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• Saltmarsh morphology is key to reducing
the uncertainty of Nature-based Flood
Defense.

• Major wave attenuation by over 2/3th is
from the saltmarsh morphology.

• Submerged breakwater is cost-effective on
wave mitigation and fostering saltmarshes.
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A B S T R A C T
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Editor: Fernando A.L. Pacheco
 The risk of coastal storm flooding is deteriorating under global warming, especially for the heavily urbanized deltaic
cities, like Shanghai. The Nature-Based Flood Defense (NBFD), as an eco-friendly design alternative for hard infrastruc-
ture against coastal flooding, is gaining attention. Nevertheless, the vulnerability of saltmarsh due to the biological in-
stability, resulting in the uncertainties on coastal protection, is considered the bottleneck challenge that hinders the
broad application of the NBFD concept. We argue that except for direct wave attenuations by the above-ground vege-
tation during storms, the gradual sediment trapping and consolidating during the non-storm period is a more crucial
function of coastal saltmarsh, which mitigates storm waves by forming a broader and higher intertidal morphology.
This benefit is an important value of saltmarsh-based coastal protection but is largely neglected in many NBFD studies.
Taking Chongming Dongtan Shoal (CDS) as a case study, we demonstrated that over 2/3th wave attenuation during
storms is contributed by the saltmarsh morphology, and less than 1/3th is from the saltmarsh vegetation. The relative
contribution of the saltmarshmorphology onwavemitigation is even enhanced under the increasing stormgrades from
100 yrs. to 5000 yrs. return levels. To promote this idea for broader application, the cost-benefit analysis of three arti-
ficial NBFD solutions (e.g., submerged breakwater, timber piles, and sand nourishment) are compared. We identified
an optimal measure of the submerged breakwater for CDS, which minimizes the ecological impact and maximizes
the cost-benefit. Moreover, the wave-free zone behind the breakwater increases the chance of vegetation establish-
ment, helps suspended sediment trapping, hence fostering a beneficent cycle for saltmarsh restoration. In summary, ig-
noring the contribution of saltmarsh morphology on wave attenuation largely underestimated the benefits of
vegetation-based coastal protection, which should be greatly emphasized to provide a solid basis for developing NBFD.
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1. Introduction

Global intensifying storms are extremely dangerous for coastal safety
(Hallegatte et al., 2013; Temmerman et al., 2013; Schuerch et al., 2019).
The heavily urbanized coastal community (Temmerman et al., 2013)
accelerates the land subsidence (Syvitski et al., 2009), combined with cli-
mate change (Oppenheimer et al., 2019) collectively induce the risk of fu-
ture coastal flooding. Except for hard coastal seawalls and other adaption
measures (e.g., dikes, sluice gates, and breakwaters), there is a growing
need to build sustainable coastal defense using nature-based solutions
(Temmerman et al., 2013). Accordingly, some low-lying countries and re-
gions, such as the Netherlands and Mississippi River Delta in the United
States, have reached a consensus to build nature-based flood defense
(NBFD) for coastal protection (Temmerman et al., 2013; Bouma et al.,
2014). However, the uncertainty of wetlands on coastal protection, partic-
ularly the vulnerability of saltmarsh vegetation under extreme storm
impacts, remains largely unknown (Temmerman et al., 2013; Bouma
et al., 2014; Vuik et al., 2018a).

An important uncertainty of NBFD is mainly due to the vulnerability of
plants that the above-ground structure is fragile (Vuik et al., 2018a, 2018b).
Which means the reliability of vegetation on storm defense is limited by a
threshold that varies following the seasonal phenological characteristics
(Bouma et al., 2014; Vuik et al., 2018). Such a threshold effect is even am-
plified under simultaneous or consecutive strikes of storms since the global
storm hazards are very likely increasing in the future under climate changes
(Wu et al., 2022). It is widely recognized that nearshore wave energy dissi-
pation mainly includes three processes: roughness bottom friction, vegeta-
tion bulk drag force, and depth-induced wave breaking (Möller and
Spencer, 2002). Many studies evaluating the effectiveness of saltmarsh-
based flood defense focused on the combined effect of vegetation bulk
drag force and bottom frictions, i.e., through the enhanced bottom friction
by validation (Baron-Hyppolite et al., 2019; Garzon et al., 2019; Chong
et al., 2021). In contrast, the role of depth-induced wave breaking was
not well studied in NBFD, which is actually significant, especially during se-
vere storms when the foreshore is submerged and the stems are broken
(Leonardi et al., 2018). Such a knowledge gap limits the value of saltmarsh
morphology on coastal protection to be explored deeply. We argue that the
depth-induced wave breaking by saltmarsh morphology protecting the
coastline can be treated as the “recumbent seawall”, which is based on
the solid physical law of breaking wave height to water depth ratio (Vuik
et al., 2016), hence has the potential to reduce the uncertainty of NBFD
under strikes of storms.

It iswell known that coastal wave reduction is positively correlatedwith
the foreshore width (Zhu et al., 2020; Willemsen et al., 2020). The function
of vegetated foreshores on wave attenuation has been observed and
modelled even during storm conditions (Vuik et al.,2016; Chong et al.,
2021). The vegetation attached to the tidal flat also protects the foreshore
morphology from erosion by preventing intense wave breaking (Vuik
et al., 2016; Willemsen et al., 2020). However, the value of saltmarsh mor-
phology onwave attenuation is underestimated inmany studies, and that of
saltmarsh vegetation is overestimated for NBFD. Actually, some coastal res-
toration works are using the function of intertidal morphology for coastal
protection (Reed et al., 2018), such as the engineering of sand nourishment
derived from nearshore dredging (Vuik et al., 2019), but the unconsoli-
dated sediments sprayed on exposed foreshores are quickly taken away
by the longshore current (Zhou et al., 2016; Leonardi et al., 2018). Unlike
sand nourishment, the positive feedback of sediment deposition, trapping
by saltmarsh, and roots expansion of vegetation, help to consolidate the
deposition (Spencer et al., 2016; Leonardi et al., 2018), consequently creat-
ing a more stable sedimentary layer. The interaction of saltmarsh and
highly turbid water can continuously establish a new equilibrium profile
(Kirwan et al., 2016). In addition, vegetated foreshores can recover quickly
after each storm impact by constantly trapping suspended sediments
(Duarte et al., 2013; Schuerch et al., 2019).

Coastal saltmarshes will not drown under global warming according to
many ecologists (Duarte et al., 2013; Kirwan et al., 2016; Schuerch et al.,
2

2019). The vegetated foreshores will keep pace with the sea-level rise in
the accretional estuaries and coastlines. However, the self-adapting
capacity of saltmarsh was neglected until the 1970s (Kirwan et al., 2016).
Similarly, the flood protection function of saltmarsh morphology has not
been paid enough attention since NBFD was first proposed in 2013
(Temmerman et al., 2013). Research works such as Möller et al. (2014),
Vuik et al. (2016), and Willemsen et al. (2020) had mentioned the impor-
tance of the elevated saltmarsh platform and studied the combined tidal
flat and saltmarsh on wave energy dissipation. Here, we explicitly evalu-
ated the relative importance of saltmarsh morphology versus saltmarsh
vegetation on the contribution ofwave attenuation. The stormwavemitiga-
tions by saltmarsh vegetation and morphology have been studied in the
temperate zone, e.g., the Dutch estuaries (Vuik et al., 2016; Willemsen
et al., 2020). We aim to study the function of saltmarsh morphology as a
compensation for the uncertainty of saltmarsh vegetation-based NBFD in
the subtropical zone near the mouth of the Yangtze River, where typhoons
are frequent and suspended sediment concentrations (SSCs) are among the
highest in the world.

The focus of this paper is to answer: Can the saltmarsh morphology
make up for the instability of saltmarsh vegetation, thereby reducing the
uncertainty of NBFD on coastal protection in the face of rising sea levels
and intensifying storms? If so, how to apply the concept of morphological
wave mitigation in NBFD? Based on numerical simulations, we discerned
the relative contributions of saltmarsh morphology versus saltmarsh
vegetation on wave attenuation under designed storm wave conditions
and quantified the cost-effectiveness of morphology-based NBFD
measures for coastal restorations. We further tested the sensitivity of
vegetation setting (e.g., single and mixed vegetations) and vegetation
modelling (e.g., implicit and explicit vegetation modelling) approaches
on wave energy dissipation. Finally, the cost-benefit of natural and arti-
ficial restoration works, such as sand nourishment, submerged breakwa-
ter, and timber piles, were evaluated, attempting to provide a reference
for broader NBFD applications. A reliable hybrid NBFD solution has the
potential to restore the heavily urbanized coastline is lacking so far,
which could promote the more widespread implementation of nature-
based flood mitigation programs into policy for sustainable coastal
management.

2. Study area

Chongming Island, located at the mouth of the Yangtze River, is among
the largest alluvial islands in the world. We focus on the eastern edge of
Chongming Island, named the Chongming Dongtan Shoal (CDS) wetland,
which is exposed to strong storm impact from the East China Sea (Fig. 1).
The wide intertidal area is approximately 5.1 km wide from north to
south and 10.8 km long from east to west, covering an area of roughly
42km2 (31°26′ ~ 31°37′N, 121°46′ ~ 122°02′E). It is an essential stop for
the international waterfowl migrating in the Australia-Asia-Siberia
region (Ma et al., 2004). Tidal channels meandering through densely
covered saltmarsh are observable from the stereo landscape (Fig. 1).
Plant communities of high marsh, middle marsh, and low marsh are
divided according to land elevation and saltwater inundation frequency
(Fig. 1). After the 2013 reclamation of CDS, the invasive species of
Spartina alterniflora was almost removed by blocking the northern part
of the wetland from the sea (Hu et al., 2015). Currently, the three dom-
inant species occupying the southern part of CDS follow a distribution
pattern of a diatom on the bare flat-Scirpus mariqueter-Phragmites
australis (Chong et al., 2021).

