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ARTICLE INFO ABSTRACT

Keywords: Assessing the influence of marshes on mitigating flooding along estuarine shorelines under the pressures of sea
Coastal protection level rise requires understanding wave transformation across the marsh. A numerical model was applied to
Wav‘;s investigate how vegetated marshes influence wave transformation. XBeach non-hydrostatic (XB-NH) was cali-
Mars . brated and validated with high frequency pressure data from the marsh at China Camp State Park in San Pablo
San francisco bay . . . . -

XBeach Bay, California (USA). The model was used to examine how marsh and hydrodynamic characteristics change the

potential for marshes to mitigate wave driven flooding. Model results demonstrate that hydrodynamics, vege-
tation, and marsh width influence wave transformation most, while marsh morphology parameters such as
elevation and slope had least effect. Results suggest that in the range of settings explored here (incident wave
heights ranging from 0.5 to 3 m and water levels ranging from current mean higher high water to 3 m above
current mean higher high water), in comparison to wave propagation over an unvegetated mudflat, marsh
vegetation reduces runup by a median of 40 cm and wave height by a median of 35 cm. Results illustrate how

marshes can be strategically utilized to provide flood reduction benefits.

1. Introduction

Climate change is raising global sea levels and threatening coasts
around the world with increased risk of flooding. Thermal expansion of
seawater and melting of Iand-based ice is predicted to cause between 0.3
and 3 m of sea level rise (SLR) by 2 100 (DeConto and Pollard, 2016;
Sweet et al., 2017, 2022; le Bars et al., 2017; Masson-Delmotte et al.,
2021), which will significantly increase coastal flood risk (Vitousek
etal., 2017; Taherkhani et al., 2020). In addition to SLR, coastal flooding
is amplified by tides, storm-driven surge, waves, and river discharge
(Barnard et al., 2019). Disproportionate population density in coastal
areas further compounds this risk. More than 600 million people live in
the coastal zone and that number is expected to increase to more than 1
billion by 2050 (Merkens et al., 2016). These factors combine to create
hazard, exposure, and risk for coastal communities around the world.
Coastal habitat such as coral reefs, mangrove forests and marshes can
play a role in increasing resilience to storms and high water levels by
buffering incoming waves and storm surge and stabilizing shorelines
(Shepard et al., 2011; Ysebaert et al., 2011; Suzuki et al., 2012; Quataert
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et al.,, 2015; Narayan et al., 2016; Nowacki et al., 2017). Research
suggests that wetlands reduced damage from Hurricane Sandy by $625
million (Narayan et al., 2017), coral reefs annually protect over 18,000
people (Storlazzi et al., 2019) and $1.8 billion dollars of infrastructure in
the USA (Reguero et al., 2021), and mangroves provide $65 billion in
flood protection benefits globally each year (Menéndez et al., 2020).
Incorporating vegetation into levee systems on a global scale can reduce
required levee height and result in cost savings on the order of $300
billion (van Zelst et al., 2021). Findings like these have caused a recent
shift in scientific and management focus to nature-based shoreline
protection (Powell et al., 2019).

Though coastal habitats have been shown to be effective in reducing
flooding, projected sea level rise is anticipated to squeeze coastal
habitat; for example, a morphological study of San Francisco Bay sug-
gests that intertidal areas will drown with 21st century SLR (Elmilady
etal., 2019), though this response depends on sediment supply, location,
and morphology. A marsh with sufficient sediment supply may continue
to accrete sediment on the marsh platform, raising its elevation gradu-
ally (Kirwan et al., 2010; Swanson et al., 2014). A marsh may also
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respond to rising water levels with landward retreat of vegetation zones
(Stralberg et al., 2011; Bigalbal et al., 2018), or lateral erosion and
steepening of the marsh edge (Tommasini et al., 2019). Marshes that
cannot keep up or migrate may lose vegetation density and transition to
mudflat as the inundation periods begin to exceed the tolerance of marsh
plants (Stralberg et al., 2011; Schile et al., 2014).

Wave energy on coasts dissipates through several processes. In the
inner shelf and shoreface, dissipation occurs due to bottom friction
(Putnam and Johson 1949), percolation (meaning transfer of energy into
a permeable bottom; Putnam 1949; Shemdin et al., 1978), fluctuation in
the bed level (Putnam and Johson 1949), and white capping (Hassel-
mann 1974); these processes can reduce wave energy significantly
before waves ever begin to break. As waves enter the surf zone, turbu-
lence due to depth-induced wave breaking is the primary driver of wave
energy dissipation, though bottom friction also plays a role. There is
great variation in energy loss due to breaking, depending on factors
including surf zone morphology, infragravity energy, and breaker type
(Wright and Short 1984). Finally, once waves reach the swash zone,
energy loss occurs due to turbulence, bottom friction, and percolation
(Stutz et al., 1998). Though swash, which is defined as the movement of
water up the shore after the breaking of a wave, represents only a small
fraction of the initial energy of waves, it can cause coastal morphology
change and property damage.

Plants can reduce wave energy via work done by frictional drag.
Vegetation-induced wave attenuation has been studied extensively, in
field (Foster-Martinez et al., 2018; Garzon et al., 2019) and lab experi-
ments (Bouma et al., 2013; Maza et al., 2015), as well as with empirical
(Mendez and Losada, 2004) and physical models (Suzuki et al., 2012; Ma
et al., 2013). The amount of drag plants provide depends on hydrody-
namic conditions (Mendez and Losada, 2004; Callaghan et al., 2010;
Foster-Martinez et al., 2018) and vegetation characteristics (Foster--
Martinez et al., 2018). Dalrymple et al. (1984) developed an expression
to describe energy dissipation of waves through a vegetated field,
treating the vegetation elements as rigid cylinders, and subsequently
that expression was modified for a random wave field by Mendez and
Losada (2004), who also developed an analytical solution for
shallow-water waves with a sloped water depth. The work of Mendez
and Losada (2004) applies only to submerged plants, which are rela-
tively short and stiff (such as marsh plants and some types of sea grass),
and not to vegetation with low stiffness and high buoyancy (such as
certain types of kelp), though it has been applied to vegetation with low
stiffness.

The formulation developed by Mendez and Losada (2004) is the basis
of wave attenuation in the XBeach model (van Rooijen et al., 2015). This
formulation paired with the recent development of the XBeach
non-hydrostatic mode, which, though computationally costly, is
resolved for incident-band waves (XB-NH; de Ridder et al., 2020) en-
ables a first look at the impact of vegetation on incident-band (i.e., short
period or high frequency) driven wave runup, which is the sum of wave
setup and swash (Miche 1951; Longuet-Higgins and Stewart 1963; Guza
and Thornton 1981; Stockdon et al., 2006). Runup requires high fre-
quency (wave resolved) data to observe, and in the past has been
observed using time series imagery (Stockdon et al., 2006), which is
challenging to collect. Though runup is a direct indicator of maximum
coastal flooding, and is thus a key consideration in coastal planning, the
interactions of wave runup (measured vertically) and vegetation are not
well understood and have only recently begun to be studied (van
Wesenbeeck et al., 2022). Previous studies have determined that wave
height decay across vegetation fields depends on variables including
water level, vegetation height, wave height, and frictional coefficient
(Foster-Martinez et al., 2018; Garzon et al., 2019). However, other as-
pects of marsh morphology have not been considered, such as marsh
platform elevation relative to tidal datum, mudflat and marsh edge
slope, and marsh width. Furthermore, interactions between these vari-
ables have not been examined.

