<]
TUDelft

Delft University of Technology

Document Version
Final published version

Licence
Dutch Copyright Act (Article 25fa)

Citation (APA)

Huang, R., Tian, Z., Fan, D., Ye, Q., Liu, Q., Kong, M., Wang, Y., Lyu, J., & Sun, L. (2026). Nature's double defense:
How mangroves and intertidal topography shape coastal flood mitigation. Ocean and Coastal Management, 272, Article
108004. https://doi.org/10.1016/j.0ocecoaman.2025.108004

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright

In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.

Unless copyright is transferred by contract or statute, it remains with the copyright holder.

Sharing and reuse

Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.ocecoaman.2025.108004

Green Open Access added to TU Delft Institutional Repository
as part of the Taverne amendment.

More information about this copyright law amendment
can be found at https://www.openaccess.nl.

Otherwise as indicated in the copyright section:
the publisher is the copyright holder of this work and the
author uses the Dutch legislation to make this work public.


https://repository.tudelft.nl/
https://www.openaccess.nl/en

Ocean and Coastal Management 272 (2026) 108004

Contents lists available at ScienceDirect

“Coastal
Management

Ocean and Coastal Management

journal homepage: www.elsevier.com/locate/ocecoaman

ELSEVIER

Check for
updates

Nature’s double defense: How mangroves and intertidal topography shape
coastal flood mitigation

Rizhong Huang“, Zhan Tian """, Dongli Fan® ', Qinghua Ye ““, Qiaodan Liu°®, Ming Kong "®,
Yanlong Wang ", Jiajie Lyu”, Laixiang Sun’

& Faculty of Chemical and Engineering and Energy Technology, Shanghai Institute of Technology, Shanghai, 201418, China

b School of Environmental Science and Engineering, Southern University of Science and Technology, Shenzhen, 518055, China

¢ Deltares, Delft, the Netherlands

d Department of Hydraulic Engineering, Faculty of Civil Engineering and Geosciences, Delft University of Technology, Delft, the Netherlands
€ Department of Urbanism, Faculty of Architecture and the Built Environment, Delft University of Technology, Delft, the Netherlands

f Department of Geographical Sciences, University of Maryland, College Park, MD, 20742, USA

ARTICLE INFO ABSTRACT

Keywords:

Mangrove

Intertidal topography
Nature-based solutions (NbS)
Coastal flood risk
Hydrodynamic model

Coastal cities increasingly face compound flooding risks due to sea-level rise and intensifying storms. This study
systematically evaluates the synergistic regulation of coastal hydrodynamics by mangrove vegetation and
intertidal topography as a nature-based solution (NbS) for coastal defense. Based on the Delft3D Flexible Mesh
(FM) system, we simulate tidal and storm surge scenarios in two contrasting shorelines in Shenzhen, China, the
naturally evolved Xiwan Mangrove Park and the engineered Bao’an Airport coastline. Results show that inter-
tidal topography plays a dominant role in attenuating flow velocity, while mangrove vegetation becomes the
primary factor in reducing peak water levels during extreme events. A functional shift in mitigation zones occurs,
from mid and low tidal flats under tidal conditions to high flats during storm surges, driven by increased
inundation and canopy engagement. Additionally, a clear design threshold of 600 m planting width is identified,
beyond which additional vegetation provides diminishing returns due to the complete submergence of mangrove
vegetation. These findings underscore the complementary roles of topography and vegetation and offer

actionable guidance for optimizing NbS strategies in site-specific, climate-adaptive coastal management.

