wave energy (Pye
and Neal, 1994). However, for simplicity, the effects of wind waves have been neglected in this
study to investigate exclusively the distinct effects of surges and sea-level. There is evidence that
vegetation affects sediment deposition not only directly, by capturing particles and enhancing
particle settling, but also indirectly, by changing the water flow direction and increasing the flood

velocity, hence causing sediment resuspension (Temmermann et al., 2005). Simulations were
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conducted with and without vegetation presence to test how it affects sediment deposition and,
ultimately, the sediment budget. A plant density of 512 stems/m® was used for the vegetated
scenarios to simulate a high level of vegetation cover (Li et al., 2018). The cumulative sediment
deposition across the marsh area and estuarine system within the restricted domain was used as an
estimate of the sediment budget and describes the amount of accretion (positive values) or erosion
(negative values) of the bed for each cell of the domain. The net accretion/erosion on the whole
marsh and restricted domain can be calculated by multiplying the cumulative deposition of each cell
for the cell area and summing them, making it a useful proxy to ~=te.mine the amount of sediment

stored within the system.
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Figure 2. Water level for scenarios of surges peaking at high (a) and low (b) tide; the 48 hours
scenarios occurring during spring tide is used for the illustration. Water level for scenarios of
different sea-levels (c); five days during spring tide were selected for the illustration. The water

level is calculated as an average of all water levels at the ocean open boundary.



Sea-level scenarios Storm surges scenarios at HT and LT peak (for durations of 48hr, 72 hr, 120 hr)
Om 0m 0.25m 0.5m Im 2m 3m 4m
0.3m 0m 0.25m 0.5m Im 2m 3m 4m
0.5m Om 0.25m 0.5m Im 2m 3m 4m
0.8m 0m 0.25m 0.5m Im 2m 3m 4m
Im 0m 0.25m 0.5m Im 2m 3m 4m

Table 1. Combinations of simulated scenarios of sea-level and storm surges. These were repeated
for different durations (48 hours, 72 hours and 120 hours), .“th and without vegetation, for
different timing of the storm surge with respect to tidal level (pe2k o’ the surge corresponding with

HT or LT peak) and for different tidal ranges (surge occurr'ny “*:ring spring or neap tide).

Tidal asymmetry has been recognised as one of the mair 1a-tors controlling the net import/export of
sediments and the large-scale morphological evo'u. n of estuaries (Guo et al., 2016; Leonardi and
Plater, 2017; Palazzoli et al., 2020) and the’ = is evidence that changes in water level affect the tidal
signal (Parker, 2007). It has been observed that, in shallow water, wind generated storm surges with
period longer than the tidal period can c.use an increase in water depth (when water level is raised
by an onshore wind) and change ‘he u.dal dynamics by increasing the tidal range, causing a non-
linear tidal distortion affectina e “usymmetric non-linear terms that involve elevation for the period
of the surge duration (i“a'-e1, 2007). Parker et al. (2007) suggests that these changes in the non-
linear terms modify the harmonic constants since a greater tidal range leads to a maximum wave
propagation velocity and minimum attenuation at crest and the opposite at through, causing an
asymmetric distortion of the tide and generating second harmonics (e.g. M4). Sea-level is also
known to cause modifications of the harmonic constants, as it causes changes in reflection and
resonance of the tidal signal (van Maanen et al., 2013). To investigate the effect of storm surges and
sea-level on the tidal signal, Fourier analysis was conducted for each scenario; changes in the tidal
signal discussed for storm surge scenarios refer to time-limited modifications occurring during the

period of the storm, while for sea-level scenarios the whole month was analysed. The MATLAB
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package T-TIDE was used to conduct the analysis (Pawlowicz et al., 2002); for storm surges, the 48
hours scenarios occurring during spring tide was used for this purpose. The distortion and
asymmetry of the tidal signal were analysed using the principal lunar semi-diurnal constituent M2
and the largest shallow water constituent M4; the distortion was calculated using the ratio Ay
2=Ama/Am2 Where A is the amplitude of the tidal height and the asymmetry was calculated using
AB=20\m2-0m4 where 0 is the phase of the tidal height (Friedrichs and Aubrey, 1988; Blanton et al.,
2002). When A6 is between 0° and 180° the flood phase dominates, whereas when it is between
180° and 360° the ebb phase dominates; the magnitude of A4, is rep.2sentative of the significance
of the dominance (Friedrichs and Aubrey, 1988). The harmo’uc “nalysis was not performed on dry

cells and on salt marsh or tidal flat cells intermittently covercd by water.