This study employs observational data from San Francisco Bay,
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California (USA), to calibrate and validate a model and establish that
XB-NH can hindcast wave heights and periods in vegetation fields. Then,
through experimental schematized simulations which vary hydrody-
namic conditions, vegetation characteristics, and marsh morphology
dimensions, this study examines the role of vegetation in reducing
flooding potential. The analysis shows which characteristics of marshes
control wave transformation and dynamic water levels, how these
characteristics interact, and how the potential of marshes to reduce
flooding may change with higher water levels.

2. Materials and methods
2.1. Study site

In the winter of 2014-2015, and the summer of 2016, Foster--
Martinez et al. (2018) performed vegetation surveys and deployed
pressure sensors along a transect in China Camp State Park (38.0095°,
—122.4837°), in San Pablo Bay, in the northwest corner of San Francisco
Bay. They characterized the marsh with four different vegetation zones:
a low marsh, characterized by Spartina foliosa; a high marsh, charac-
terized by Salicornia pacifica; and two transition zones, characterized by
combinations of the two vegetation species. Vegetation surveys were
conducted on January 23, 2015, and June 6, 2016, using 1-m quadrats
to determine percent cover of each species and average and maximum
canopy heights, which were determined by measuring the height of the
tallest and a typical stem, and quarter-meter quadrats to determine stem
count and stem diameter measurements. These values were measured
for the high marsh and low marsh zones and interpolated linearly for the
transition zones based on percent cover of high and low marsh vegeta-
tion. Pressure sensors were deployed on a 150 m transect, starting 35 m
outside the marsh on the mudflat, and extending into the marsh, placed
at the boundaries of the vegetation zones. These sensors collected data at
either 6 or 8 Hz in bursts of measurements every 10 or 15 min. Bursts
were 2048 measurements long, which is approximately 5 min at the
given measurement frequencies. These data are publicly available (Lacy
et al. 2017) and were utilized to calibrate and validate an XB-NH model.
To convert total pressure to water depth, a constant water density was
assumed and atmospheric pressure was temporally interpolated from
measurements taken at the NOAA RCMC1 weather station, which is
11.5 km from the site, and subtracted from total pressure. A spectral
analysis was used to determine variance density from pressure time
series, and variance density (from which wave statistics such as peak
wave period Tp, significant wave height Hs or Hmg can be calculated)
was used to force calibration and validation model runs.

2.2. Model and data sources

XBeach (Roelvink et al., 2009) is a process-based model which sim-
ulates nearshore processes including wave transformation,
wave-induced setup, over-wash, and inundation; in addition to infor-
mation on water levels and wave heights, model outputs can include
parameters such as flow and orbital velocity, bed shear stress, and stokes
drift. XBeach was originally developed as a phase-averaged model that
resolves amplitude variation on the wave group scale (surfbeat) but does
not resolve individual waves as in a Boussinesq model. Recently, a
non-hydrostatic mode (XB-NH) was developed for XBeach (de Ridder
et al., 2020), which is similar to a depth-averaged version of the SWASH
model (Zijlema et al., 2011; Smit et al., 2013) and is able to fully resolve
incident-band waves. Resolution of incident-band waves, though
computationally costly, is necessary to determine swash on relatively
steep slopes and is thus necessary to investigate runup (as determined by
the last wet grid cell), and potential overtopping on levees. Runup and
overtopping in the non-hydrostatic mode have been validated using
several separate datasets from sandy beaches. Results show that
incident-band driven runup height is predicted with good accuracy and
a maximum deviation of 15% (Roelvink et al., 2018). A reduced
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Fig. 1. Location (A and B; base-map layer from Google Earth) and view (C; photograph taken by R. Taylor-Burns) of the study site, and depiction of the transect
deployed in 2016 by Lacy et al. (2017); D and E). MDF is the offshore site, SPD marks the beginning of the low marsh, DX1 marks the beginning of the first transition
zone, DX2 marks the beginning of the second transition zone, and DXA — DX4 are all on the high marsh.

two-layer non-hydrostatic formulation is included that allows for a more
accurate description of the frequency dispersion in relatively deeper
water. Relative depth (KD) determines whether waves are in deep water
(waves do not interact with the bottom, KD > ) or shallow water (waves
interact with the bottom, KD < n/10), and is based on water depth and
wavelength. de Ridder et al., 2020 showed good performance up to a
relative depth of 3. XB-NH allows for the inclusion of the effect of
vegetation within the model via vegetation parameters including stem
density, frictional drag coefficient, stem height, and stem diameter (van
Rooijen et al., 2015; van Rooijen et al., 2016).

In this study, XB-NH was applied in one-dimensional mode. This
approach assumes that wave forcing is shore-normal and neglects lateral
flow, assumptions which were also made in the analysis by Foster--
Martinez et al. (2018). This approach also neglects tidal channels and
creeks, which facilitate drainage of water on the marsh. Model boundary
conditions were determined by obtaining wave statistics from every
burst at the offshore observation station, MFD (Fig. 1). Bathymetry was
determined from a 2 m digital elevation model (DEM), which was
collected aerially with Light Detection and Ranging (LiDAR) (Danielson
et al., 2016). Discrepancies between elevations at the study sites in the
DEM and elevations reported by Lacy et al. 2017 ranged from 0 to 20 cm,
with largest discrepancies in the high marsh zone. These discrepancies
are likely due to LiDAR overestimating elevation in dense vegetation. A
vegetation-corrected DEM (only available at elevations above —1 m
NAVD88) was also tested (Buffington and Thorne 2018), but it also had
discrepancies and had lower spatial resolution (5 m) and thus was not
used. To correct for vertical discrepancies between field observations
and the 2 m DEM, a linear interpolation of the discrepancies was created
and subtracted from the DEM.

Variable grid spacing was used, with a minimum of 30 grid points per
wavelength and the total number of grid points ranging from 1,500 to
19,000. Sensitivity analyses show that the model results converge at this

resolution. A Manning’s friction formulation was used for mudflat fric-
tion. The equilibrium bound long wave, which is energy that fluctuates
at the same frequency as the wave group but 180° out of phase, was not
imposed in the calibration or validation as this saved significant
computational time and did not impact model results. In contrast to
open-coast conditions, offshore spectra in this sheltered environment do
not show components of bound long waves in the variance density
spectrum. We hypothesize that this is related to the relatively young age
of the sea-state in combination with steep slope compared to wave
period in San Pablo Bay. To determine wave statistics from water level
time series, a Guza filter (Guza et al., 1984) was used to separate
incoming and outgoing wave energy. A fast Fourier transform was used
to determine wave spectra from water level time series. Significant wave
height and peak period were determined from wave spectra. The last wet
grid cell was utilized to determine a runup time series and the 98th
percentile of this time series was utilized to determine R2%, or the runup
value which is exceeded by 2% of waves.

2.3. Calibration and validation

Bursts for which the significant wave height was greater than 5 cm at
the offshore station (MFD), and for which ratio of wave group velocity to
phase velocity (cg/cp, or N) was less than 0.85 at the offshore station,
were selected for calibration and validation in order enable us to model
meaningful decay of wind waves with deep water boundary conditions.
Few bursts during the summer deployment met these conditions, so the
model was developed using winter measurements, with the calibration
dataset from January 15-25, 2015 (n = 257), and the validation dataset
from December 18-28, 2014 (n = 88). For all bursts, the relative depth
(KD) was less than 1.5, and the ratio of wave height to water depth was
less than 1/3.