CDS wetland is profoundly influenced by the tide from the sea and
river from upstream of the Yangtze. High sediment supplies with
suspended sediment concentrations of 0.1-1 kg/m3 were measured at
Datong Station (Dai et al., 2018). From which about half was deposited
in the estuary area, providing a rich sediment source for the saltmarsh
morphology (Liu et al., 2010; Dai et al., 2016a, 2016b), with fine sand
and mud accounting for over 90% (Dai et al., 2016). The astronomical
tide influencing the area is irregular semi-diurnal tide with a cycle of



Fig. 1. Stereo-pair images retrieval of (a) the saltmarshmorphology and saltmarsh vegetation distribution on Chongming Dongtan Shoal (CDS) wetland, obtained from aerial
photogrammetry detecting located on the eastern edge of Chongming Island in Yangtze Estuary. Examples of saltmarsh detection by RIEGL 3D laser scanner for (b,c) high
marsh, (d,e) middle marshes, and (f,g) low marsh and bare tidal flat.
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about 12 h and 24 min - a total of ~760 high-low tides over the year
(Gao, 2020). The nearshore tidal range is 2.6 m on average and 3.5 m
during spring tides (Dai et al., 2016a, 2016b). The deepest wave pene-
trating limit is up to -6 m below sea level, which is defined as the sea-
ward boundary of CDS wetland.

Themost devastating feature of CDS is the frequent impacts of typhoons
from the Northwest Pacific, causing damage to the saltmarsh every five to
ten years (e.g., Typhoon “Babe” in 1977, Typhoon “Winnie” in 1997,
Typhoon “Lekima” in 2019, .etc). Historically, the maximum wind speed
measured at Sheshan station (~20 km east of CDS) during typhoons can
reach 32.6m/s, with storm surges up to 2 m and significant wave heights
(SWHs) up to 3.5–5 m (Chong et al., 2021). Under the dominant waves
and currents, the south part of CDS experienced erosion recently, the
eastern shoal was transitioning from fast accretion to a slow regression,
and the northern shoal was still in the process of rapid accretion (Gao,
2020). To prevent possible future large-scale erosion due to dramatic
sediment supply decrease (Dai et al., 2016a, 2016b) and typhoon im-
pacts (Schuerch et al., 2019), the saltmarsh beyond the seawall should
be protected by forming a high and sizeable intertidal zone (Vuik
et al., 2019).
3

3. Material and methods

3.1. Data acquisition

The data used in setting the numerical model primarily obtained from
field observations and reanalysis data (Fig. 2). The field observations in-
cluded four sources, e.g., field landscape detecting, field wave observation,
archived hydrologic station data collecting, and satellite remote sensing
data collecting.

The saltmarsh morphology and saltmarsh vegetation were obtained
from a unique in-situ observations of CDS in August and December 2017,
detecting using UAV (Phantom4RTK) aerial photogrammetry with a spatial
resolution of 0.5 m (Fig. 1a). The vegetation coverage height was obtained
by subtracting the summer DSM (Digital Surface Model) to the winter DSM
corrected by a vegetation filtering algorithm (Yilmaz et al., 2018). The ver-
tical accuracy of DEM (Digital Elevation Model) covering CDS was esti-
mated to be 0.1 m. Outside CDS, i.e., the large neighboring bathymetries
of the Yangtze Estuary and mouth bar area, was defined using 2005,
2007, and 2008 navigation charts provided by the Maritime Survey Bureau
of Shanghai (Zhang et al., 2016). A further outer area surrounding the



Fig. 2. A flowchart summarizing the methodology. Two sets of hydrodynamic models, including a large-scale Yangtze Estuary model, were connected to the small-scale
Chongming Dongtan Shoal (CDS) model to test the effectiveness of saltmarsh morphology versus saltmarsh vegetation on storm wave attenuation. Round boxes represent
models or calculations; square boxes represent datasets.
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Hangzhou Bay and the continental shelf areawas supplemented by theGen-
eral Bathymetric Chart of the Oceans (http://www.gebco.net) with a spa-
tial resolution of 30 m × 30 m. These bathymetry data from different
sources were with different datums; hence all depth points (in ESRI
shapefile data format converted from DEMs) were converted relative to
the Huanghai1985 datum and reprojected to UTM Zone 51 N before a care-
ful mosaic in ArcGIS10.6 (https://www.esri.com/en-us/home). Finally, the
high-resolution depth information of CDS and coarser nearby depth infor-
mation were used for the bathymetry boundary of the local-scale model
and large-scale model, respectively (Fig. 2).

The meteorological and hydrological data were collected to drive the
model as boundary conditions. The meteorological wind data to drive the
water-air interface boundary were obtained from the reanalysis data of
ECMWF (European Centre for Medium-Range Weather Forecasts), which
were subject to a suite of data quality control and data selection procedures
before being made available at https://www.ecmwf.int (Dee et al., 2011).
The wind field at 10 m height was imposed over a vast ocean area in the
large-scalemodel (Fig. 3a) with a temporal resolution of 6 h and spatial res-
olution of 12.5 km, respectively. The seaward boundary was driven by tidal
amplitude and tidal velocity provided by TPXO7.2 (the global ocean tidal
model). The TPXO7.2 database is a current version of the global model of
ocean tides, which bestfits, in a least-squares sense, the Laplace Tidal Equa-
tions and along-track averaged data from TOPEX/Poseidon and Jason
(http://volkov.oce.orst.edu/tides). The tidal simulation quality is improved
by assimilating longer satellite time series (on TOPEX/POSEIDON tracks
since 2002) with more tidal gauge stations (Egbert et al., 1994; Egbert
and Erofeeva, 2002). The river discharges at Datong hydrological station
were obtained from widely used, archived daily measurements provided
by Changjiang Water Resources Committee (http://www.cjw.gov.cn/).

Remote sensing detection provided spatial information of land-use
types uncovered bywater. The tidal creeks wider than 5mwere interpreted
from Landsat8 OLI/TIRS C1 Level-1 product obtained on 20 September
2020. The lower boundary of the tidal flat was extracted from the
Sentinel-2 product during a low spring tide (03 October 2019). The higher
boundary of the wetland was defined at the toe of the seawall, interpreted
from the Landsat8 images during high spring water (15 August 2020). All
4

the satellite images were downloaded from USGS archived database
(http://glovis.usgs.gov/), with resolutions varying from 10 m to 30 m.
The accuracy of water boundary interpretation was estimated to be higher
than 0.2m (Kang et al., 2017). The saltmarsh species were interpreted from
Landsat8 images obtained on 19 November 2014, with a distinct zonal pat-
tern of P.australis, S.mariqueter, and bare tidal flat distributed from near
dike to the seaside. The vegetation transitional boundary was determined
by the dominant species with field surveys during August 2015. The statis-
tical saltmarsh metrics of density, stem height, and canopy diameter used
for explicit vegetation modelling were obtained by RIEGL 3D laser scanner
(Fig. 1b-g, detailed parameters are referred to Chong et al., 2021).

3.2. Numerical model setup

The large-scale model was constructed based on coupling TELEMAC-2D
model and TOMAWAC model. TELEMAC-2D solves the Saint-Venant equa-
tions using the finite-element differential computation, while TOMAWAC
solves wave propagation using the direction decoupling formula and the
full-wave spectrum formula (http://www.opentelemac.org/). Both modules
were internally coupled, resolving irregular triangular meshes considering
wave-current interactions and wave set-ups. This means the TOMAWAC
module passed the information on radiation stresses to the TELEMAC-2D
module, and the TELEMAC-2Dmodule returned information on the free sur-
face and flow velocity to the TOMAWAC module (Zhang et al., 2018). The
coupled models used the same set of irregular triangular meshes (Fig. 3a),
denser at nearshore and courser at offshore, resulting in 45% of the total
meshes (34,869) in the Yangtze Estuary. The landward boundary was ex-
tended 600 km upstream to the Datong hydrological station, the tidal limit
of Yangtze Estuary (Zhang et al., 2016), imposed with measured daily river
discharges. The ocean boundary was imposed with the TPXO tide model.
The 40-years long time series, 10 m-height wind velocities downloaded
from ECMWF were imposed on ocean surfaces of every triangular node.
The large-scale wind field ensured the full development of wind waves and
swells, which were passed to drive the local-scale model after statistical pro-
cessing (Fig. 2). All the boundary data were vectors in time. Therefore, the fi-
nite element differential calculation was computed synchronously over time

http://www.gebco.net
https://www.esri.com/en-us/home
https://www.ecmwf.int
http://volkov.oce.orst.edu/tides
http://www.cjw.gov.cn/
http://glovis.usgs.gov/
http://www.opentelemac.org/


Fig. 3. The display of water depth and triangular meshes for (a) the Yangtze Estuary large-scale model and (b) the Chongming Dongtan Shoal (CDS) local-scale model. The
ocean boundary of the nested local-scale model was statistically derived from the analysis of the large-scale model output.
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and space in the mesh grid. The detailed configurations of the large-scale
model and the calibration/validation using the field measurements obtained
from anchored boat observations were referred to Zhang et al. (2018, 2021).