4. Results

4.1 Sediment budget

Figure 3 shows that for spring tide scenariu: the cumulative sediment deposition increases overall in
both the restricted domain and on thz morsh platform when the surge height increases. For the 48
hours scenario, in the restricted acmain, for higher surges, deposition is more substantial when the
peak of the surge coincides Wi~ the high tide peak. On the marsh platform, the rise is more
pronounced when the peak "t the surge coincides with the low tide peak. For longer durations (72
hours and 120 hours scenarios), this difference decreases visibly and becomes negligible. Similarly,
these trends remain comparable when a decrease in tidal range is applied (i.e. neap tide scenarios),
but the difference between deposition driven by surges peaking at high tide and surges peaking at
low tide becomes less significant (Figure 2 in Pannozzo et al., 2021). For all durations at spring tide
(Figure 3), when vegetation is added, the trends show a variation both in the restricted domain and
on the marsh. In the restricted domain, the deposition in the vegetated scenario is greater than the
hypothetical non-vegetated scenario for surges up to 2 m and lesser for surges >2 m. Conversely, on

the saltmarsh, the deposition in the vegetated scenario is lesser for surges up to 1 m and greater for
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surges >1 m compared to the non-vegetated scenario. For neap tide scenarios (Figure 2 in Pannozzo
et al., 2021), this inversion in the trends does not occur or it only occurs for surges >3 m. With an
increase in sea-level (Figure 4), the cumulative sediment deposition decreases both in the restricted
domain and on the marsh. When vegetation is added, no significant difference is noticeable in the

trend.

When the surge and sea-level scenarios are combined, the trends in deposition caused by the
increase in surge height remain similar in all sea-level scenar’os (Figure 5). The main visible
difference is a decrease in the difference between deposition dur'ng :urges occurring at low tide and
high tide in the restricted domain (Figure 5a), whereas on the mar ;h the difference increases (Figure
5b). However, there is an overall decrease in the magni.uac of deposition with the increase in sea-
level. Overall, it seems that the effects of storm s.rqes mask the effects of sea-level rise on the
sediment budget, both in the restricted domain a..1 on the marsh platform; this is especially true for

surges with the highest intensities (>3 m).
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Figure 3. Sediment budget I itegrated across the entire area of the restricted domain (a, c, e) and
the saltmarsh (b, d, f) for each surge height, for surges occurring at high tide (HT) and low tide
(LT) without vegetation (no v) and with vegetation (v), for surges of different durations occurring at
spring tide (see Figure 2 in Pannozzo et al., 2021 for surges occurring at neap tide); scenarios run

using an ideal only-mud bed composition.
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Figure 4. Sediment budget integrated across the entire area of .92 restricted domain (a) and the

saltmarsh (b) for each sea-level scenario, without vegetatioi® (ne v) and with vegetation (v);

scenarios run using an ideal only-mud bed composition.
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Figure 5. Sediment budget inte jrated across the entire area of the restricted domain (a) and the

saltmarsh (b) for each comb'nation of surge height and sea-level scenarios, for surges occurring at

high tide (HT) and low tide (LT) without vegetation (no v) and with vegetation (v); scenarios run

using an ideal only-mud bed composition. The analysis was performed using the 48 hours scenarios

occurring at spring tide.

4.2 Tidal analysis

At present-day sea-level and no surges, the estuary is characterised by a dominance of the flood

phase (Figure 6). Flood dominance decreases landward, accompanied by an initial increase in
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distortion, as tides move from the deeper to the shallower portion of the estuary, which then reduces
again around the shallower tidal flat areas (Figure 6). The overall flood dominance explains the

positive sediment budget characterizing the system in a no sea-level rise and no surge scenario.

Distortion (no surge, PSL) . Asymmetry (no surge, PSL)
1

increase 350 lebb

flood

decrease

Figure 6. Tidal distortion (A42) and asymmet.y (46) at present sea-level (PSL) with no surges.
Entire domain above and zoom on the inn.* estuary and tidal flat areas below. When 46 is between
0° and 180° the flood phase dominates. v 'han it is between 180° and 360° the ebb phase dominates;
when the magnitude of A4 incroases, the degree of the asymmetry is more significant and vice
versa. The continuous brown 1.mes correspond to the land boundary. The area enclosed by the

brown dashed lines is the solt inarsh.