The vegetation module of XB-NH was utilized to account for wave-
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Table 1

Vegetation parameters used in the model calibration. Values for stem diameter,
vegetation height, and stems/m? for the low and high marsh are taken from the
field surveys done by Foster-Martinez et al. (2018). Stem diameter and vegeta-
tion height for the transition zones are linearly interpolated from the high and
low marsh, based on proportional vegetation cover of the two main vegetation
species. Stem density for the transition zones is determined by back-calculating
from the N x B, values listed in Table 1 of Foster-Martinez et al. (2018). Values
of drag coefficient (Cd) are the mean of values calculated by Foster-Martinez
et al. (2018) from the winter deployment, except for the low marsh Cd, which is
from the summer deployment.

Marsh zone Species Stem Vegetation Stems/ Ccd
diameter height (m) m?
(m)
Low marsh Spartina foliosa ~ 0.0027 0.16 312 0.34
Transition 20% S. foliosa, 0.0024 0.186 5583 0.43
zone 1 15% S. pacifica
Transition 5% S.foliosa, 0.00205 0.215 23,562 0.56
zone 2 55% S. pacifica
High marsh Salicornia 0.002 0.22 44,000 0.93
pacifica

vegetation interactions within the marsh (van Rooijen et al., 2015).
Stem height, diameter, and density for each of the four vegetation zones
were taken from the vegetation surveys done by Foster-Martinez et al.
(2018). That study calculated drag coefficients, Cd, for the 4 vegetation
zones in winter and summer and found, progressing from the bay to the
marsh, that the mean and standard deviation of Cd across the four
vegetation zones and spanning the full range of water level conditions to
be [9.85 + 19.23, 0.44 + 0.33, 0.56 + 0.25, 0.93 + 0.53] for winter and
[0.34 +0.41, 0.56 & 0.19, 0.41 + 0.10] for summer (there was only one
transition zone during the summer deployment). The Cd for the low
marsh in winter is very high due to low vegetation frontal area at that
time, caused by seasonal loss of leaves (see Fig. 4 in Foster-Martinez
et al. (2018) for a visual), but similar wave attenuation to the summer
months. Foster-Martinez et al. (2018) discusses possible mechanisms for
similar attenuation despite seasonal changes in marsh plants. Addi-
tionally, uncertainty for Cd in the low marsh during winter is very high.
Because that value is anomalously high, with high uncertainty, and
inconsistent with other values reported in the literature, the summer Cd
value for the low marsh was used, such that the values of Cd we used
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across the four vegetation zones were [0.34, 0.44, 0.56, 0.93], respec-
tively. Vegetation parameters for calibration are shown in Table 1.
Model results were assessed by comparing modeled and measured
wave heights and wave periods. Predictive skill was determined by
calculating relative bias (RB), scatter index (SCI), and mean absolute
error (MAE), using equations (1)—(3), where m is the measured value, ¢
is the calculated value, and n is the number of observations. For model
calibration, values of Cd were varied for each of the four vegetation
zones, several DEMs were tested, and the Manning’s coefficient of the
mudflat and maximum breaking steepness of waves were varied as well.

Relative bias (RB) = (¢ — m)/‘m‘ [¢))
Scatter index (SCI) =1/ (¢ — m)z/W' @)
Mean absolute error (MAE) = Z|c,- - m,-Vn 3)

Previous research shows that Cd varies with Reynolds or Keulegan-
Carpenter numbers (Mendez and Losada, 2004; Pinsky et al., 2013;
Foster-Martinez et al., 2018) and that as turbulence increases, Cd de-
creases. The field campaign carried out by Foster-Martinez et al. (2018)
observed a limited range of Reynolds numbers (Re < 600), so we used a
constant Cd across all calibration and validation bursts. The Cd was
treated as a bulk drag coefficient, or an empirical coefficient appropriate
for the whole vegetation field. It was determined by the mean value from
the range of observed hydrodynamic conditions and was not
time-varying, following the approach of van Rooijen et al. (2016). Like
van Rooijen et al. (2016), model-data agreement in this study was found
to have relatively low sensitivity to small changes in values of Cd.
Calibration and validation skill scores are shown in Fig. 2. See Fig. S1 for
a detailed look at several individual bursts.

Calibration results showed that the model was relatively insensitive
to Manning’s friction coefficient of the mudflat and the maximum
steepness of waves before breaking. Model sensitivity to bathymetry was
similar to sensitivity to changes in vegetation drag coefficient ranging up
to one standard deviation, or a factor of about two (Table S1). Given that
maximum steepness and Manning’s coefficient are not strong controls
on the model and given the uncertainty in the 2 m DEM, the default
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Fig. 2. Results from model calibration (red) and validation (blue), showing wave height (row 1) and wave period (row 2). Columns A through E show model-data
agreement at the six offshore observation locations at China Camp State Park, MFD, SPD, DX1, DX2, DXA, and DX3. Locations of these points can be seen in Fig. 1.
Skill scores correspond to relative bias, scatter, and mean absolute error. No calibration data are shown in column D because data were not collected at DX2 during

the calibration period.
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Table 2
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A summary of marsh parameters observed in a 2013 regional survey done by Takekawa et al. (2013), followed by a
summary of vegetation parameters found in existing literature.

Marsh tidal data

Survey observations (m NAVD88)

Mean sea level (MSL) 0.99-1.21°
Mean high water 1.70-1.92
(MHW)
Mean higher high 1.85-2.09
water (MHHW)
Mean marsh 1.4-21m"
elevation
Marsh vegetation Survey observations (m relative to MSL)
zones
Typical mudflat < +0.2
elevation
Typical low marsh +0.2-0.45, mostly Spartina spp
elevation
Typical mid marsh +0.45-0.7
elevation
Typical high marsh > +0.7, mostly Salicornia pacifica
elevation
Species Stem density Stem diameter Vegetation cd Location Citation
(stems/m?) (m) height (m)
Salicornia pacifica 44000 0.002-0.0034 0.22-0.25 0.41-0.93 SF Bay Foster-Martinez
et al., (2018)
Spartina foliosa 312-440 0.0027-0.0047 0.16-0.48 0.34 SF Bay Foster-Martinez
et al.,, (2018)
Various marsh 500 (model) 0.007 (model) 1.5 (model) 0.01-10 various Pinsky et al.,
species (mean = 2.6) (2013)
Spartina 100-500 0.007 1.5 North Gittman et al.,
alterniflora and Carolina (2014)
Spartina patens
Spartina foliosa 284 0.94 Tijuana Ward et al., (2003)
Estuary
Spartina foliosa 270 Tijuana Desmond et al.,
Estuary (1999)
Salicornia pacifica 0.15-0.35 SF Bay Woo and Takekawa
(2012)
Salicornia 1 200-10000 0.05-0.2 Rhode Ellison (1987)
europaea Island

# 10 of the 12 surveyed marshes had mean sea levels between 0.99 and 1.07 m NAVDS8S.
b 11 of the 12 surveyed marshes had mean marsh elevations between 1.6 and 2.1 m NAVDS8.

value for maximum wave steepness was used (0.4), a standard Man-
ning’s friction was used for the mudflat (0.018 s/m'/ 3, Shen et al., 2006;
Fernandes et al., 2000; Chow 1959) and the vegetation drag coefficients
calculated by Foster-Martinez et al. (2018) based on field observations
were used.