The output of the large-scale model consists of 40 years long, hourly
tides and waves from 1979 to 2020 (Zhang et al., 2021). Based on this,
the monthly maximum tides and waves close to CDS were extracted
(Zhang et al., 2021), representing extremeweather conditions, e.g., a possi-
ble superposition of strongwind, storm surge, and high spring tide.We used
5

the exceeding probability of cumulative distribution function (CDF) to ex-
press the recurrence level of each hydrodynamic parameter, whose recipro-
cal is defined as the return period T, representing an event occurring in any
year with the probability of 1/T (Cheng et al., 2014). The designed return
levels of those hydrodynamic parameters (Table 1), based on the selection
of suitable probability density functions (PDF) (Appendix Fig. A1), were
used to drive the ocean boundary of the local-scale model (Fig. 3b) for sce-
nario simulations. The purpose of using statistical return levels to drive the



Table 1
The design of hydrodynamic boundary condition imposed on Chongming Dongtan Shoal (CDS) model.

Return Period(P/yr) Surge (m) Tide (m) SWHs (m) Peak wave period (s) wave direction (°)

1/100 1.39 (1.11–1.73) 2.08 (2.07–2.09) 2.50 (2.20–2.96) 6.63 (6.16–7.19) 160
1/200 1.45 (1.16–1.81) 2.09 (2.08–2.10) 2.76 (2.35–3.30) 6.92 (6.37–7.61) 160
1/500 1.54 (1.23–1.91) 2.10 (2.09–2.11) 3.05 (2.53–3.76) 7.29 (6.62–8.15) 160
1/1000 1.60 (1.29–1.99) 2.10 (2.09–2.12) 3.26 (2.66–4.13) 7.55 (6.79–8.55) 160
1/2000 1.66 (1.34–2.06) 2.11 (2.10–2.12) 3.48 (2.78–4.30) 7.80 (6.95–8.75) 160
1/5000 1.74 (1.41–2.15) 2.11 (2.10–2.13) 3.77 (2.94–4.30) 8.00 (7.13–8.75) 160
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boundary was to capture the magnitude of long-term trends indicative of
possible future climate changes. The uncertainty of the boundary parame-
ters will pass to the variance of wave modelling results. Here, the uncer-
tainty of 95% confidence level, considering the criteria of breaking wave
height to the water depth ratio, for all parameters involved at the boundary
is presented in Table 1.

To downscale the large Yangtze Estuary model to a more accurate near-
shore wave propagation, the local-scale model of TOMAWAC covering CDS
was constructed (Fig. 3b). Consistent with TELEMAC-2D, TOMAWAC was
based on the same set of the triangular mesh. In this case, the grid resolu-
tion varies from 10 m near the dike to 200 m offshore, with a refined grid
resolution of 5 m in the tidal creeks. The resulting finite volume grid con-
tains 75,500 nodes, of which approximately 70% of the elements are lo-
cated in the wetland area. The land boundary of the CDS model was set
10 m behind the dike to absorb the tide and wave energy. Storm surges
and waves were set on the offshore boundary, approximately ~4 km
away from the bare tidal flat. The offshore boundary forces of tides, surges,
and SWHs were the designed return levels statistically derived from the
large-scale model output (Table 1).

The wave propagation, attenuation, and conversion processes by the
interactions with saltmarsh morphology and saltmarsh vegetation were
simulated with a customized spatial propagation scheme. These were
implemented in TOMAWAC using the BJEB formula (Battjes and Janssen,
1978; Eldeberky and Battjes, 1995) for depth-induced wave breaking,
revised Madsen bottom friction formula (Madsen et al., 1988; Baron-
Hyppolite et al., 2019) for effectively implementing the Manning “M” as
an adjusted friction length, and JONSWAP for spectral wave model at the
boundary with standard shape parameters of γ = 3.3, σa = 0.07, and
σb = 0.09 (Zhang et al., 2021). Notably, depth-induced wave breaking is
essential for this research occurs when waves propagate into shallow
water, and the wave height can no longer be supported by the water
depth. The formulation of wave breaking is based on the breaking model
of Battjes and Janssen (1978) revised by Eldeberky and Battjes (1995),
where the spectral shape is not influenced by breaking. The source term
due to depth-induced wave breaking is written:

Sdep σ, θð Þ ¼ −
αQbσH

2
m

8π
E σ, θð Þ
Etot

(1)

where, α is a calibration constant, Qb is the fraction of breaking waves, σ is
the mean relative frequency, Etot is the total wave energy, Hm = γd is the
maximum wave height, and Gamma γ is the free breaking parameter (a
wave height - to depth ratio). Based on laboratory and field data, it has
been shown that the breaking Gamma parameter γ varies depending on
the wave conditions and the bathymetry. Here, we used the Ruessink
et al. (2003) empirical formulation to calculate the Gamma parameter,
which is determined as a function of the local wave number k and the
water depth d,

γ ¼ 0:76khþ 0:29: (2)

3.3. Coastal restoration scenarios

NBFD scenarios such as engineering works and artificial interventions
were compared with natural saltmarsh on wave attenuation. Six scenario
6

simulations were designed to investigate the vegetation, morphology, and
engineering effects, i.e., the removal or including of saltmarsh morphology
and saltmarsh vegetation, building submerged breakwaters, application of
standard timber piles and sand nourishment (Fig. 4). The field measured
bathymetry and interpreted vegetation during the summer of 2020 were
regarded as the natural saltmarsh of CDS, where the intertidal sedimentary
layer was assumed to be created by saltmarsh accretion. In contrast, the ini-
tial coastal mudflat before accretion refers to the saltmarsh sedimentation
layer removal. The description of the six designed NBFD scenarios are:

(I) The scenario of saltmarsh morphology (marsh,noveg). This scenario
was the natural CDS wetland with vegetation removal, representing
the bare tidal flat formed by natural saltmarsh accretion (Fig. 4b).
This was designed to calculate the contribution of the saltmarsh mor-
phology (the vegetational sedimentary layer) on wave attenuation.

(II) The scenario of initial coastal mudflat (flat,noveg). This scenario rep-
resented the original intertidal space betweenmean high-water spring
(MHWS) and mean low-water spring (MLWS) before the saltmarsh
morphology was formed, indicating the initial coastal mudflat mor-
phology without vegetation accretion (Fig. 4a). In this condition, the
mudflat landform was produced by extracting bottom elevation in
the tidal creeks and interpolated to generate a consistent resolution
of DEM as saltmarsh morphology(marsh,noveg), since creeks bottom ele-
vation was approximately equal to the tidal flat height at the marsh
edge.

(III) The scenario of saltmarsh morphology with summer vegetation at-
tached (marsh,veg). This scenario represented the natural condition
of the summer CDS wetland surveyed during August 2015, containing
P.australis, S.mariqueter, and bare tidal flat distributed from near dike
to the seaside (Appendix Fig. A2), considering both the saltmarshmor-
phology and summer vegetation (Fig. 4c). Detailed saltmarsh species
and vegetation settings were described in Section 3.4.

In addition to the natural saltmarsh-based accretion and wave attenua-
tion, artificial engineering measures were tested for coastal restorations.
The designed scenarios were:

(IV) The scenario of timber piles (flat,tp). A designed density of timber
piles (0.3 m standard diameter, QMWS, 2019) through testing were
placed in the intertidal space of the initial coastal mudflat(flat,noveg)
to mimic the stiff stem structure such as mangroves for wave attenua-
tion (Fig. 4d).

(V) The scenario of submerged breakwater (flat,sb). A designed height of
submerged breakwater through testing was placed nearshore of the
initial coastal mudflat(flat,noveg) to simulate wave attenuations by engi-
neering works, simultaneously allowing sediment-rich water to pass
through with proper openings even during normal tides (Fig. 4e).

(VI) The scenario of sand nourishment (flat,sn). An artificial sand supple-
ment was designed to offset the possible future sediment flux short-
age. The thickness of sand layer through testing was placed on top of
the saltmarsh morphology(marsh,noveg) to calculate the wave attenua-
tion by the artificial morphology layer (Fig. 4f).

The artificial engineeringworks such as the submerged breakwater(flat,sb)
and timber piles(flat,tp) not only had a direct wave attenuation capacity but
also would trap suspended sediment, hence providing an additional effect
of wave attenuation through accretion. With proper coastal management,



Fig. 4. Bathymetries and the scenario designs of the Nature-Based Flood Defense (NBFD) measure. (a) The scenario of initial coastal mudflat(flat,noveg), (b) The saltmarsh
morphology(marsh,noveg), (c) The scenario of saltmarsh morphology with attached vegetation(marsh,veg), (d) The scenario of timber piles(flat,tp), (e) The scenario of submerged
breakwater(flat,sb), (f) The scenario of sand nourishment(flat,sn).
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the thickness of the artificial morphology layer equivalent to summer vege-
tational wave attenuation(marsh,veg) of CDS could be estimated.