In the presence of storm surges and for locations near the coastline (Figure 1, S1), the flood
dominance and tidal distortion are strongly enhanced as the surge height increases (Figures 7 and
8). Conversely, further away from the coast (Figure 1, S2), the tidal signal is characterised by a
reduction in distortion and a slight shift towards ebb dominance (Figures 7 and 8). The significant
increase in distortion and flood dominance explains the increase in sediment deposition in the
system seen in Figures 3 (above) and in Figure 2 from Pannozzo et al. (2021). The ebb shift

offshore is slightly more pronounced when the surge occurs at low tide peak for higher surges
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(Figure 7). This can explain the differences in deposition between surges occurring at high and low
tide peak seen in the 48 hours scenarios at spring tide for the restricted domain (Figure 3a). On the
salt marsh, for the same scenarios, the higher deposit caused by the surges occurring at low tide,
compared to the surges occurring at high tide (Figure 3b), is likely to depend on the duration of the
flooding, since in the first case the surge covers two high tide peaks, enhancing two flood events,
whereas in the second case the surge covers only one high tide peak, enhancing only one flood
event (Figures 2a and 2b). This difference becomes negligible for longer durations (Figure 3 ¢, d, e,
f), since the number of tidal cycles covered by the surge increases 2nu:'gh to reduce the effect of the
tidal harmonic on the amplification of the surge and the ‘. 'ence of surge timing. The same
principle is applied for lower tidal ranges (i.e. neap tide srencrios, Figure S1); with a decrease in the

amplitude of the tidal harmonic, there is a consequent reduc*ton in the surge amplification.
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Figure 7. Difference between tidal distortion (As.,) and asymmetry (460) of 1 m and 4 m surge
scenarios and the no surge scenario at current sea-level (see Figure 3 from Pannozzo et al., 2021
for the rest of the surge scenarios). When 46 is positive there is an increase in ebb dominance with
respect to the no surge scenario, when it is negative there is an increase in flood dominance; when
A4 IS positive, the degree of the asymmetry is more significant, vice versa when it is negative. The

analysis was performed using the 48 hours scenarios occurring during spring tide. The continuous
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brown lines correspond to the land boundary. The area enclosed by the brown dashed lines is the

salt marsh.
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Figure 8. Difference between tidal distortion (A42) () a~wu asymmetry (46) (b) of all surge
scenarios and the no surge scenario at current sea-level 1.~ one point along the coastline (coast)
53.64° N -3.02° E (Figure 1, S1) and one further away ‘rom the coast (out) 53.73° N -3.03° E
(Figure 1, S2). When 46 is positive there is an in> ease in ebb dominance with respect to the no
surge scenario, when it is negative there i an .ncrease in flood dominance; when A,., is positive,
the degree of the asymmetry is more sig.:ificant, vice versa when it is negative. The analysis was

performed using the 48 hours scenarins ccrurring during spring tide.

When different sea-level scenarins ~re applied, as sea-level rises, locations near the coastline are
characterised by an increasi*ig hb dominance (Figure 1, S3), which seems to be more significant on
the deeper areas of the tida: flats, while it becomes less significant on the shallower areas of the
tidal flats, where distortion decreases (Figures 9 and 10). This increase in ebb dominance explains
the decrease in sediment deposition seen in the system in Figure 4. Conversely, further away from
the coast (Figure 1, S4) an increase in distortion is associated to a strengthening of the flood
dominance (Figures 9 and 10). The difference in deposition between surges occurring at high and
low tide peak seen in the restricted domain for the 48 hours scenario at spring tide (Figure 3a)
decreases with sea-level rise (Figure 5a); this can be explained by the offshore increase in flood

dominance caused by sea-level rise (Figure 9) offsetting the difference in ebb dominance between
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surges occurring at high tide peak and surges occurring at low tide peak (Figure 7). For the same
scenarios, the difference in deposition between surges occurring at low tide peak and surges
occurring at high tide peak on the marsh (Figure 3b) increases with sea-level rise, since greater
water depth enhances inundation for two high tide peaks in the first case but only one high tide peak
in the second case (Figures 2a and 2b). Overall, the impact of increasing storm surge heights on
distortion and asymmetry is higher near the coastline (Figure 8), while the effect of sea-level rise is