In many bursts, both observed and modeled wave spectra have a
peak at very low frequencies, resulting in both modeled and observed
wave periods of up to 400 s. We hypothesize this is due to the length of
bursts at which data were collected and the method of spectral analysis.
However, long period infragravity waves (Talke and Stacey 2003) or
basin and sub-basin oscillation motions such as seiching (Kimmerer
2004) could also be at play. The focus of this analysis is on local wind
waves and therefore these bursts have been excluded. The calibration
process also revealed that the model does not simulate propagation of
waves less than 1 mm, because XB-NH does not model capillary waves.
Thus, bursts in which wave transformation over the transect resulted in
peak wave periods greater than 20 s and significant wave heights less
than 1 mm were excluded from the plots and skill scores shown in Fig. 2,
which is why there are many more data points at the offshore boundary
than on the marsh platform.

The model hindcasts wave height and wave period, establishing that
XB-NH effectively models wave transformation in vegetation fields.
There is an over-prediction of wave period in the transition zones of the
marsh (Fig. 2, 2C, 2D), and an underprediction of wave period in the

high marsh (2 F). Wave heights during the calibration and validation
phase at DX1 have negative and positive bias, respectively (Fig. 2, 1F).
However, the observed wave heights are small (<4 cm), and thus the
biases could be due to changes in the bathymetry between the calibra-
tion and validation time periods, which were a month apart.

2.4. Schematized model setup

Having established that XBeach, a process-based model, is able to
hindcast wave transformation in vegetation, we changed physical pa-
rameters in the model to explore the full range of possibilities that have
been observed and modeled in our study region and similar study re-
gions, including variations in vegetation, marsh morphology, and hy-
drodynamics, with a goal of creating idealized simulations that are
applicable to other locations in San Francisco Bay as well as other es-
tuaries. The model settings from calibration and validation were used
and physical parameters were varied, including Cd, following the
approach taken by Quataert et al. (2015), Best et al. (2018), and Harris
et al. (2018). Takekawa et al. (2013) performed an extensive regional
survey of San Francisco Bay marshes, and observations from this survey
(Table 2) were used to determine physical parameters of schematized
model transects. Multiple vegetation surveys were used (Table 2) to
determine typical values and ranges for stem height, diameter, density,
and values of Cd.
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Table 3

A summary of vegetation parameters used in the schematized experimental
model runs, followed by a summary of the range of parameters that were varied
in the schematized experimental runs. In the bottom half of the table, an asterisk
denotes variables that were covaried in all simulations.

Marsh Zone Stems/m?> Stem height [cm] Stem diameter [mm] cd
Low 400 15 3 0.3
Transition 20,200 20 2.5 0.6
High 40,000 25 2 0.9
Parameter Range Source

Water level [1.85, 2.5, 3,4,5] m
NAVDS88
[0.5,1,1.5,2,3] m
[0.025, 0.035, 0.04,
0.045, 0.055]

[0, 0.5, 1, 1.5, 2] x
values listed above
[0.1, 0.5, 1, 2, 10] x

Nederhoff et al., (2021)

Wave height
Wave steepness

O’Neill et al., 2017
Zhao and Li (2019)
Vegetation density Foster-Martinez et al., (2018)

Cd, Frictional drag Foster-Martinez et al., (2018),

coefficient of values listed above Pinsky et al., (2013)
vegetation®
Minimum elevation of [0, +10, + 20, +30 + Takekawa et al., (2013)
vegetation 40] cm relative to MSL
Mudflat slope [1:100, 1:200, 1:300, Danielson et al., (2016)
1:400 1:500]
Low marsh slope [1:10, 1:20, 1:30, 1:40, Danielson et al., (2016)
1:50]

[-25, —15, -5, +5, +15]
cm relative to MHHW
[50, 100, 250, 500,
750, 1 000] m

Marsh platform Takekawa et al., (2013)
elevation

Marsh platform width Danielson et al., (2016)

Schematized transects included, from bay to marsh, a sloped
mudflat, a sloped marsh edge, a flat marsh top, and an unvegetated
levee. The levee was included to ensure there is no flow out the back of
the transect, with a slope of 1/10 and a height of +10 m NAVD88. The
seaward boundary of each transect had a depth of —5 m NAVD88, thus
resulting in ~500-2 500 m of mudflat leading up to the vegetated
marsh, depending on the mudflat slope. The transitions between the first
three zones were smoothed with a spline interpolation. Mean sea level
(MSL) was set at 1 m (NAVD88), and mean higher high water (MHHW)
was set at 1.85 m (NAVD88) (Takekawa et al., 2013). The low marsh
vegetation zone was set between +0.2 and + 0.45 m MSL, the transition
zone was set between elevations of +0.45 and + 0.7 m MSL, and the high
marsh was set above +0.7 m MSL (Takekawa et al., 2013). Regional
surveys show that S. pacifica is dominant in the high marsh, and S. foliosa
is dominant in the low marsh, and that these two species are dominant
and nearly equally abundant in the transition zone (Takekawa et al.,
2013). Foster-Martinez et al. (2018) also showed that drag coefficients

Offshore water level: 1.85 (MHHW) - 5 m NAVD88
Offshore wave height: 0.5-3 m
Offshore wave steepness: 0.025 - 0.055

Marsh platform elevation: -25 - +15 cm MHHW

100 - 1:500

— dflat slope?

Coastal Engineering 184 (2023) 104346

are strongly dependent on the vegetation survey methods; thus, in the
schematized models we used a range of vegetation density and frictional
values centered on those measured (stem diameter, stem height and
stem density, for which we picked values in the middle of the ranges
reported) and calculated (Cd, which we rounded to one significant
figure, as shown in Table 3) by Foster-Martinez et al. (2018). These
vegetation parameters are consistent with studies of similar vegetation
from other regions.

A 30-year hindcast by O’Neill et al. (2017) suggested that the largest
waves formed (99.9th percentile; i.e., exceeded 9 h per year) in San
Francisco Bay during the time period 1975 and 2004 reached significant
wave heights of 1.38-1.93 m, depending on basin subregion. Similarly,
field observations in the shallows of San Pablo Bay showed that signif-
icant wave height frequently surpasses 0.5 m in summer months, and
can reach up to 0.8 m during winter storms (Lacy and MacVean 2016).
These extreme wave heights occur in the main channels of the bay,
where water depth is greatest, but can propagate toward marshes in the
bay shallows; the same field observations show that wave height decays
by 50% over 6.5 km of mudflat. A 70-year water level hindcast by
Nederhoff et al. (2021) suggested that storm-driven water levels in San
Francisco Bay can exceed 1.2 m above predicted tides. Beyond high
water levels driven by storm conditions, sea level rise is predicted to
cause relative elevation of marshes to decrease by between 0.4 and 1.3
m in San Francisco Bay by the end of the century under a moderate
emissions scenario (Swanson et al., 2014). Thus, by the end of the
century, San Francisco Bay marshes could be exposed to up to 2.5 m of
additional water level during storms. Higher water levels in estuaries
will increase depth and fetch, enabling larger waves to form (Lacy and
MacVean 2016; Karimpour et al., 2017). For example, previous research
suggested that 1 m of sea level rise in San Francisco Bay will result in up
to 0.4 m greater wave heights during a 100 year storm (O’Neill et al.,
2017), though this depends on bay sedimentation rates (Ranasinghe
et al.,, 2013). To account for daily and storm wave conditions in San
Francisco Bay, as well as estuaries with greater fetch, we simulated wave
heights ranging from typical present day conditions (Lacy and MacVean
2016) to 1.5-2 x present day modeled extreme San Francisco Bay wave
height (O'Neill et al., 2017). Thus, in some simulations, waves are
already breaking by the time they reach the marsh, resulting in greater
dissipation over the mudflat as compared to dissipation over vegetation.
Experimental models were forced with a JONSWAP spectrum (Hassel-
mann et al., 1973). To account for storm water levels as well as higher
water levels due to rising sea levels, water levels from present day
MHHW (1.85 m NAVDS88) to 3.15 m above present day MHHW (5 m
NAVD88) were used as boundary conditions. Existing marshes tend to
have marsh platform with elevations within 20 cm of MHHW, thus this
study simulates marshes with 0.05-3.2 m of inundation. See Table 3 for