1. Introduction

Coastal megacities in low-lying deltas are increasingly exposed to
compound flooding risks caused by sea-level rise, stronger storm surges,
and changing precipitation patterns associated with climate change
(Menéndez et al., 2019; Ward et al., 2018; Gilman et al., 2008; Emanuel,
2005). Traditional gray infrastructure, including seawalls and levees,
often lacks the flexibility, adaptability, and ecological co-benefits
required to address these evolving hazards (Hagger et al., 2022; Chan
et al., 2021; De Dominicis et al., 2020; Reguero et al., 2018). As a result,
Nature-based Solutions (NbS) are receiving growing attention for their
ability to reduce coastal risks while also enhancing biodiversity (Wei
et al., 2024, 2025), supporting carbon sequestration (Sasmito et al.,
2025; Zhang et al., 2025; Chen et al., 2018; Bouillon et al., 2008) and
delivering economic benefits through shoreline protection and
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ecosystem services (Menéndez et al., 2020; Hochard et al., 2019; Tem-
merman et al., 2013). Among the range of NbS strategies, mangrove
vegetation and intertidal topography are two fundamental but distinct
forms of natural defense. Mangroves reduce wave and surge energy
through canopy drag, while intertidal topography shapes flow patterns
through elevation gradients and bed friction (Krauss et al., 2014; Das
and Vincent, 2009; Mazda et al., 2006; Stark et al., 2016). Despite their
complementary roles, the synergistic potential of these dual mechanisms
remains largely unexplored in both theoretical frameworks and practical
implementations.

Existing research on the hydrodynamic functions of mangroves
typically employs three complementary approaches: in situ observations
(Horstman et al., 2014), laboratory flume experiments (Maza et al.,
2017), and numerical hydrodynamic modeling (Chen et al., 2021). For
example, Zhou et al. (2022a) documented a nearly linear decay of wave
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height through mangroves during a typhoon, with attenuation strongly
modulated by water depth and forest structure. Using near-prototype
flume tests with 3D-printed Rhizophora analogs, Chang et al. (2022)
demonstrated that the complex root architecture substantially increases
wave-induced drag. In regional modeling study of the Pearl River Delta,
De Dominicis et al. (2023) showed that mangrove-belt width, vegetation
drag coefficients, and spatial configuration jointly drive storm-surge
attenuation, as illustrated during Typhoon Hato.

Despite these advances, most studies consider either mangrove
vegetation or intertidal topography in isolation, with few addressing
their coupled, spatially explicit interactions (Kiesel et al., 2022; Maza
et al.,, 2019). This disconnect overlooks the ways in which tidal flat
elevation, slope gradients, and subzone heterogeneity modulate vege-
tation performance under varying hydrodynamic regime. Moreover, few
models differentiate the hydrodynamic responses of high, mid, and low
tidal flats, even though field evidence demonstrates that surge attenu-
ation and flow resistance vary significantly with elevation and inunda-
tion depth (Smolders et al., 2015; Liu et al., 2013). The absence of
elevation-stratified modeling constrains our understanding of how drag
dynamics and protective capacity shift under different forcing condi-
tions, particularly during extreme storm events when higher tidal zones
become inundated (Lagomasino et al., 2021; Alongi, 2008).

Additionally, mangrove belt width is widely recognized as a key
factor influencing mitigation performance (Zhang et al., 2012; Mazda
et al., 1997). However, most studies have not identified design thresh-
olds beyond which additional planting provides little extra benefit.
Similarly, few studies have assessed how the marginal effectiveness of
comparable natural-based solutions differs between natural and engi-
neered shorelines. Natural coasts with mangrove-fringed tidal flats
dissipate waves and currents while offering ecological co-benefits,
whereas engineered coasts rely on hard infrastructure that lacks such
multifunctionality. The role of tides is likewise context-dependent:
under normal conditions, tides modulate day-to-day wave and flow
dynamics; during extreme events, they interact with storm surges to
reshape inundation patterns and condition the performance of coastal
defenses. These gaps underscore the need for spatially explicit,
mechanism-based assessments of how mangroves and intertidal topog-
raphy jointly regulate coastal hydrodynamics across both routine and
extreme forcing.

To address these gaps, we investigate how mangrove vegetation and
intertidal topography jointly regulate coastal hydrodynamics under
tidal and storm-surge forcing. Using the Delft3D Flexible Mesh (FM)
system, we simulate two representative coastlines in Shenzhen to
quantify their individual and combined effects on flow velocity and
water level. The findings provide practical guidance for optimizing
nature-based strategies for coastal flood mitigation.

This study makes three key contributions. First, it explicitly evaluates
the coupled effects of mangroves and intertidal topography, addressing
a gap where these factors are often examined in isolation. Second, it
applies a scenario-based Delft3D FM framework to quantify their indi-
vidual and joint influences on flow velocity and water level under tidal
and storm-surge forcing. Third, it identifies design-relevant thresholds
and site-specific insights to support planning and optimization of
climate-adaptive, cost-effective, nature-based coastal defenses.