more pronounced in the outer estuary (Figure 10).
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Figure 9. Difference between tidx! disiortion (As.2) and asymmetry (46) of all sea-level scenarios
and the current sea-level scena.*o When 46 is positive there is an increase in ebb dominance with
respect to the present sca-icvel scenario, when it is negative there is an increase in flood
dominance; when A4, is positive, the degree of the asymmetry is more significant, vice versa when
it is negative. The continuous brown lines correspond to the land boundary. The area enclosed by

the brown dashed lines is the salt marsh.
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Figure 10. Difference between tidal distortion (As2) (a) and asymmetry (46) (b) of all sea-level
scenarios and the current sea-level scenario for one point along .he coastline (coast) 53.63° N -
3.06° E (Figure 1, S3) and one further away from the coast (o11t, 52.72° N -3.07° E (Figure 1, S4).
When 46 is positive there is an increase in ebb dominar:*e with respect to the present sea level
scenario, when it is negative there is an increase in nond dominance; when A4, is positive, the

degree of the asymmetry is more significant, vice virea "vhen it is negative.

4.3 Vegetation effect in storm surge scenari.<

When vegetation is added, there is a ckai e \n current velocities in comparison to the hypothetical
non-vegetated scenarios (Figure 11\ In :he spring tide scenarios, for the no surge scenario and for
surges up to 1 m, as the surge he.hu increases, on the marsh platform there is a consistent increase
in flood velocity within the tidc' creeks, whereas along the edge of the marsh there is a consistent
decrease. This favours resusr ension within the marsh area and deposition in the periphery, therefore
leading to less deposition on the marsh platform but more in the restricted domain. During higher
surges, the marsh platform is mainly characterised by lower velocities, whereas in the peripheric
areas the higher velocities dominate. This favours deposition on the marsh area and excavation in
the periphery, leading to more deposition on the marsh platform but less in the restricted domain.
For the neap tide scenarios, this inversion does not occur at all or it only occurs for surges >3 m

(Figure 2 in Pannozzo et al., 2021). During neap tide, the water level is lower during flood phase,
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when the marsh is inundated, therefore the velocity profile typical of lower water depths persists for

higher surges.
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Figure 11. Difference between mixin.tim current velocity during flood phase of vegetated (v) and
hypothetical non-vegetated (rno v) scenarios for all surge scenarios. The analysis was performed
using the 48 hours scer...vibe ~ceurring at spring tide. The continuous brown lines correspond to

the land boundary. The area enclosed by the brown dashed lines is the salt marsh.

5. Discussion

The sediment budget of estuaries and saltmarshes depends on the quantity of sediment entering and
exiting the system during each tidal cycle, and this is influenced by tidal asymmetry and distortion
(Guo et al., 2016; Palazzoli et al., 2020). When there is a flood dominance (flood phase shorter and

more intense than ebb phase), flood velocities can be sufficiently high to resuspend sediment and
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promote a net landward sediment import, and vice versa in the case of ebb dominance (Van

Dongeren and de Vriend, 1994; Lanzoni and Seminara, 2002).

For a no-sea-level rise and no-surge scenario, the system is overall flood dominated (Figure 6) with
a positive sediment budget both in the restricted domain and on the marsh platform (Figure 3). The
flood dominance significantly decreases for shallower tidal flats and marsh areas. This decrease is
likely to be caused by a landward increase in friction, which reduces the velocity of the incoming
tide (Friedrichs and Aubrey, 1988; Wang et al., 2002; Parker, 2707). This phenomenon has been
observed in some of the major estuaries around the world, whe e t1.2 friction effect is dominant in
the upper estuary — e.g. the Severn Estuary in UK (Lyddo. et al., 2018) and the Westerschelde

estuary in the Netherlands (Wang et al., 2002).

5.1 Storm surges

Storm surge presence enhances the flood Joriinance near the coastline and causes a slight ebb
dominance offshore (Figures 7 and 8, Fiy.'re 3 from Pannozzo et al., 2021). The most important
term affecting the non-linear interact’zn .zween storm surges and tides in shallow water is the non-
linear bottom friction term (Zengi.~o0 and Yihong, 1996; Parker, 2007). When a storm surge causes
an increase in water level an” ha: period longer than the tidal period, the water depth increases due
to the effect of the surge, eaucing the bottom friction (Figure 4) and, therefore, increasing the
propagation speed of the tidal wave which is depth dependent (Rossiter, 1961; Wolf, 1981; Parker,
2007). This leads to an increase in the speed of the flood phase, as the crest of the tide partially
overtakes the trough; hence the enhancement of flood dominance near the coastline caused by the
increase in surge height (Friedrichs and Aubrey, 1988; Olbert, 2013). The non-linear interaction
between tide and storm surge has been well observed for several years (eg. Rossiter, 1961; Wolf,
1981; Parker, 1991). For instance, Parker (1991) described a tidal signal several locations along
Delaware Bay (USA) with shorter and faster flood phase compared to the predicted signal during