Marsh platform width: 50 - 1000 m
A

S NS

X 4
X
Mudflat Low marsh Transition marsh High marsh
400 stems/m? 20200 stems/m? 40000 stems/m?
Cd:0.3 Cd: 0.6 Cd: 0.9

Vegetation density: 0 - 2 x values listed above

Cd: 0.1 x 10 x values listed above

Fig. 3. Depiction of the schematized transect. Bolded text identifies variables that were changed in the schematized model runs.
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Fig. 4. The effects of vegetation on spectral density of wave energy and on wave height. Green lines show model results from a transect with a vegetated marsh and
brown lines show results from a transect with an unvegetated marsh. Row 1 row shows, from left to right, spectral density at the offshore boundary (1 A), 1 km onto
the mudflat (1 B), at the edge of the marsh (+1.2 m NAVD88, 1C), 50 m into the marsh (1D), 200 m into the marsh (1 E), and of the runup signal (1 F), with the y-axis
plotted in log scale. Black lines in row 1 indicate idealized JONSWAP spectra determined by wave statistics used at the offshore boundary, which diverge from model
results at low frequencies due to wave-wave interactions. The middle three rows show, from top to bottom, total significant wave height (row 2), incoming wave
height (row 3), and outgoing, or reflected, wave height (row 4). The bottom row (row 5) shows transect bathymetry in black, vegetation location in green, and mean
water level in blue. Bathymetry and water level are identical for the vegetated and unvegetated model. Black labeled dots on the bottom four plots show locations of
the spectra in the top row (runup location is variable and thus approximate). Models were forced with wave heights of 1.5 m and steepness of 0.04 (peak period of
4.9 s), and water level was 2.5 m NAVD88 (or 0.65 m of marsh inundation). Drag coefficient (Cd) was 10% of China Camp observations.

more information on experimental simulation boundary conditions.
Previous studies with explicit vegetation representation show that
Cd can vary widely between sites and under different hydrodynamic
conditions (Pinsky et al., 2013; Foster-Martinez et al., 2018). Pinsky
et al. (2013) found that drag coefficients ranged from 0.5 to 30 for
similar hydrodynamic conditions, illustrating that Cd is a highly vari-
able and uncertain parameter. Numerous studies quantify relationships
between Cd and Re in marsh vegetation, but these relationships vary
widely and do not extend beyond Re > 10°. Because established re-
lationships between Re and Cd do not extend beyond Re > 10°, in higher
Re simulations Cd values are an approximation. To account for this
uncertainty in Cd, as well as variations in vegetation density and stem

diameter, which also have direct effects on energy attenuation formu-
lation developed by Mendez and Losada (2004), in this study we used a
three order of magnitude range of drag coefficients, centered on the
average of the four-week study period in China Camp, which spanned a
variety of tidal and wave conditions.

Table 3 and Fig. 3 illustrate the schematized model settings that were
used. In the first round of simulations, for each variation in schematized
model settings shown in Table 3 (base case values are bolded in column
2 of Table 3), arange of water levels and frictional coefficients were used
(shown by asterisks in column 1 of Table 3) to create a suite of multi-
dimensional model runs and investigate how each parameter impacts
the ability of marshes to transform waves and reduce potential flooding.
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Fig. 5. Box plots showing changes in wave transformation across the marsh. Wave transformation metrics are on the y axis of all box plots, including: wave height
100 m into the high marsh (Hs, row 1), wave induced setup 100 m into the high marsh (row 2), and R2% (row 3). Characteristics of hydrodynamic conditions are on
the x axis of all box plots, including water level (column A), offshore wave steepness (column B), offshore wave height (column C), with each box representing results
from all simulations in which the specified hydrodynamic condition has the same setting. Red lines indicate medians, blue rectangles indicate the interquartile range,
and blue dots indicate outliers. There are many positive outliers that are caused by coincidence of high water levels and low drag coefficient (Cd). Water level and

wave height are the strongest controls on wave transformation.

Each model was run with vegetation present and with vegetation
completely removed, to separate the influence of vegetation and the
influence of bathymetry. In the unvegetated models, the Manning’s
friction coefficient determined from calibration and used on the mudflat
was applied across the entire transect. This process consisted of 1 650
XB-NH simulations. Results can be seen in Section 3.2 and were utilized
to identify parameters most important in controlling wave
transformation.

Based on results from the first round of simulations, a second round
of simulations was subsequently run. In the second round of simulations,
the key parameters identified in the first round of simulations (italicized
in column 1 of Table 3) were all covaried, creating a complete set of
every combination of the key drivers of wave transformation in the
ranges identified in Table 3 and Fig. 3, both with vegetation present and

with vegetation removed from the transect. This process consisted of 3
750 XB-NH simulations and results can be seen in Section 3.3.

All runs were at least 1,000 waves long (based on peak period) plus
60 min of spin-up (400-1,500 waves, depending on period) to reach
stationarity of the wave setup, which were not used for analysis. Model
results were post-processed to obtain significant wave height 100 m into
the high marsh (Hs), average wave-induced setup 100 m into the high
marsh (setup), and the 98th percentile runup value (R2%). Hs was
calculated spectrally using functions available on Open Earth Tools,
which is a repository for free and open-source code for a variety of topics
related to delta and coastal areas (https://publicwiki.deltares.nl/di
splay/OET/OpenEarth); setup was calculated as the mean water level
100 m into the marsh relative to the offshore water level (i.e., at the
offshore edge of the transect, which is between 500 and 2 500 m offshore
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C Fig. 6. Box plots showing changes in wave trans-
formation across the marsh. Wave transformation

metrics are on the y axis of all box plots, including:
wave height 100 m into the high marsh (Hs, row 1),
wave induced setup 100 m into the high marsh (row
2), R2% (row 3). Characteristics of vegetation are on
the x axis of all box plots, including vegetation den-
sity (column A), vegetation frictional drag coefficient
(Cd, column B), and minimum vegetation elevation
(column C), with each box representing results from
all simulations in which the specified vegetation
condition has the same setting. Red lines indicate
medians, blue rectangles indicate the interquartile

range, and blue dots indicate outliers. There are many
positive outliers that are caused by coincidence of
high water levels and low Cd. Vegetation density and
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from marsh edge, depending on mudflat slope); runup was also calcu-
lated relative to the offshore water level. Thus, runup is determined by
the total water level at the last wet grid cell (TWL) minus the still water
level at the offshore boundary (SWL) and includes both swash and setup.
In the shortest marsh settings (50 m of vegetation), Hs and setup were
measured at the last vegetated grid cell.