3.4. Vegetation modelling approaches

The modelling of coastal saltmarsh on wave attenuation mainly in-
cludes three processes, i.e., depth-induced wave breaking, bottom friction
by the morphology, and vegetational wave attenuation. Firstly, depth-
induced wave breaking was the process of wave energy dissipation when
the water was too shallow to support the high waves, i.e., reach a limiting
wave height/depth-ratio (Baron-Hyppolite et al., 2019). For this case, the
work done in the spectral wave module is based on the formulation of
Battjes and Janssen (1978) with the specified Gamma parameter following
Ruessink et al., 2003 as shown above. Secondly, as wave propagated onto
7

the tidal flat, the orbital wave velocity penetrated the shallow water, and
the source function due to wave-bottom interaction became essential
(Baron-Hyppolite et al., 2019). The effect of bottom friction on wave dissi-
pation was represented by means of the Madsen formula (Madsen et al.,
1988). In the TOMAWAC modelling, the magnitude of the Nikuradse
friction length (kN) was converted from an a-priori Manning roughness co-
efficient (n) provided by the United States National Land Cover Data base
(U.S. Geological Survey, 2016) using the formula of Baron-Hyppolite
et al. (2019). Thirdly, the wave attenuation by the 3D vegetation structure
of stems and leaves were defined as the vegetation bulk drag force CD,
which was often considered to vary with the Reynolds number Re
(Méndez et al., 1999; Pinsky et al., 2013) or the Keulegan-Carpenter num-
ber KC (Méndez and Losada, 2004) based on the work of Dalrymple et al.
(1984).
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Here, two vegetation modelling approaches on wave attenuation were
developed, i.e., the implicit vegetation modelling by setting the 2D-
enhanced bottom friction and the explicit vegetation modelling by setting
the 3D-bulk drag force on an immersed body. For the implicit vegetation
modelling, the process of vegetation-induced wave attenuation was treated
the same as bottom frictions, made to represent the increased resistance
that occurs when the waves interact with the saltmarsh; hence
vegetation-induced wave attenuation and bottom frictional dissipation
were combined into a uniform enhanced Nikuradse friction coefficient,
which was mostly obtained by calibration (Vuik et al.,2016). For this
case, Nikuradse roughnesses of P.australis, S.mariqueter, and bare tidal flat
were set to kN=0.12 m (Manning friction M = 13 m1/3/s, n = 0.07 s/
m1/3), kN=0.014 m (M = 28 m1/3/s, n = 0.035 s/m1/3), and kN=0.002
m (M= 40 m1/3/s, n = 0.025 s/m1/3), respectively, according to calibra-
tion and validations (Zhang et al., 2018; Zhong et al., 2021). The bottom
friction for the deep ocean and the tidal channels were set to kN=0.001
m (M= 45 m1/3/s, n= 0.022 s/m1/3). In contrast, the explicit vegetation
modelling further separated the function of vegetational bulk drag force
from the bottom friction by considering the 3D-physical turbulence of veg-
etation on wave mitigation. In this case, the bottom friction of tidal flat was
set to kN=0.02 m (M = 26 m1/3/s, n = 0.038 s/m1/3), while vegetation
was represented as a field of stiff cylinders, allowing them to assign vegeta-
tion characteristics to the cylinders. The wave attenuation by stiff cylinders
of the plant was calculated with the source term approach, which takes the
effects of the vegetation into account by introducing a decay term to reduce
the wave energy behind it (Perthame and Simeoni, 2001; Mentaschi et al.,
2018). Assuming a uniform distribution of leaves over the plant, the contri-
bution from the source term (Sst) due to the effect of a plant and the convec-
tive transport (Sct) to the time-deriative wave action density could be
written as:

Sst σ, θð Þ ¼ −
c
A
cgE σ, θð Þ, (3)

Sct σ, θð Þ ¼ −
1
A
∑ Fn∙Δlð Þ, (4)

where A is the area of the cell in the mesh in which the plant is located, c is
the reflection factor, cg is the group celerity, E(σ,θ) is the energy density, Fn
is the normal flux through the element edge, Δl is the length. The proposed
approach differs from the classical drag force approach of Dalrymple et al.
(1984) and Méndez et al. (1999; 2004), is based on spatial propagation
schemes because it provides a local representation of cylinders for the pa-
rameterization of energy dissipation due to unresolved obstacles in spectral
wave model. This approach consists in correcting energy fluxes estimated by
the spatial propagation scheme based on transparency coefficients of
obstructed cells, allowing not to reformulate, reimplement, and revalidate
the parameterization of cylinders for each propagation scheme (Mentaschi
et al., 2018; Chen et al., 2021; Gijón Mancheño et al., 2021).

3.5. Cost-benefit analysis

The benefit of a flood protection measure, often represented by the Net
Present Value (NPV), is defined as the present value converted from the
Table 2
The unit price of artificial wetland restoration measures according to the National Statis
verted to 2019 price based on the GDP deflator).

1 2

Artificial saltmarsh Sand nourishment

Unit price-construction 0– 2714.32US$ 3US$
Unit price-maintenance 0– 54.28US$ 0.09US$
Unit ha m3

Reference Year 2018 2020
Source NFGAP, 2018 Hinkel et al., 2013

a The diameter of the standard timber pile is 0.3 m (QMWS, 2019).
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future reduced losses subtracting the costs, indicating the net benefit after
implementation of the measure. Here, the cost of the designed engineering
and non-engineering measures were evaluated using Net Present Value
(NPV) and Cost-Benefit Ratio (BCR). Meanwhile, the reduced losses were
defined as the reduced construction andmaintenance costs of hard seawall,
e.g., the reduced investment cost of thewave barrier previously installed on
top of the seawall (Table 2), to achieve an equivalent flood protecting stan-
dard (Zhang et al., 2021). The criteria of optimization BCRwas determined
by calculating the NPV for different measures achieving the same wave at-
tenuation effect.

NPV ¼ ∑T
t¼0

Bt − Ct

1þ rð Þt , (5)

BCR ¼ ∑T
t¼0

Bt

1þ rð Þt =∑
T
t¼0

Ct

1þ rð Þt , (6)

where Bt is the benefit and Ct is the cost after t years investment, including
the initial investment and annual maintenance costs, which are shown in
Table 2. Three different discount rates, r, were considered here,
i.e., China's current official discount rate 8% as the upper limit, the long-
term benefit encouragement discount rate 4% as the lower limit, and a
median rate of 6% is factored. T is the time, whichwas calculated according
to the time required for natural deposition on CDS. If BCR > 1 andNPV > 0,
the measure was considered economically attractive within the study
period T. The most cost-effective measure leads to the minimum in
both time-needed and investment-cost. Here, we only considered the bene-
fit of flood mitigation, while other ecosystem service values were not
accounted.

3.6. Model validation and comparison

Field observation was carried out at a selected cross-section on CDS
(Fig. 1c) during spring tide from 15 June 2019 to 20 June 2019. Three sam-
pling points placed at representative marsh zones from the dike toe to the
low water boundary performed synchronous measurement (Fig. 5a),
i.e., in the high marsh covered with P.australis (point A: 121°54′09″,
31°27′01”N), between middle marsh and high marsh partly covered
with P.australis (point B: 121°54′12″E, 31°27′00”N), and in the bare
tidal flat (point C: 121°54′14.00″E, 31°26′56”N). The straight-line dis-
tance between points A, B, and C were about 60 m and 120 m apart, re-
spectively. Each gauge point was equipped with an RBR (Tide Wave
Recorder-2050, TWR-2050) to measure the water and wave dynamics.
The sensor probes fixed on tripods were placed about 10 cm away
from the mud surface. The sampling frequency was set to 8 Hz with a
working time of 512 s and collected every 20 min. This means 4096
data had been collected during measurement (Fig. 5a). The data during
the high tide periods without local wind disturbance were used for val-
idation (Fig. 5b,c).

The 2019 field measurement was carried out during the non-storm pe-
riod, and we used published data during storm surges (Zhu et al., 2020)
and an experimental flumemeasurement (Möller et al., 2014) for storm val-
idations of the applied bottom frictions (Nikuradse roughnesses) in the
tics Bureau of the People's Republic of China and NFGAP, 2018 (all units were con-

3 4 5

Timber pilesa Submerged breakwater Wave barrier

6.73US$ 120.51US$ 2376.64US$
6.73US$ 60.26US$ 1188.20US$
per m3 m3

2019 2019 2019
QMWS, 2019 QMWS, 2019 QMWS, 2019



Fig. 5. Fieldmeasurement andmodel validation. (a) Sketchmap showing the 2019 fieldmeasurement on Chongming Dongtan Shoal (CDS) and themeasured hydrodynamic
parameters of water depth and significant wave height. (b,c) The comparisons between modelling results and field measurements: purple triangles are the 2019 field
measurement, blue triangles are the 2017 field measurement, red circles are the 2015 field measurement, and green squares are the flume experiment measurement.
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implicit vegetation modelling. Validation was based on two sets of wave
propagation measurements during storm periods, carried out by Zhu et al.
on 11 January 2015 and 13 January 2017 at the Wadden Sea, using field
measured bathymetry. Comparison with the indoor physical experiment
of Möller et al. was based on wave propagation along a 40 m long flat bot-
tom flume, configured with vegetations on the floor, 2 m depth water, and
driven by 0.9m-height, 4.1 s periodwaves. Finally, the simulation accuracy
of SWHs for the three sources of validation was evaluated using root-mean-
square error (RMSE), mean-normalized bias (BMN) and skill value (Zhang
et al., 2021). RMSE indicated the error magnitude, the smaller the value,
the higher the accuracy; BMN indicated the overestimation or underestima-
tion of the simulation; skill value indicated the effectiveness of the simula-
tion, the good validation was with 0.65 ≤ skill < 1. Results showed that
98% of the comparisons were less than 10% error, and 90% were less
than 5% error (Fig. 5b). The RMSE was 0.014 m, the BMN was 0.011 m,
and the skill value was 0.995, indicating good modelling validation of
SWHs with the applied bottom frictions (Fig. 5c).
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4. Results