the occurrence of a subtidal storm surge.
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In deeper water, where the effect of the bottom friction is less prevalent, the symmetric relationship
of tide and velocity might be the dominant factor that controls the phase dominance (Savenije,
2012). Therefore, the increase in water level caused by the increase in surge height could be
responsible for the offshore increase in ebb dominance (Wang et al., 2002; Moore et al., 2009). This
is, for instance, observed in the Dee Estuary (UK) where the tidal flats are mainly characterised by a
distorted flood dominated tidal signal, while in the deeper channel the signal is less distorted and
the ebb phase results to be dominant (Moore et al., 2009). This also explains the more pronounced
offshore ebb dominance when the surge peaks at low tide compareA t when it peaks at high tide (as
observed for the 48 hours scenarios at spring tide but not frr >e tonger durations or the reduced
tidal range). In the first case the surge covers two high tide | .~aks, therefore, the ebb phase offshore
is enhanced two times, whereas in the second case the ~urge covers only one high tide peak,
enhancing the ebb phase only once (Figures 2a anu 2b), but as the number of tidal cycles increases
or the amplitude of the tidal signal decressec, the amplification of this effect is reduced. This
reduced differences between deposition roduced by surges occurring at high tide and surges
occurring at low tide peak has been ab.=rved in microtidal regimes. This is the case of most US
Atlantic bays where the tidal rang» is about 20 cm - e.g., Virginia Bay (Castagno et al., 2018). The
results of this study show that v e'all, storm surges contribute to make the salt marsh and estuarine
system more resilient, \n careement with other studies (Turner et al., 2006; Walters and Kirwan,

2016; Castagno et al., 2018).

5.2 Sea-level

An increase in sea-level causes ebb dominance near the coastline and enhanced flood dominance
offshore (Figures 9 and 10). The increase in water level caused by sea-level rise is responsible for
an increase in the tidal prism (i.e. volume of the water flowing into the estuary) which in turn causes
an increase in the velocity of the incoming tide across the mouth of the estuary (Sinha et al., 1997;

Liu et al., 2020; Zhang et al., 2020); this can explain the enhanced flood dominance offshore.
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Several estuaries around the world have shown a similar behaviour. For example, this phenomenon
has been found to be responsible for a decrease in ebb dominance in the whole estuarine system and

consequent rejuvenation of the Tairua Estuary, New Zealand (Liu et al., 2020).

However, in the nearshore, the estuary becomes more ebb dominated as sea-level rises (Figures 9
and 10). The Irish Sea, where the Ribble Estuary is located, is influenced by a phenomenon of
resonance, and it has been shown that an increase in sea-level can produce changes in resonance
properties that are negligible in deep water but can be observer: in shallow water (Pugh, 1987).
Several studies have been conducted on the effect of sea-lev:l ne on tidal constituents in the
European Shelf, including the Irish Sea, and they showe.' thut a rise in sea-level affects the
resonance of the basin causing an increase in the M2 cainpunent (Pickering et al., 2012; Idier et al.,
2017). This could be responsible for the ebb domin~nce that characterises the inner estuary and the
tidal flat areas. Other estuaries on the European Chelt have been found to behave in the same way
e.g. the Bristol Channel in UK and the Gult . ¢ St. Malo in France (Pickering et al., 2012; Idier et

al., 2017).