3. Results
3.1. Wave transformation due to vegetation

To examine and isolate the impact of vegetation on wave trans-
formation, spectral analyses of the incoming water level and subsequent
computed wave energy and height from the schematized experimental
model runs were completed; an example of this is shown in Fig. 4. Re-
sults show that a large proportion of wave decay due to vegetation
happens across a short horizontal distance, with the majority of wave
energy dissipation due to vegetation occurring in as little as 50 m into
the marsh vegetation (1D), which is approximately 30 m into the high
marsh. This decay in wave height (row 2) and wave energy (1D and 1E)
is due to reflection of wave energy by vegetation, which is shown by the
peak in the outgoing wave height at that point on the transect (row 3),
and to frictional drag. Additionally, wave spectral energy analysis re-
veals that vegetation reduces relatively higher frequency energy first,
and as waves travel up the transect through the marsh vegetation,
spectral energy is transferred toward lower frequencies (1D, 1E and 1F).

Relative to MSL [cm)]

3.2. Effects of marsh and hydrodynamic settings

The capacity of a marsh to reduce potential flooding increases with
increasing vegetation density, Cd, and wave steepness and decreases
with increasing minimum elevation of vegetation, water level, and wave
height (Figs. 5-7). Generally, there are many positive outliers, which
signify that when high water levels and low friction coefficients coin-
cide, the potential of marshes to reduce waves and flooding decreases.
Marsh width, vegetation friction, water level, and wave height condi-
tions are the strongest controls on wave transformation.

3.2.1. Hydrodynamic conditions

Increasing water level (Fig. 5, column A) results in an increase in Hs
and runup. At higher water levels, bathymetric effects are reduced,
mudflat friction decreases per the Manning friction formulation, and the
relative height of vegetation decreases, thus reducing frictional drag by
marsh plants. Increasing the steepness of offshore waves (column B)
decreases the wave period, thus decreasing the wave power. This causes
a decrease in Hs, setup and runup. In the range of conditions studied
here, wave height has a stronger effect on wave transformation metrics
than wave steepness. Increasing wave height (column C) causes an in-
crease in Hs, setup and runup as expected based on prior work (Guza and
Thornton 1981, 1982; Stockdon et al., 2006).

3.2.2. Vegetation characteristics

Increasing vegetation density (Fig. 6, column A) and increasing Cd
(column B) cause similar impacts on wave transformation and flood
reduction, resulting in decreased Hs, setup, and runup by increasing the
short-wave dissipation due to vegetation. Increasing the minimum
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Fig. 7. Box plots showing changes in wave transformation across the marsh. Wave transformation metrics are on the y axis of all box plots, including: wave height
100 m into the high marsh (Hs, row 1), wave induced setup 100 m into the high marsh (row 2), and R2% (row 3). Characteristics of marsh morphology are on the x
axis of all box plots, including marsh platform elevation (column A), low mash slope (column B), mudflat slope (column C), and marsh platform width (column D),
with each box representing results from all simulations in which the specified morphology condition has the same setting. In the shortest marsh setting, Hs and setup
were measured at the last vegetated grid cell. Red lines indicate medians, blue rectangles indicate the interquartile range, and blue dots indicate outliers. There are
many positive outliers that are caused by coincidence of high water levels and low drag coefficient (Cd). Marsh width is the strongest control on wave transformation.

elevation of vegetation (column C) causes a greater proportion of the
transect to be unvegetated, resulting in waves traveling over more
mudflat and a narrower vegetation field. Thus, increasing the vegetation
elevation decreases dissipation due to vegetation. This causes an in-
crease in Hs, setup, and runup. The highest setting of vegetation
elevation eliminates the high marsh zone completely, meaning that only
low and transition marsh zones are present. This setting results in the
greatest change of the wave reduction metrics suggesting that minimum
elevation of vegetation has little impact on wave transformation until
the high marsh zone is completely lost.

3.2.3. Marsh morphology

The marsh morphology settings include marsh platform elevation,
low marsh slope, mudflat slope, and marsh platform width. These set-
tings had the weakest influence on wave transformation with marsh
platform width providing the greatest variation, particularly in runup.
Increasing the marsh platform width (Fig. 7, column D) decreases runup
because waves must travel across more vegetation before hitting the
levee and causing runup. Thus, waves are dissipated more as they travel
across the marsh platform in wider marshes, causing less runup at the
levee.

3.3. Key drivers of wave transformation

The cumulative sum of the difference in medians of Hs, setup, and
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runup across the range of model settings was calculated (Fig. 8). For
example, the top bar shows the difference in median Hs (blue), setup
(orange), and runup (red) between the highest and lowest offshore Hs
simulated. Variables which produced a cumulative sum of greater than
5 cm were identified as the most important factors that influence the
impact of marshes on wave transformation. These include Hs, Cd, water
level, and marsh width.

We ran a subsequent set of simulations using the same settings
described in Table 3 in which five different factors were covaried (wave
height, water level, Cd, marsh width, and wave steepness) to identify
combinations of settings that resulted in extreme results, and to further
explore the key drivers of wave transformation in marsh ecosystems.
Wave steepness was included to provide a more complex look at wave
and vegetation dynamics and to allow for multiple settings for each run.
All runs were done with and without vegetation present. An overview of
results from the second round of simulations is shown in Fig. 9.

Across the range of conditions explored here, which represent 5°
simulations with settings described by italicized entries in Table 3,
vegetation reduces significant wave height 100 m into the marsh by a
median of 35 cm (Fig. 9, 1B) and 94% (1C). The middle 95% of signif-
icant wave height reduction due to vegetation (cm) falls in the range [1,
157]. Vegetation reduces setup by a median of less than 1 cm (2B). The
middle 95% of setup reduction due to vegetation (cm) is falls in the
range [—5, 17]. Vegetation reduces runup by a median of 40 cm (3 B)
and 90% (3C). The middle 95% of runup reduction due to vegetation
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Fig. 8. The cumulative sum of the difference in medians of Hs, setup, and swash across the range of model settings used in 3.2. Variables which produced a cu-
mulative sum greater than 5 cm, shown by the dashed line, were selected to be used in a subsequent analysis.

(cm) falls in the range [4, 133].

3.3.1. Wave height

The presence of vegetation plays a key role in reducing significant
wave height in the marsh (Hs), shown by the empirical cumulative
density plots in Fig. 10. When Cd = 0 (representing no vegetation), Hs
increases for all model settings (1D). The widest spread in Hs reduction
due to vegetation occurs with changes in wave height and water level
(2B and 2C), meaning that vegetation is reducing Hs effectively across
the range of water level and wave settings. Greatest values for Hs and Hs
reduction by vegetation occur in simulations with largest waves (1B, 2B)
and highest water levels (1C, 2C). Hs is highest with low Cd values (1D),
and Hs reduction by vegetation is highest with high Cd values (2D).
Wave steepness has limited effect wave height; marsh width also has
limited effect because Hs is measured 100 m into the marsh, or at the last
vegetated grid cell. Results show that vegetation reduces Hs by a median
of 30 cm, and up to 118 cm even with the lowest friction coefficients
(2D).

3.3.2. Setup

Vegetation influences setup through several mechanisms including
radiation stress gradients (Buckley et al., 2016), wave-induced force due
to emergent vegetation (Dean and Bender 2006), and wave-induced
force due to skewed waves (Dean and Bender 2006), which each
decrease setup; vegetation can also increase setup due to an increase in
the mean drag force (Lgvas and Tgrum, 2001; Luhar et al., 2010). As a
result, the influence of vegetation on setup is nuanced, as shown by the
empirical cumulative density plots in Fig. 11. Extreme values for setup
and setup reduction by vegetation occur in simulations wth largest
waves (1B, 2B) and lowest water levels (1C, 2C). Narrow marshes (1E),
no vegetation (1D), and the least steep waves (1A) result in highest
values of setup. Setup reduction due to vegetation is greatest across
wider marshes (2E) with higher Cd (2D); wave steepness has limited
effect. The widest spread in setup reduction due to vegetation occurs
with changes in water level. At lower water level settings, vegetation can
reduce setup by more than 25 cm, while at higher water level settings,
vegetation can increase setup by more than 5 cm (2C), likely due to large
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mean drag forces acting to increase setup in these settings (Lgvis and
Tgrum, 2001; Luhar et al., 2010). Wave height also plays an important
role, with vegetation resulting in the most significant increases and
decreases in setup under the largest wave settings (2B).