4.1. The wave attenuation by designed NBFD measures

The wave propagation to the coastal area was attenuated by designed
NBFD measures (Fig. 6). Figs. 6a,b,c directly reflected the combined and
separated energy dissipation by the saltmarsh morphology and saltmarsh
vegetation for the wave height attenuation, which showed a zonal pattern
roughly following the intertidal elevation. The scenario of initial coastal
mudflat(flat,noveg) (Fig. 6a) was not very effective in wave attenuation,
which had only reduced by approximately 0.6 m (24% of the wave height
given at the boundary, the reference of percentages are the same as fol-
lows), from the boundary of 2.5 m to 1.9 m at the toe of the seawall. The
addition of saltmarsh morphology(marsh,noveg) (Fig. 6b) and saltmarsh vege-
tation(marsh,veg) (Fig. 6c) profoundly increased the wave height reduction to
approximately 50% and 70%, respectively. Consequently, the natural sedi-
mentary layer accreted by the saltmarsh of Chongming Dongtan Shoal



Fig. 6. Results of wave attenuations by Nature-Based Flood Defense (NBFD) under 500 yrs. return hydrodynamic boundary conditions for (a) the scenario of initial coastal
mudflat(flat,noveg) (II), (b) the scenario of saltmarsh morphology(marsh,noveg) (I), (c) the scenario of saltmarsh morphology with attached vegetation(marsh,veg) (III), (d) the
scenario of timber piles(flat,tp) (IV), (e) the scenario of submerged breakwater(flat,sb) (V), (f) the scenario of sand nourishment(flat,sn) (VI) by 2.3 m, (g,h,i) are the scenario of
saltmarsh morphology(marsh,noveg) with 0.2 m, 0.4 m, and 0.6 m sand nourishment, respectively.
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(CDS) contributed approximately 30% to the wave attenuation, and the at-
tached saltmarsh vegetation further contributed approximately 20% to the
wave attenuation. Including the effect of initial coastal mudflat(flat,noveg),
the combined effect of CDS wetland could attenuate the wave heights
by approximately 74% in summer conditions under impacts of 500 yrs.
return level storms (Fig. 6c). Under other storm scenarios (100 yrs. ~
5000 yrs), wave attenuation percentages for scenarios SWH(flat,noveg),
SWH(marsh,noveg), and SWH(marsh,veg) are referred to in Table 3.

With artificial interventions, to achieve a similar wave attenuation as
the natural saltmarsh(marsh,veg) of CDS (Fig. 6c), engineering solutions
Table 3
The wave attenuation percentage by initial coastal mudflat, saltmarsh morphology,
and saltmarsh vegetation under return storm levels of 100 yrs. ~ 5000 yrs.

Wave reduce percentage
Storm scenarios

SWH(flat,noveg) SWH(marsh,noveg) SWH(marsh,veg)

100 yrs 20% (18%–24%) 49% (48%–53%) 73% (72%–74%)
200 yrs 21% (20%–24%) 52% (50%–54%) 74% (74%–75%)
500 yrs 24% (22%–26%) 54% (51%–56%) 74% (74%–75%)
1000 yrs 27% (25%–30%) 56% (52%–57%) 74% (74%–76%)
2000 yrs 31% (29%–34%) 58% (55%–61%) 75% (74%–77%)
5000 yrs 35% (32%–37%) 61% (59%–65%) 76% (75%–77%)
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such as timber piles(flat,tp), submerged breakwater(flat,sb), and sand
nourishment(flat,sn) were examined (Fig. 6d,e,f). For the scenario of sand
nourishment(flat,sn), the artificial sedimentary layer thickness should be
increased by 2.3 m on top of the initial coastal mudflat(flat,noveg) (Fig. 6f),
which was roughly equivalent to adding 0.4 m of the sedimentary layer
to the present CDS bare tidal flat(marsh,noveg) (Fig. 6h). For the scenario
of timber piles(flat,tp), 0.3 m diameter of standard timber piles should be
set to 4 piles/10m2 on the initial coastal mudflat(flat,noveg) (Fig. 6d). For
the scenario of the submerged breakwater(flat,sb), the initial coastal mud-
flat(flat,noveg) should be constructed with a 0.7 m crest level (relative to
mean-sea level) of the submerged breakwater at the low water boundary,
which rapidly reduced the wave height by approximately 53% behind the
breakwater (Fig. 6e). However, the further change of wave height on the
tidal flat was very gentlewith no obviouswave-breaking zone. The function
of the submerged breakwater was to break waves like the marsh edge cliffs,
which reflect and reduce waves, forming an intensive wave-conflicting
zone at the front edge of the tidal flat when superimposing with the incom-
ing waves (Fig. 6e).

In addition to wave attenuation, saltmarsh and engineering works were
effective in trapping sediments. This was an important value of NBFDmea-
sures in the long run, which helped mitigate waves by raising the marsh
platform elevation. It was estimated that an additional 0.4 m sedimentation
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layer increase on top of the current tidalflat(marsh,noveg) (Fig. 6h)was similar
to wave attenuation by the summer saltmarsh(marsh,veg) of CDS. Thus, the
wave attenuation capacity of the vegetation structure of summer saltmarsh
on CDS was equivalent to a sand nourishment thickness of 0.4 m. Sensitiv-
ity tests indicated that a lower sedimentary layer increase (e.g., 0.2 m,
Fig. 6g) or a larger sedimentary layer increase (e.g., 0.6 m, Fig. 6i) would
underestimate or overestimate wave attenuations by 8% and 7%, respec-
tively. The wave attenuations under other storm surge and wave condi-
tions, e.g., 50 yrs. ~ 5000 yrs. return levels, were referred to in Appendix
Fig. A3.

4.2. Contribution of saltmarsh morphology versus saltmarsh vegetation to wave
attenuation

The nearshore storm wave propagation was dissipated by both
saltmarsh vegetation and saltmarsh morphology, which were two of the
main contributors tomarshy wave energy dissipation (Fig. 7). We observed
that local wave dissipation rate varied with the topography (e.g., the
influence of tidal creeks), while at a large scale, the wave dissipation rate
increased along with propagation, showing a zonal spatial distribution fol-
lowing intertidal elevation. If the saltmarsh morphology was removed, the
wave attenuation by saltmarsh vegetation of CDS (i.e., initial coastal mud-
flat(flat,noveg) configured with P.australis and S.mariqueter, Fig. 7b,e,h) was
significantly smaller than those of the saltmarsh morphology(marsh,noveg)

condition (Fig. 7a,d,g). Even single high vegetation (P.australis) was config-
ured, thewave dissipation capacity became greater (Fig. 7c,f,i), butwas still
Fig. 7.Accumulatedwave attention percentage from tidal front to the toe of seawall unde
(a,d,g) saltmarsh morphology(marsh,noveg), (b,e,h) the mixed vegetations scenario of P.au
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smaller than that of the morphology(marsh,noveg) condition (Fig. 7a,d,g).
Under varying storm conditions examined (e.g., 50 yrs. ~ 5000 yrs. return
levels), we calculated a larger contribution of wave dissipation (65–78%)
from the saltmarsh morphology and a minor contribution (22–35%) from
the saltmarsh vegetation (Fig. 8). The relative contribution of the saltmarsh
morphology compared to the saltmarsh vegetation on wave attenuation
showed a continuous increase with the increase of storm grades. Compared
with the above-ground vegetation structure, which was fragile during
storm impact, the consolidated sedimentary layer of the saltmarsh mor-
phology was more stable (Leonardi et al., 2018) and provided more effi-
cient wave attenuations even under extreme storm surge conditions.
Thereby, we concluded that if the function of saltmarsh morphology was
considered part of the NBFD solution, the uncertainty of saltmarsh-based
coastal protection can be reduced in practice.

To examine the impacts of saltmarshmorphology and saltmarsh vegeta-
tion on wave attenuation in detail, the chainage wave variation along the
white profile in Fig. 8 is shown (Fig. 9). Overall, the wave dissipation per-
centage contributed by the saltmarsh morphology was overwhelmingly
dominant over saltmarsh vegetation after the middle intertidal elevation
and showed a continuous increase with propagation. The wave attenuation
by the saltmarsh morphology(marsh,noveg) condition was almost linearly cor-
related with the intertidal width (Fig. 9 red line), but the vegetational wave
attenuation intensity was sensitive to the attached saltmarsh species. For a
single vegetation (P.australis) scenario, a quick wave energy dissipation
occurred at the front edge of tidal flat (0-1000 m), and a gentle wave dissi-
pation further inshore at the high intertidal zone. For the mixed vegetation
r the scenario of storm return levels 100 yrs., 200 yrs., and 500 yrs. contributed from
stralis and S.mariqueter, and (c,f,i) the single vegetation scenario of P.australis.