This study showed that sea-level risc might threaten the stability of the salt marsh, in agreement
with the results of previous studies (FitzGerald et al., 2008; Kirwan et al., 2010; Ganju et al., 2017).
Nevertheless, the data p-esenter. here show that storms have a general tendency to increase marsh
resilience to sea-level rise Ly counteracting the decrease in sediment budget caused by sea-level rise
(Figure 5). This is particularly true for storms with the highest intensity (>3 m surges), in agreement
with Schuerch et al. (2013). In terms of relative contribution, Figure 5 shows that, on the marsh
platform, storm surges of 48 hours occurring at spring tide can cause up to 65% reduction in
sediment loss driven by sea-level rise; in the restricted domain this reduction can reach 7%. Trends
in Figure 3 suggest that an increase in duration could amplify this reduction, while Figure S1 shows
that a decrease in tidal range could minimize it. Wang et al. (2020) found that a similar level of

contribution is provided by storms to the resilience of deltas experiencing erosion driven by high
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river discharge; here they help reducing the sediment loss induced by riverine flows by over 50%. It
is, however, significant to highlight that storm surges with height up to 2 m have substantially lower
return period (between 2 and 100 years), while surges >3 m are much less frequent (between 100
years and 1000 years return period) (see Table 1 in Pannozzo et al., 2021). This suggests that the
effects related to the surges of height up to 2 m have greater probability to be detected in reality,

while the effects of >3 m surges are rarer to observe.

5.3 Vegetation effect

The addition of vegetation does not significantly modify the t.~n~s of deposition caused by the
storm surges and the increase in sea-level. However, it “auses minor changes in the deposit of
different storm surge scenarios (Figure 3). Vegetation ei..narces sediment deposition trough particle
capture by plant stems and enhanced particle set livig caused by a reduction in turbulent Kkinetic
energy of the water flow through the plan’. ccnopy (Neumeier and Ciavola, 2004; Mudd et al.,
2010). However, it also affects sediment deposiuon indirectly by channelizing water and increasing

flood velocity within tidal creeks and o T s1 ¢, favouring excavation (Temmermann et al., 2005).

In the spring tide scenarios, for ti.> no surge scenario and for surges up to 1 m, when vegetation is
present, the water level is net hig*. enough to overflow the tidal creeks since the vegetation on the
marsh platform acts as a berier (Figure 5 in Pannozzo et al., 2021); this enhances the velocities of
the incoming tide, causing excavation and preventing deposition, hence, there is lower deposition
on the marsh platform compared to the hypothetical non-vegetated scenarios (Figure 3 b, d, f).
Along the edge of the marsh, where the water is not constrained (Figure 5 in Pannozzo et al., 2021),
the frictional effect of the vegetation causes a decrease in velocity (Figure 11), favouring particle
settling on the periphery of the marsh, hence, the higher deposition in the restricted domain
compared to the non-vegetated scenarios (Figure 3 a, ¢, €). During higher surges, the water level is
high enough to overflow the tidal creeks despite vegetation (Figure 5 in Pannozzo et al., 2021),

therefore the vegetation present on the marsh platform enhances particle settling, as showed by the
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dominance of the lower velocities (Figure 11), leading to sediment deposition being higher in
vegetated scenarios (Figure 3 b, d, f). Outside the tidal flat areas, the higher velocities dominate
(Figure 11). The frictional effect of the vegetation might not be effective on the high-water depths
on the edge of the marsh (Beudin et al., 2017), whereas the off-site water channelization might
dominate, causing excavation. Therefore, leading to less deposition in the restricted domain
compared to the non-vegetated scenarios (Figure 3 a, c, €). The neap tide scenarios show similar
trends (Figure 2 in Pannozzo et al., 2021), but the inversion does not occur at all or it only occurs
for surges >3 m. During neap tide, the water level is lower durir? 1.20d phase, when the marsh is
inundated, therefore the channelling effect caused by vegetatioi. on the marsh platform persists for
higher surges. In the rest of the domain, where water is not ¢,>annelised, the water level remains low

enough to allow particle settling on the periphery of the ma.~h, even for greater surges.

With a rise in sea-level, there is no difference in (e sediment budget between the vegetated and the
hypothetical non-vegetated scenario. Sea-leve. rise produces an increase in water depth (Figure 2c).
This increase leads to a rise in water 'c ‘el in the tidal creeks and along the edge of the marsh,
during flood phase, which produces wa.r depth profiles similar to the ones observed for surges up
to 1 m (Figure 5 in Pannozzo <* ai., 2021). However, since storm surges trigger a net import of
sediment, the quantity of si.spended sediment in the system during these events is high enough to
allow vegetation to contrik ute towards accretion/erosion of the different areas of the marsh
platform. Conversely, sea-level rise is responsible for sediment export, therefore with sea-level
higher than present day the quantity of suspended sediment in the system is never high enough to

allow a contribution by vegetation that can be easily observed in the trends.