3.3.3. Runup

Results show that the presence of vegetation plays a key role in
reducing runup (setup + swash) across the range of simulation settings,
shown by the empirical cumulative density plots in Fig. 12. Extreme
values for runup and runup reduction by vegetation occur in simulations
with largest waves (1B, 2B) and highest water levels (1C, 2C). Runup is
highest with low Cd (1D) and runup reduction is highest with high Cd
(2D). Runup is greatest across narrow mashes (1E), but vegetation re-
duces runup effectively even in the narrowest marshes (2E). Wave
steepness has limited effect on runup and runup reduction due to
vegetation. Results show that vegetation reduces runup by a median of
45 cm in the narrowest marshes (dark purple line in 2E) and by a median
of 30 cm with the lowest friction coefficients (blue line in 2D). In both
settings, vegetation can reduce runup by more than 130 cm.

3.4. Extreme events

In many locations in San Francisco Bay, marsh width is constrained
between open water and levees. To understand the interplay between
vegetation, marsh width, and extreme storm conditions, we explored the
effects of marsh vegetation and marsh width in conditions representa-
tive of a present-day strong storm with wave heights of 1.5 m (O’Neill
et al., 2017) and water level 1.15 m above MHHW (Nederhoff et al.,
2021), or 3 m NAVD88, with wave steepness and Cd varied across the
ranges shown in Table 3.

Results show that even in the narrowest marshes simulated (50 m),
runup (setup + swash) is unlikely to exceed 25 cm, and that vegetation
can reduce runup by a median of 65 cm across a 50 m marsh in storm
conditions (Fig. 13). As marsh width increases, runup quickly decreases.
Beyond 250 m of marsh width, additional width has limited impact on
runup. Vegetation reduces runup most in narrower marsh settings
because runup in unvegetated transects is greatest in narrower settings.
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Fig. 9. An overview of results from the second round of simulations (n = 5%) in which wave height, wave steepness, water level, drag coefficient (Cd), and marsh
width were all covaried across the ranges identified in Table 3 and in which simulations were completed with and without vegetation. In column A, an empirical
cumulative density function of significant wave height 100 m into the high marsh (Hs, row 1), setup 100 m into the high marsh (row 2), and runup at the last wet grid
cell (row 3) with vegetation present (green) and vegetation removed (brown) from the transect. In column B and C, reduction in wave height 100 m into the high
marsh (Hs, row 1), setup 100 m into the high marsh (row 2), and runup at the last wet grid cell (row 3) between vegetated and unvegetated transects, with absolute
reduction in B, and percent reduction in C. Dotted lines show the 25th, 50th, and 75th percentiles. Across the range of settings explored here, vegetation reduces
significant wave height 100 m into the marsh by a median of 35 cm (1 B); vegetation reduces setup by a median of less than 1 cm (2 B); and vegetation reduces runup

by a median of 40 cm (3 B).

In the same hydrodynamic conditions representative of an extreme
storm, across the range of marsh widths, Cd values, and wave steepness
settings explored in this work, the main role vegetation plays in reducing
nearshore water levels is through reducing swash. Vegetation reduces
water levels at the base of the levee by a median of 55 cm primarily
through reduction in swash (Fig. 14).

4. Discussion and conclusions

Vegetation on marshes can be effective in reducing potential wave
induced flooding. In the range of model settings explored here, vege-
tation on a marsh reduces significant wave height by a median of 35 cm,
causes minor changes in wave-induced setup (<5 cm), and reduces
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runup by a median of 40 cm (Fig. 9). Meaningful reductions in wave
height and runup can be achieved even in the narrowest marshes
simulated (50 m, Fig. 13).

Flood managers can use the information presented here to strategi-
cally plan for extreme events. For example, under conditions similar to a
100-year storm in San Francisco Bay, with offshore water level of 1.15 m
above MHHW and wave heights of 1.5 m, 50 m of marsh vegetation
reduces runup by a median of 65 cm and runup after a 50 m wide marsh
will likely be less than 25 cm, reduced from as high as 1 m (Fig. 13).
Under these same conditions, the dynamic water level at the base of the
levee without vegetation is a median of 55 cm higher than it is with
vegetation (Fig. 14), increasing likelihood of levee overtopping. High
velocities introduced by wave overtopping of levees can introduce



R. Taylor-Burns et al.

A B

Coastal Engineering 184 (2023) 104346

e E

80

100 Wave Wave Height [m] ‘Water Level NAVDES [m] Marsh Width [m]
F —(),075 — () 5 185 — )
&£ — . 035 — — — 100
@ 80 — (), 04 — 5 — — 250
2 0,045 2 4 500
- 0.055 3 5 750
g &0
1 3
o |
k]
‘—: 40
3
-g 20
L =
— —
P —— J — S —
0 50 100 150 W00 0 50 100 150 200 0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Hs [cm] Hs [cm] Hs [cm] Hs [cm] Hs [cm]
100‘ 5
s — (0,025 — ()5 — 55 — )
R* —().035 c— : — — 100
@ 80 s 0. (4 —1 \ e 3 s 250
e 0.045 2 n 500
% 0.055 3 5 750
3 60
2 =
L
-
S
= 40
E
S 20
a
—— .
0 — ——-— — I
0 S50 100 150 20 0O 50 100 150 200 0 50 100 150 200 0 50 100 150 00 0 50 100 150 200
Hs reduction by vegetation [cm)] Hs reduction by vegetation [cm] Hs reduction by vegetation [cm)] Hs reduction by vegetation [cm] Hs reduction by vegetation [cm)

Fig. 10. In row 1, empirical cumulative density functions showing significant wave height 100 m into the high marsh; and in row 2, empirical density functions
showing wave height reduction due to vegetation. Plots are separated from left to right by wave steepness (column A), wave height [m] (column B), water level [m
NAVD88] (column C), drag coefficient (Cd) of vegetation (column D), and marsh width [m] (column E), with each single line on each subplot showing an empirical
cumulative density function of the mean Hs values from 5 simulations. Results show that the presence of vegetation plays a key role in reducing wave height across

the range of simulation settings.