Fig. 8. Comparison of the relative contribution to wave attenuation between
saltmarsh morphology and saltmarsh vegetation under varying storm conditions.
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(a more realistic scenario with pioneer species S.mariqueter in front of the
high marsh species P.australis) scenario, the wave energy dissipation by
the pioneer plant of S.mariqueter at the low intertidal zone was less inten-
sive, which lowered the overall wave energy dissipation rate and produced
a uniform distribution along with the distance. Notably, the wave energy
dissipations by the mixed vegetation configuration varied linearly (green
line in Fig. 9), indicating a pattern of uniform energy dissipation (van der
Wegen et al., 2008); while the wave energy dissipations by the single veg-
etation configuration varied exponentially (blue line in Fig. 9), indicating
a pattern of uniform entropy production (Leopold and Langbein, 1962).
Fig. 9. Comparison of chainage wave attenuation rate along a representative section in
morphology, single vegetation scenario of P.australis, and mixed vegetation scenario of P
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4.3. Comparison of wave attenuations by implicit and explicit vegetation
modelling

Numerical inquiring of wave attenuation with configurations mimick-
ing the summer vegetation condition of CDS (including P.australis and S.
mariqueter) was examined under 500 yrs. storm return levels. The overall
spatial pattern of wave attenuation by the explicit vegetation modelling
was similar to the calibrated implicit vegetation modelling (Fig. 10a,b),
with dissipatedwave height by approximately ~76% from the implicit veg-
etation modelling compared with approximately ~84% from the explicit
vegetation modelling. Specifically, the wave attenuation by the implicit
vegetation modelling was more intensive on the high intertidal zone. In
contrast, the explicit vegetation modelling dissipated more wave energy
on the low intertidal zone. The difference in the spatial pattern is due to
the inconsistency of the wave dissipation mechanism, i.e., the implicit veg-
etation modelling dissipates wave energy through the bottom sensitivity of
the penetrated waves, dependent on the near-bottom orbital velocity. In
contrast, the explicit vegetationmodelling dissipated a tremendous amount
of wave energy at the vegetation front edge through intensive wave-
cylinder interactions (Fig. 10b). Overall, the total energy dissipation as a
system was similar by the two approaches, with a local difference of wave
height attenuation at around ±0.2 m (Fig. 10d).

The implicit vegetation modelling differentiated land-use types based
on standard tables with calibrated Manning values. In addition to depth-
induced wave breaking, the Nikuradse roughnesses calibrated in this
study represented the collective frictions of saltmarsh morphology and
saltmarsh vegetation. By contrast, the explicit vegetation modelling dissi-
pated wave energy with the disturbance effect of each plant; therefore,
Fig. 7. The red, blue, and yellow fitted models show wave attenuation by saltmarsh
.australis and S.mariqueter, respectively. Dash lines are the 95% confidence interval.



Fig. 10. Comparison of wave dissipations under two vegetation modelling approaches: (a) implicit vegetation modelling approach, (b) explicit vegetation modelling
approach, (c) the wave height difference between (a) and (b), (d) the wave height difference on representative profiles of (c), with the upper and lower box edges
representing the 25% and 75% quartiles, and the blue points indicates outliers.
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the advantage was to display the wave dissipation of vegetation monomer
in detail. The difference in wave dissipation mechanism between the two
approaches was displayed with the spot texture pattern obtained from
subtracting the explicit vegetation modelling result to the implicit vegeta-
tionmodelling result (Fig. 10c). However, the explicit vegetationmodelling
for wave disturbance was based on the source term and convective flux cal-
culation, which was more computationally costly than the conventional
Madsen bottom friction calculation. For example, to model the wave atten-
uation on CDS (~42km2) under 500 yrs. storm condition, it took over 17 h
for the explicit vegetation modelling compared with only 6 h for the im-
plicit vegetation modelling. Moreover, the explicit vegetation modelling
generated strong wave-cylinder interactions at the front edge of the tidal
flat (pink stripes in Fig. 10b), especially where the cylinder density was
high. The outliers of the wave height difference shown in Fig. 10d were
due to the increased wave-cylinder interaction by stiff stem and canopy.
Consequently, the cylinder approach seems more suitable for modelling
woody plants such as mangroves and shrubs (Chen et al., 2021; Gijón
Mancheño et al., 2021) but was not fit for modelling flexible herbaceous.

4.4. Cost-benefit analysis

To provide a broader reference, the costs and benefits of the three
nature-based engineering works were investigated (Fig. 11; Appendix
Table A1). Under extreme storm impacts, the wave attenuation by setting
standard timber piles(flat,tp) with a density of 4 per 10m2 on the initial coastal
mudflat(flat,noveg) was measured equivalent to the construction of a sub-
merged breakwater(flat,sb) at the low water boundary with a height of 0.7
m crest elevation, which was further equivalent to a 0.4 m thickening of
saltmarsh morphology layer(flat,sn) (or a 2.3 m sand nourishment on top of
the initial coastal mudflat(flat,noveg)). All three measures were designed to re-
duce the same wave height by approximately 70%, which allowed a direct
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comparison of their cost-effectiveness. According to the field measurement
of vertical accretion rate (0.06 m/yr) on CDS (Li et al., 2014), it would
take approximately 38 years to accrete 2.3 m. Considering the construction
and maintenance costs over the 38 years, timber piles(flat,tp) would cost US$
22 million (US$ 19–26 million, the numbers in brackets are the 95% confi-
dence interval, same hereafter), while the submerged breakwater(flat,sb)
would only cost US$ 8million (US$ 7–9million). In comparison, the natural
saltmarsh measure was very cost-effective (US$ 0) for the case in which a
saltmarsh was already present before and up to US$ 15 million (US
$14–16 million) for the fully artificial saltmarsh restorations (Fig. 11a).

The implementation of nature-based measures would reduce the wave
height by at least 1.6 m under the 500 yrs. return storm impacts. Thus, the
wave barrier installed on top of the seawall could be removed. The reduced
construction and maintenance cost of the hard seawall (Fig. 11a) was de-
fined as the benefit of NBFD in the cost-benefit analysis (EQs. 5,6). We
found NPV > 0 and BCR > 1 for all three measures, indicating a practical
economic benefit over the long term (Fig. 11b, c). Notably, the NPV trend
of the submerged breakwater (yellow line) and artificial saltmarsh (deep
blue line) was upward, mainly due to the maintenance costs being reduced
over time, while the timber pile (orange line) remained essentially un-
changed due to the offset of their maintenance costs. Finally, after 38
years, the NPVs of timber pile(flat,tp), submerged breakwater(flat,sb), and wet-
land nourishment(flat,sn) were US$ 29 million, US$ 43 million, and US$ 36
million, with the benefit to cost ratios (BCRs) are 2.31, 6.32, and 3.49, re-
spectively. Therefore, the submerged breakwater(flat,sb) was most cost-
effective compared with artificial saltmarsh restoration(flat,sn) and timber
piles(flat,tp) on CDS. Although the cost of natural saltmarsh was low, it
would only become effective after the vegetation was totally recovered;
therefore, would take longer time.

In addition, the cost and benefit of the equivalent wave attenuation be-
tween the summer vegetation on CDS and 0.4m sedimentary nourishments



Fig. 11.Comparison of cost and benefit for NBFDmeasures. (a) The investment cost of natural saltmarsh, artificial saltmarsh, timber piles(flat,tp), submerged breakwater(flat,sb),
and seawall wave barrier. (b) Total net present value (NPV) of costs and benefits for four NBFD measures. (c) The cost-benefit ratio (BCR) of the three NBFD measures. The
darker the colour (when BCR > 1), the more cost-effective the measure. The results are based on a 6% discount rate, with the band indicating the 4% and 8% discount rate,
respectively.
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(flat,sn) were evaluated. The natural accretion of 0.4 m on CDS would take
approximately seven years (Li et al.,2014). Although the sedimentary
layer was more stable than the saltmarsh on wave mitigation as discussed
above, the seven-year rapid natural accretion was only possible with the
help of vegetation trapping. Notably, for the saltmarsh-based measures,
the natural saltmarsh was the most cost-effective because saltmarsh was
self-maintaining; the artificial saltmarsh was costly, high up to US$ 12 mil-
lion (US$ 12–13 million); the semi-natural saltmarsh restoration varied in
between (Fig. 11a). Comparatively, the most cost-effective measure was
the construction of a submerged breakwater (Fig. 11c), which additionally
created a wave-free zone on the tidal flat, fostering a suitable habitat for
saltmarsh establishment and forming positive feedback for deposition.

5. Discussion

Nature-based climate change adaptions, such as the coastal wetland and
saltmarsh, meet the long-term interests of human welfare (Temmerman
et al., 2013; Vuik et al., 2019; Marijnissen et al., 2020; Willemsen et al.,
2020). Most studies have focused on the above-ground vegetation structure
for wave attenuations (Nowacki et al., 2017; Baron-Hyppolite et al., 2019;
Garzon et al., 2019; Chong et al., 2021). However, the function of the un-
derlying saltmarsh morphology is underestimated (Vuik et al., 2019). Be-
sides, the stability of vegetation above-ground structure is challenged due
to the vulnerability of stems and leaves during storm impacts (Vuik et al.,
2018a, 2018b). We argue that the value of saltmarsh sedimentary layer,
formedby sediment deposition due to vegetation trapping and consolidated
by the root system, is more stable and effective in attenuating waves. In this
paper, the simulation of wave attenuation by saltmarsh morphology and
saltmarsh vegetation have been compared under designed return levels of
14
storm impacts on CDS, i.e., in the subtropical zone, where the saltmarsh
withered in winter. We emphasize the added-value of saltmarsh sedimen-
tary layer, which is continuously accreted by saltmarsh vegetation, espe-
cially during the flourishing season, potentially reducing the uncertainty
of NBFD for coastal safety even during the winter, thereby reducing doubts
about saltmarsh-based coastal protection in heavily urbanized coastal
areas.