2. Materials and methods
2.1. Study area

Shenzhen, located on the eastern coast of the Pearl River Delta in
southern China, has experienced rapid urbanization since the estab-
lishment of its Special Economic Zone in 1980. As one of the country’s
most economically dynamic cities, it has undergone extensive land
reclamation and coastal modification, which have significantly altered
shoreline morphology and degraded natural ecosystems, particularly
mangrove wetlands (Wang et al., 2021; Ai et al., 2020).
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With the ongoing impacts of climate change, including sea-level rise
and increasing storm surge frequency, Shenzhen’s coastal areas face
heightened flood risk. The city is currently among the most vulnerable
globally to sea-level rise, with projections indicating a further increase
in exposure by 2050 (Hallegatte et al., 2013). In response, the Shenzhen
municipal government has initiated multiple NbS programs focused on
mangrove restoration and ecological rehabilitation (Su et al., 2021; Hu
et al., 2020; Peng et al., 2016).

This study examines two representative coastal reaches in Shenzhen:
(i) Xiwan Mangrove Park (Bao’an District), with extensive natural tidal
flats and mature mangrove stands; and (ii) the Bao’an Airport coastline
along the northwestern Pearl River Estuary, characterized by low-lying
reclaimed land with minimal vegetated buffering and reliance on hard
defenses (see Fig. 1). The estuary exhibits irregular semidiurnal tides
with a mean range of 0.8-1.6 m, amplified landward during spring tides.
Local hydrodynamics are further modulated by estuarine circulation and
river discharge, and episodically by typhoon-induced storm surges,
producing strong spatiotemporal variability in water levels and currents.
These contrasting geomorphic and hydrodynamic settings provide a
robust basis for evaluating NbS performance under different coastal
conditions.

2.2. Hydrodynamic model configuration and validation

A tidal and storm surge hydrodynamic model was developed using
the Delft3D FM system, covering the South China Sea and the Pearl River
Estuary. The model employs an unstructured computational grid
composed of triangular and quadrilateral cells, enabling accurate rep-
resentation of complex coastlines and hydrodynamic boundaries. Grid
resolution is approximately 75 m in nearshore areas, gradually
expanding to 500-10,000 m toward the open ocean, resulting in
118,258 computational elements. This configuration ensures a balance
between computational efficiency and simulation accuracy. Key model
parameters are summarized in Table 1.

The model is based on the hydrostatic assumption and incorporates
baroclinic pressure gradients induced by temperature and salinity var-
iations to simulate density-driven circulation. Tidal forcing is applied at
the open boundaries using water level data derived from the Delft Global
Tide Model (GSTM) and the FES2012 model. Boundary conditions for
temperature and salinity are obtained from reanalysis datasets provided

Table 1
Key parameter settings used in the three-dimensional hydrodynamic model.

Param Description Param Name Value

Maximum number of vertical layers ~ Kmx 20

Vertical layering type Laverttype Sigma layer

Layer thickness distribution StretchType Uniform

Maximum time step DtMax 40 s

Maximum Courant number CFLMax 0.7

Uniform bottom friction coefficient UnifFrictCoef 0.025s-m '3

Horizontal eddy viscosity Vicouv 0.1 m%/s
(background)

Horizontal eddy diffusivity Dicouv 0.1 m%/s
(background)

Smagorinsky constant Smagorinsky 0.15

Wind drag coefficient type ICdtvp 4 (Charnock)

Temperature model Temperature 5 (Complex Ocean

Model)

Stanton number (sensible heat Stanton 1.3 103
transfer)

Dalton number (latent heat transfer) ~ Dalton 1.3 10°

Water clarity depth Secchidepth 4m

Turbulence closure model Turbulencemodel 3 (k-¢ model)

Vertical eddy viscosity Vicoww 5 10 m?%s
(background)

Vertical eddy diffusivity Dicoww 5 10 ®m?%s
(background)

Equation of state for seawater Idensform 2 (UNESCO)

density
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by the Copernicus Marine Environment Monitoring Service (CMEMS).
The tidal model was validated using 2016 observations from 13 tide
gauge stations distributed across the Pearl River Estuary, Yangjiang, and
the Penghu Islands, demonstrating good agreement with measured tidal
levels. In addition, the storm surge model was evaluated using observed
surge records from the Chiwan station, confirming its capability to
reproduce surge dynamics. The detailed validation results, including
time series comparisons, are provided in Supplementary Materials.