A B

L E

20

100 Wave . Wave Height [m] Water Level NAVDSS [m] Marsh Width [m]
[ [ T
$ — ) 025 — ) G — 1 85 — 50
£ — 0,035 — | —) — (). — 100
o 80 | — .04 —— 15 — — 150
& 0045 2 4 ] 500
- 0.055 3 5 \ 750
& s0
1 =
o \
B
> %
z
8 2 h
3
o \
ol e - 3 -
0 20 40 60 0 20 40 60 o 20 40 60 0 20 a0 60 0 20 40 60
Setup [cm] Setup [cm] Setup [cm) Setup [em] Setup [em]
100 - r r r r
Q \ — ] 025 ‘ — ) 5 — BT — ), ] —
E3 — 0,035 — — 5 05 — 100
g 80 \ — 0,04 — 1.5 — 1 — 250
£ 0.045 2 4 2 500
2 0.055 3 s 10 750
g e
2 3 |
e 1 \
P \
Al
z“ \
H
3
g
£ \
, , \ - \ -
20 40 60 0 20 40 60 0 20 40 60 0 20 a0 60 0 20 40 60
Setup reduction by vegetation [cm] Setup reduction by vegetation [cm] Setup reduction by vegetation [cm] Setup reduction by vegetation [cm] Setup reduction by vegetation [cm)

Fig. 11. In row 1, empirical cumulative density functions showing setup 100 m into the high marsh; and in row 2, empirical density functions showing setup
reduction due to vegetation. Plots are separated from left to right by wave steepness (column A), wave height [m] (column B), water level [m NAVD88] (column C),
drag coefficient (Cd) of vegetation (column D), and marsh width [m] (column E), with each single line on each subplot showing an empirical cumulative density
function of the mean setup values from 5* simulations. Results show that the presence of vegetation plays a key role in influencing setup, particularly in low water

level and in large wave settings.

turbulence, scouring, and erosion of levees, as modeled by Xiao et al.
(2009) and observed during Hurricane Katrina in New Orleans, Louisi-
ana, USA.

The validation presented here shows that the XB-NH model is
capable of accurately simulating wave transformation of incident-band
waves due to vegetation, allowing a first look at the effects of vegeta-
tion on incident-band driven runup. This has been achieved by utilizing
a constant bulk drag coefficient (Cd) similar to other authors (van
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Rooijen et al, 2016) in which vegetation is schematized as a
rigid-cylinder concept. Over the past several decades, several authors
(Mendez and Losada, 2004; Pinsky et al., 2013; Jadhav et al., 2013;
Moller et al., 2014; Foster-Martinez et al., 2018) have developed for-
mulas to describe the relationship between Cd and Reynolds number
(Re). The trend in these relationships is clear and shows that Cd de-
creases as conditions become more turbulent, with high Re. However,
the specific relation varies widely between vegetation types and even
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between different studies of the same vegetation species. Pinsky et al.
(2013) uniformly re-analyzed existing wave attenuation in marshes
from 14 prior studies to determine a generalized relationship between
Cd and Re. However, Cd is inherently difficult to measure, and is typi-
cally calculated using other vegetation measurements including stem
height, stem density, and stem diameter, which each pose challenges in
measurement due to seasonal, site, and species variability. These chal-
lenges have spurred recent developments in quantifying wave attenua-
tion in marshes by their standing biomass rather than the parameters
listed above (Maza et al., 2022), though this approach is not yet incor-
porated into numerical models like XBeach. Here, we utilized a constant
Cd, determined from field measurements taken by Foster-Martinez et al.
(2018) and varied it across three orders of magnitude. While we did not
vary Cd as a function of Reynolds number in this study, 77% of hydro-
dynamic and Cd combinations fell within one standard deviation of the
relationship derived by Pinsky et al. (2013), which is specific to marsh

habitat; 13% fell below and 10% fell above one standard deviation. This
is largely due to the high degree of uncertainty in relationships between
Cd and Re, particularly beyond Re > 10°, which is the upper limit of
established relationships between Re and Cd. The uncertainty of our
experimental simulations increases outside the calibrated range, but
similarly to van Rooijen et al. (2016), our results show a relatively low
sensitivity to a three order-of-magnitude variation in Cd in comparison
to changes in hydrodynamics, as shown by the spread of empirical
density curves in column D of Figs. 10-12. Further, based on the Pinsky
et al. (2013) equation, a three order of magnitude variation in Cd is
approximately the range expected for the range of Reynolds numbers
simulated here. This is encouraging for applications in which vegetation
measurements are limited and the vegetation bulk drag coefficient is
unknown. The inverse relationship between Cd and Re results in outliers
shown throughout Figs. 5-7, which occur with coincidence of high
water-levels and low Cd. These simulations give insight to how wave
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transformation capacity of vegetated marshes may change in high water
level settings due to changes in wave Reynolds number, driven by an
increase in orbital velocity. To further explore how marsh plants can
reduce wave driven flooding, we recommend prioritizing additional
observational studies measuring wave attenuation in marshes, particu-
larly during extreme hydrodynamic conditions, such as strong storms
and high tides.

As sea levels rise, marshes may either vertically accrete, retreat
landward, erode, or drown; the response of a marsh depends on sedi-
ment supply, location, and morphology. This study has parameterized
these responses: a marsh accreting vertically gains marsh platform
elevation (Fig. 7, column A); a marsh retreating increases the elevation
where vegetation begins (Fig. 6, column C); a marsh laterally eroding
steepens the low marsh slope (Fig. 7, column B); a marsh that drowns
and transitions to mudflat loses vegetation density (Fig. 6, column A).
Results from this study show that flood risk increases most drastically for
marshes that lose vegetation density and transition to mudflat (Fig. 6,
column A). In a setting similar to China Camp, transition to mudflat
could mean increases of 50 cm in wave height at the marsh interior and
increases of 30 cm in vertical wave runup (Fig. 6, Al, and A3, respec-
tively), emphasizing the importance of maintaining marsh vegetation
coverage in urban estuaries. In marshes that are providing important
flood reduction services, managers could consider sediment nourish-
ment to facilitate vegetation persistence with rising water level (Ganju
2019).

This work highlights the importance of continuing research on
sediment dynamics in marshes and marsh response to higher water
levels. Radioisotope dated cores show San Francisco Bay marshes have
been keeping up with sea level rise over the last 150 years, with typical
vertical accretion rates of 0.2-0.5 cm/year (Callaway et al., 2012).
However, studies accounting for future sea level rise rates and current
marsh accretion rates show that accretion rates are presently less than
4% of what will be necessary to keep up with accelerating sea level rise
by the end of the 21st century (Knowles 2010; Barnard et al., 2013). The
relative elevations of marshes in San Francisco Bay are predicted to
decrease by 0.4-1.3 m by 2 100 (Swanson et al., 2014), causing marshes
that do not have migration space to transition to mudflats (Elmilady
et al., 2019).

Beyond San Francisco Bay, the majority of the world’s megacities are
coastal, and average global flood losses are expected to rise tenfold
between 2005 and 2050, even with adaptation investments to maintain
constant flood probability (Hallegatte et al., 2013). Many of these
coastal megacities are at least partially protected by marshes, meaning
that flood risk will be further amplified beyond SLR if marsh sedimen-
tation rates are outpaced by SLR. Without rigorous sediment nourish-
ment, there may be a tipping point after which relative elevations of
marshes have decreased such that marsh habitat is not an effective flood
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Fig. 14. Bar graphs showing components of the dy-
namic water level (left) and the total water level
(right), with and without vegetation. Components of
the dynamic water level include setup (measured 100
m into the marsh or at the last vegetated grid cell)
and swash (measured at the last wet grid cell), and
components of the total water level include the still
water level (SWL), setup, and swash. The total water
level y axis starts at the MHHW level. Bars represent
median values and error bars show the middle 50% of
values for setup and swash. Vegetation reduces the
dynamic water level by a median of 55 cm in condi-
tions representative of a present-day extreme storm
(wave heights of 1.5 m and water level 1.15 m above
MHHW), across a range of drag coefficient (Cd),
marsh width, and wave steepness values.

Vegetated transect Unvegetated transect

defense. At that point, flood managers interested in nature-based
shorelines could instead focus efforts on approaches such as vegetated
levees to reduce swash, which still provide wave and flood reduction
benefits of vegetation fields but are less sensitive to relative sea level.
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