5.1. The value of saltmarsh morphology for coastal protection

Wave propagation to the coastal area is restricted by the shallowwaters
(Vuik et al., 2016), which reduces wave heights with the increasing of fore-
shore width (Fig. 9) and the thickening of sedimentary layer (Fig. 6g,h,i).
We demonstrated a more effective function of saltmarsh morphology com-
pared to the above-ground saltmarsh vegetation onwave attenuation, espe-
cially under severe storm impact (Figs. 7,8,9). Even for the narrow tidal
flats on the south part of CDS, the wave attenuations benefit from the
thick sedimentary layer (Fig. 7). The sedimentary layer of the coastal
saltmarsh is much more stable than the above-ground vegetation structure,
which is often regarded as fragile in the conventional NBFD study (Bouma
et al., 2014). Stems of saltmarsh are easily broken by severe storm waves,
usually taking 3–5 years to fully recover in natural conditions (Foster
et al., 2013). In contrast, a mudflat surface disturbed by severe storms
tends to recover within one week, at most 1–2 months even for 10-20 cm
deep erosion (Leonardi et al., 2018), substantially reducing the uncer-
tainties in defense for successive storm impacts. Moreover, the root expan-
sion of saltmarsh vegetation helps to consolidate the deposition and
stabilize the soil (Leonardi et al., 2018). Previous studies have demon-
strated that coastal saltmarsh adapts to sea-level rise by trapping sediments
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(Kirwan et al., 2016; Vuik et al., 2019; Marijnissen et al., 2020). However,
the fact that the annual sedimentation rate was smaller than the sea-level
rise rate in sediment-starving estuaries (Vuik et al., 2019) potentially covers
the role of intertidal morphology for saltmarsh-based flood defense
(Willemsen et al., 2020).

In contrast, the Yangtze Estuary is a high SSC estuary (Liu et al., 2010; Li
et al., 2014). Half of the river-borne sediments from upstream were depos-
ited in the estuary due to flow diffusion, and the rest spread to the sea, but
some partswere transported back byflood tide (Dai et al., 2015). The coastal
saltmarsh is the nature of sediment sink (Temmerman et al., 2013). Without
considering storm disturbances, the sediments brought by tides could ac-
crete 60 mm/yr on the CDS (Li et al., 2014), much higher than the current
sea level rise rate 3.6 mm/yr (Oppenheimer et al., 2019). When the vertical
sedimentation increase is limited by the tidal range (high tide level is ap-
proximately ~2.5 m), the thickening process is converted to transgressive
deposition. Consequently, the expanding speed of CDS was measured to be
150 m/yr to the eastward before the construction of the Three Gorges
dam (Ma et al., 2004). When storm surge superposition with high spring
tide often results in extreme high-water levels, the energetic waves tend to
erode the intertidal and subtidal morphology (Leonardi et al., 2018). This
means that constructing wave-reducing structures (e.g., submerged break-
waters) at low water boundaries is most effective in breaking waves and re-
ducing tidal flat erosion (Fig. 6). The reduced wave shear stress behind the
breakwater protects the saltmarsh even during storms, helping the saltmarsh
morphology recover quickly during the non-storm period. In contrast, in a
low SSC environment, artificial sand nourishment is necessary to provide
sediment sources, such as the coastal restoration works in the Pearl River
Estuary (Lee and Khim, 2017). The advantage of the high SSC estuary is to
guarantee a high natural deposition rate, hence reducing the cost of main-
taining the saltmarsh. In the future, we believe that the role of the saltmarsh
sedimentary layer will be more important on coastal protection in the con-
text of global climate changes, especially for the accretional estuaries.

5.2. Sensitivity test of vegetation modelling and vegetation setting on wave atten-
uation

Two numerical methods were tested to examine the reliability of the
employed vegetation modelling approaches on discerning the relative im-
portance of saltmarshmorphology and saltmarsh vegetation onwave atten-
uation, i.e., the implicit versus explicit vegetation modellings. The explicit
vegetation modelling simulates the 3D-disturbance effect of vegetation on
wave dissipation based on the source term and convective flux calculation,
which takes the effects of more complex processes occurring throughout
the water column (Perthame and Simeoni, 2001; Mentaschi et al., 2018).
In contrast, the implicit vegetation modelling simplifies the 3D-vegetation
dissipation effect employing enhanced Nikuradse roughnesses (Vuik
et al., 2016). The main difference between the two approaches is the loca-
tion of saltmarsh where the role of depth-induced wave breaking plays. By
excluding the influence of the various vegetation properties on wave atten-
uation (implicit modelling), waves retained more energy further shore-
ward, resulting in intense depth-induced wave breaking on the high
intertidal zone. In contrast, with the explicit vegetation modelling, the
waves experience significant attenuation at the vegetation front edge
through intense wave-cylinder interactions, such that the breaking criteria
(ratio of breaking wave height to water depth) are not violated at near-
shore. Similar results were also observed in the explicit vegetation model-
ling using the bulk drag force approach (in terms of CD values) by Baron-
Hyppolite et al. (2019) and Nowacki et al. (2017) when comparing with
the conventional bottom roughness modelling. However, treating vegeta-
tion as enhanced bottom roughness or the bulk drag force approach
under-represents the detailed vegetation turbulence in monomer
(Fig. 10c). Along with general performance, the total work done by both
vegetation modelling approaches was similar after calibration. The two
vegetation modelling approaches produced different wave dissipation
mechanisms can be very important when considering the morphological
stability of the marsh (Nowacki et al., 2017; Baron-Hyppolite et al., 2019).
15
A special exponential wave energy dissipation for a single vegetation
setup and a linear wave energy dissipation for the mixed vegetation setup
was found on the CDS (Fig. 9). Some researchers argue that exponential en-
ergy dissipation (uniformwork) can achieve the minimum entropy produc-
tion (or maximum entropy), which is the most stable state according to the
principle of the second law of thermodynamics (Leopold and Langbein,
1962; Glansdorff and Prigogine, 1970). However, the natural condition of
vegetation on CDS is mixed with P.australis and S.mariqueter, which is the
actual condition by natural selection for wave dissipation. In themixed veg-
etation setting, the S.mariqueter grows on the low-medium intertidal zone,
and the P.australis grows on the high intertidal zone. Although thewave dis-
sipation rate of S.mariqueter is only 5–12%, which is about half of the dissi-
pation capacity of P.australis (Fig. 7), S.mariqueter is less likely to break due
to the toughness of the stem (Willemsen et al., 2020). Thus, S.mariqueter on
the low intertidal zone is more effective in storm wave resilience by pre-
venting strong depth-induced wave breaking, therefore protecting the low
intertidal morphology from erosion (Vuik et al., 2016; Willemsen et al.,
2020). If the tall vegetation of P.australis was planted on the low intertidal
zone (the single vegetation scenario), a tremendous amount of wave energy
was dissipated (Fig. 7c). When encountering the upcoming wave will result
in strong erosion of the tidal front due to the rapid wave energy release. A
similar erosion mechanism also occurred for the high-narrow tidal flat,
where cliffs were found in front of the bare tidal flat (Vuik et al., 2019).
Therefore, we argue that uniform wave dissipation of the mixed vegetation
setting is a more stable way of energy dissipation on CDS. Similar conclu-
sions of uniform energy dissipation are also obtained by Van der Wegen
et al. (2008) for the long-term evolution of alluvial estuaries. Notably, the
zonal vegetation distribution on the tidal flat is determined by the periodi-
cal tide inundation (Bouma et al., 2014). Since tidal range varies world-
wide, the saltmarsh-based coastal protection should be adapted to the
local condition of tidal hydrodynamics.

5.3. Which NBFD measure is the most cost-effective for coastal protection?

A big challenge for flood protection in the heavily urbanized coastal
area is with limited space for constructing the flood mitigation measure.
Seawalls are considered an effective measure for conventional coastal pro-
tection design but are regarded as unsustainable in the long run
(Temmerman et al., 2013). To remedy the defect, building seawall with na-
ture, which meets the same flood protection standard with reduced con-
struction cost, is considered the benefit of NBFD measures. In addition,
the ecosystem service of NBFD brings more important social benefits,
e.g., water purification, habitation, tourism, and environmental restoration
(Vuik et al., 2016; Morris et al., 2018). According to Vuik et al. (2019), the
four criteria for strategy selection are cost-benefit, maintenance sustainabil-
ity, habitat impact during initial construction, and extra value of long-term
ecosystem service. Here, we also consider if the measure can serve the sed-
imentary layer accretions (Fig. 12). In general, the submerged breakwater is
an attractivemeasure for CDS. Not only because it has lower cost for the ini-
tial building, but also has lower impact on the ecosystem and helps trap
suspended sediment. In addition, the wave-free zone behind the breakwa-
ter further increases the chance of vegetation establishment, fostering a be-
neficent cycle. By contrast, the benefit of the timber piles is not as
outstanding on the CDS (Fig. 12). However, the thick stems are very effec-
tive in trapping suspended sediments and sequestrating carbon, like man-
groves living in the tropical coastal area (Das and Vincent, 2009; Koch
et al., 2009). The large-scale timber pile field may also provide a basis for
installing photovoltaic energy panels, which are attractive in the future
for clean energy production (Wu et al., 2019). Sand nourishment is popular
for wealthy coastal communities. In the United States, beach nourishment
projects accounted for 80% of the total coastal protection projects in the
1990s, valued at US$ 5 million/km2 for storm surge mitigation (Foster
et al., 2013). Natural saltmarsh is an attractive NBFD measure. However,
it is quite dependent on natural habitats. The artificial or semi-natural
saltmarsh is expensive on initial construction, but the long-term benefits
are substantial (Fig.11b blue surface).