Overall, when an interaction between the tidal channels and the marsh platform is considered
(Temmerman et al., 20005; D'Alpaos et al., 2007; Kirwan and Murray, 2007), vegetation does not

seem to significantly affect the trends, and this agrees with the observations of Li et al. (2018).

5.4 Further considerations
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The period used for this study is January 2008. However, it is worthwhile to consider that the
ultimate sediment budget can change slightly depending on the period of the year considered and
the relative river discharge. The river flow, which is in the direction of the tidal current during ebb
phase and in its opposite direction during flood phase, causes a bottom friction effect and non-
linearly interacts with the tide, enhancing ebb velocities and reducing flood velocities (Parker,
2007). During flood periods, when river discharge increases, this effect is enhanced, promoting

more sediment export (Parker, 1984).

The Ribble Estuary experiences moderate wave energy (Py: a1 Neal, 1994). However, for
simplicity, the effects of wind waves have been neglected in *his study to define the distinct effects
of surges and sea-level. Even though several studies have si.own that storm waves can contribute to
marsh erosion (Marani et al., 2011; Fagherazzi ~* al., 2U13; Leonardi and Fagherazzi, 2014,
Leonardi et al., 2016; Li et al., 2019), others | ave also shown that wind waves can resuspend
sediments from the seabed, which can the.. be transported into the estuarine system by tidal
currents, contributing to deposition (T>rnandez-Mora et al., 2015; Brooks et al., 2017) and
potentially supporting marsh mainiena.ce. The effect of wind waves in the scenarios analysed

above will be investigated in fur.er ctudies.

Finally, it must be cons’Jercd that in this manuscript the effects of sea-level rise and storm surges
were analysed by looking uat the response of sediment fluxes to changing hydrodynamic forcing
over a timescale of 30 days. In reality, changes in sea-level would occur within the time scale of
decades to century during which salt marshes can undergo intrinsic morphological transformations.
Salt marshes adapt to hydrodynamic changes, such as sea-level rise, in a timeframe of c.a. 10-100
years (e.g., Kirwan and Murray, 2008; D'Alpaos et al., 2011), while sediment delivered by storm
surge events are deposited instantaneously on the marsh platform, allowing marshes to rapidly
accrete by steps (e.g., Schuerch et al., 2018). This suggests that the offsetting of sea-level rise

effects on the sediment budget caused by storm surges might be even more amplified in reality.
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6. Conclusions

This study investigated the resilience of salt marshes to the combined influence of sea-level rise and
increasing storm surge intensity on the sediment budget of a salt marsh-tidal flat complex using a
numerical model of the Ribble Estuary, North-West England. Different storm surges and sea-level
rise magnitudes were simulated and the influence of storm duration and local factors (i.e. the timing
of occurrence of the surge with respect to tidal levels, tidal range and vegetation) on the nature and
amplitude of changes in sediment budget were also considered. The study concluded that storm
surges could contribute to salt marsh and estuarine resilience )y causing a shift towards a more
flood dominated system and by triggering a net import of stdim:znt. The degree of deposition can
change slightly depending on the timing of the surge pcak “or short durations (48 hours) and high
tidal range, while it is reduced if the duration incre~z=s (72 hours and 120 hours) or the tidal range
decreases. Conversely, sea-level rise will threa>n the stability of the marsh by causing a shift
towards an ebb dominated system, triggering « higher export of sediment. It seems that storm surges
might contribute to increase saltmarsh rz_lie..ce to sea-level rise by masking the effects of sea-level
rise on the sediment budget; this s porticularly true for storms with highest intensities (>3 m
surges). The sediment loss drivon vy sea-level rise can be reduced by up to 65% on the marsh
platform and by up to 7% n e restricted domain when surges occur at spring tide and last 48
hours, with further reductior when surge duration increases, but lower reduction when tidal range
decreases. Nevertheless, since storm surges with height up to 2 m have a lower return period, the
effects related to these surges have higher probability to be detected, while surges >3 m occur less
frequently, meaning that their effects are rarer to observe. The addition of vegetation caused no
variations to the trends produced by the sea-level analysis and only minimal variations to the trends
produced by surge height analysis; the latter is due to the ability of vegetation canopy to modify

flow velocity.
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Highlights
e Storm surges can positively contribute to the resilience of salt marshes.

e Sea-level rise can threaten the stability of salt marshes.

e Intense storms can counteract the negative impact of sea-level rise.
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