Fig. 12. Scaled indicators of tested measures for strategic selecting of coastal restorations.

J. Mi et al. Science of the Total Environment 831 (2022) 154813
CDSwetland is rich in external sediment supplies, but the Yangtze river-
borne sediment had reduced by 60–70% after closing the Three Gorges
Dams in 2003 (Dai et al., 2015). Although CDS is still under accretion, en-
gineering interventions are necessary to preserve a wide saltmarsh, espe-
cially on the south coastline where some sections had experienced
erosion (Gao, 2020). Moreover, there is limited coastal space available for
saltmarsh in cities, especially in some heavily urbanized megacities
(e.g., Shanghai, Tokyo, and New York City), where decision-makers favor
conventional seawalls due to their high efficiency and space-saving
(Temmerman et al., 2013; Oppenheimer et al., 2019). By contrast, some
statements advise a complete restoration of the natural coastline since
hard seawalls break the balance of the original ecology (Gao, 2020). How-
ever, the coastal area with a small fraction of terrestrial area produced at
least half of the world's GDP (Hallegatte et al., 2013). Therefore, we advise
a “golden mean” approach, e.g., building seawalls with nature by combin-
ing conventional seawalls with vegetated foreshores and nearshore sub-
merged breakwater as a trinity model of NBFD measure (Fig. 13). The
functions of the three components act dependently using the divide-and-
conquer strategy, i.e., the breakwater is to reduce nearshore waves and in-
tercept suspended sediments; the vegetated foreshore attenuates wave and
consolidates saltmarsh morphology; the conventional seawall is lowered to
only prevent extreme tidal levels and to limit wave overtopping. Such a
compact system enlightened further application of NBFD to space-limited
coastal cities.

5.4. Implications for coastal management

Future sea-level rise and storm strengthening are inevitable, which re-
quires sustainable coastal management (Schuerch et al., 2019). Building
seawalls with nature remedies the limitations of conventional hard seawall
defense, particularly in estuarine deltas, where population exposure is high
and sediment supplies are usually rich. However, an important bottleneck
challenge that hinders the broad application of saltmarsh-based flood
Fig. 13. A representative profile showing building seawall with nature concept by a com
model of NBFD measure.
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defense is the uncertainty of vegetation stems and leaves on wave dissipa-
tion. We argue that the gradual sediment trapping and stabilization by veg-
etation and the root system, which raise the saltmarsh morphology, can
effectively reduce the uncertainty of NBFD. Such morphologic wave atten-
uation process is based on the solid physical law of breaking wave height to
the water depth ratio (Vuik et al., 2016). In sediment starving estuaries and
coastlines, erosion of adjacent tidal flats can provide a local sediment
source for saltmarsh accretion (Schuerch et al., 2019). Even along erosional
coastline seems toweaken the advantage of morphologicwave attenuation,
such as the transgressions observed in south China, the Wadden Sea, and
Barnegat Bay in the USA (Temmerman et al., 2013; Leonardi et al.,
2016). Nevertheless, proper artificial NBFD interventions, e.g., groins and
oyster reefs (Temmerman et al., 2013; Vuik et al., 2019), can restrain ero-
sion and restore the tidal flat. The equivalent sediment trapping ability by
engineering measures and saltmarsh both serve the formation of a thick
sedimentary layer. Additionally, saltmarsh and mangroves are important
sinks of atmospheric CO2, contributing to climate change adaptions
(Duarte et al., 2013). We argue that nature-based flood defense design
using the function of saltmarshmorphology fulfills sustainable coastal man-
agement. The promotion of this idea will facilitate joint research between
ecologists and engineers and provoke governments and policy makers to
support a broader application of NBFD.

6. Conclusions

The vulnerability of saltmarsh plants, especially the biological instabil-
ity during storms, resulting in uncertainties in coastal protection, is consid-
ered an urgent challenge that hinders the development of NBFD. We
demonstrated an importantmechanism of coastal protection using themor-
phology of the coupled tidal flat – saltmarsh system, which was largely
underestimated in previous studies. The positive feedback between
saltmarsh and accretion, which increases and stabilizes the sedimentary
layer in the long run, provides significant value on coastal protection. The
bination of nearshore submerged breakwater-coastal saltmarsh-seawall as a trinity
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main findings are as follows. (1) Compared with the vulnerable vegetation
above-ground structure, the foreshore morphology is more reliable and ef-
ficient on wave attenuation during storm conditions. (2) For vegetation
type selection, S.mariqueter is less effective on wave attenuations than P.
australis when stem breakage is neglected, but the soft and resilient stems
of S.mariqueter are very effective in protecting the low tidal flat from ero-
sion. (3) Sensitivity test showed that the Nikuradse roughnesses method
used in the numerical modelling neglected the vertically and horizon-
tally varied drag forces across the marsh, nevertheless, it is simple and
effective in computing the relative contribution of vegetation and mor-
phology on wave mitigation. (4) Artificial interventions of NBFD mea-
sures, such as sand nourishment, submerged breakwater, and timber
piles, are effective in coastal protection based on the role of morpholog-
ical wave attenuation. The submerged breakwater is attractive for CDS,
high on the cost-benefit ratio (BCR), and brings an extra benefit in fos-
tering coastal saltmarsh. We suggest building the hybrid coastal flood
defense system, by a combination of conventional hard seawall with
the submerged breakwater at offshore and vegetated foreshore in be-
tween based on a divide-and-conquer strategy. In general, for accreting
coastlines, a positive feedback mechanism between saltmarsh and ac-
cretion contributes to sustainable coastal protection. Even in the erosive
coastlines, geomorphology-based coastal protection can still be applied
with human interventions. The demonstration of coastal protection
using a saltmarsh-based morphological wave attenuation mechanism
can substantially reduce the uncertainty for building NBFD and shed
light on designing a reliable hybrid NBFD.
Fig. A1. The best-selecting of the probability density distribution function fitting to the h
storm surges, and tidal levels.
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Appendix A
The most suitable probability density functions (PDFs) of the extreme monthly tidal level, storm surge, SWHs, and wave periods were selected by fitting to
appropriate marginal distributions, i.e., Normal, Gamma, Weibull, and generalized extreme value (GEV). Statistics of the Chi-Square test for the theoretical
marginal distributions resulted in the best choice of Gumbel for the tide, Gamma for the surge, and GEV for the SWHs and peak wave periods at the offshore
boundary, respectively (Fig. A1).
ydrological boundary condition of the significant wave heights, peak wave periods,

Unlabelled image


Fig. A2. The interpreted vegetation species and spatial distributions on Chongming Dongtan Shoal based on classification of Landsat8 image obtained on 19 November 2014.

Fig. A3. Results of wave attenuations by Nature-Based Flood Defense (NBFD) under 50 yrs., 100 yrs., 200 yrs., 1000 yrs., 2000 yrs., and 5000 yrs. return hydrodynamic
boundary conditions.
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Table A1

List of net present value (NPV) and cost-benefit ratio (BCR) of the applied natural and nature-based solutions.
N

B

Years
 Natural saltmarsh
 Semi-natural saltmarsh
1

Artificial saltmarsh
9

Timber piles
 Submerged breakwater
 Sand nourishment
PV
 0
 37.80
 26.41–37.80
 26.41
 28.78
 33.65
 −12.59

7
 42.19

(41.85–42.57)

29.73(29.47–30.02)-42.19(41.85–42.57)
 29.73

(29.47–30.02)

28.81
(28.80–28.81)
36.73
(36.49–37.00)
−15.22
(−15.19–15.45)
10
 43.87
(43.27–44.56)
31.01(30.56–31.53)- 43.87(43.27–44.56)
 31.01
(30.56–31.53)
28.82
(28.81–28.82)
37.92
(37.49–38.40)
−16.23
(−15.87–16.64)
20
 47.75
(46.21–49.74)
33.96(32.78–35.46)- 47.75(46.21–49.74)
 33.96
(32.78–35.46)
28.84
(28.83–28.85)
40.64
(39.56–42.04)
−18.56
(−17.63–19.75)
38
 50.94
(48.11–55.20)
36.37(34.23–39.61)- 50.94(48.11–55.20)
 36.37
(34.23–39.61)
28.86
(28.84–28.88)
42.89
(40.90–45.88)
−20.47
(−18.77–23.02)
CR
 0
 3.32
 4.19
 9.10
 0.75

7
 3.39

(3.38–3.39)

3.15
(3.21–3.09)
7.73
(7.82–7.52)
0.73
(0.74–0.73)
10
 3.41
(3.40–3.42)
2.19
(2.99–2.83)
7.37
(7.49–7.02)
0.73
(0.73–0.73)
20
 3.46
(3.44–3.48)
2.52
(2.66–2.38)
6.72
(6.95–6.00)
0.72
(0.72–0.72)
38
 3.50
(3.46–3.54)
2.31
(2.50–2.10)
6.32
(5.16–6.67)
0.71
(0.72–0.71)
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