2.3. Mangrove drag parameterization

The physical drag effects of mangrove vegetation were incorporated
into the model using the Trachytopes extension module embedded
within the Delft3D FM system. This module supports the specification of
multiple drag classes at sub-grid resolution, enabling a spatially het-
erogeneous representation of bed roughness. Such functionality is
particularly well suited for simulating vegetated coastal ecosystems,
such as mangroves (Horstman et al., 2013).

A bed roughness-based approach was adopted to parameterize
mangrove-induced drag. Specifically, the drag formulation proposed by
Baptist (2005) for submerged vegetation was applied, expressing the
total flow resistance as follows:

P
Cc 817 B R
1 Cpmh, % h )

c 2

In the above expression, n represents the vegetation density, where m is
the number of stems per unit area and D is the mean stem diam. h is the
local water depth, h, is the vegetation height, C, denotes the bed
roughness coefficient, and Cp is the vegetation drag coefficient. When
the water depth h approaches the vegetation height h,, the second term
in the equation gradually tends toward zero. In this case, the resistance
formula simplifies to the form applicable under emergent or non-
submerged vegetation conditions:

1
C s———

1 Cpnh 2
c: 2g

However, under the bed-based paramization scheme, vegetation
significantly increases the equivalent bed roughness, enhancing bed
shear stress and sediment transport rates. To account for this additional
resistance effect, an extra source term is incorporated into the mo-
mentum equation as follows:

)\ 2
—u 3
2
Here, A characterizes the volumetric drag induced by vegetation. Under
non-submerged conditions (i.e., when h  h,), the flow resistance and
bed roughness can be decoupled and expressed as:

C Cyu\ Cpn @

In fully submerged conditions (i.e., when h > h,), the bed roughness
and vegetation-induced resistance can no longer be easily decoupled. To
ensure consistency in the representation of bed shear stress, the
following equivalence condition is applied:

2 2

v
¢ o ®)

In other words, the shear stress computed using the depth-averaged
velocity u and the equivalent roughness C should be consistent with that
calculated using the within-canopy velocity u, and the bed roughness C;.

Accordingly, the equivalent roughness coefficient can be expressed as:
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|:)g h = Cpnh,C2
C G Tln R 1 z—g”b (6)
The corresponding volumetric drag coefficient is given by:
h,C?
A Cpn B Czb @
When h  h,, the above expression simplifies to the standard form

presented in Equation (4).

2.4. Experimental scenario design

A series of scenario-based simulations was carried out along the
western coastline of Shenzhen. The experiments varied mangrove belt
width and drag parameters to evaluate tidal and storm surge responses,
with particular focus on Typhoon Mangkhut. Three planting widths,
300 m, 600 m, and 900 m, were selected to reflect common regional
restoration practices and to test for potential saturation thresholds in
hydrodynamic mitigation. The mangrove drag coefficients used in this
study were derived from recent flume experiments conducted by De
Dominicis et al. (2023), providing the basis for vegetation parameteri-
zation. Detailed parameters for each scenario are listed in Table 2.

As shown in Fig. 2, the intertidal topography was designed from
observed tidal variations and regional geomorphology. It was divided
into three elevation zones according to tidal inundation patterns: (i)
high tidal flats ( 0.5 to 1.5 m), which are rarely inundated under
normal tides; (ii) mid tidal flats ( 1.5 to 2.2 m), which are inundated
at high tide and exposed at low tide; (iii) low tidal flats ( 2.2to 3.0 m),
which remain submerged for most of the year. Mangrove species were
assigned according to ecological traits and local availability in Shenz-
hen: Bruguiera gymnorhiza and Aegiceras corniculatum in the high- and

Table 2
Mangrove species, belt widths, and associated vegetation parameters used in
tidal and Typhoon Mangkhut simulation scenarios.

D Location Width Mangrove h, n Cp Cp
[m] type ml] [1/ [m"
m] %/s]
(0) - - - - - -
02  Intertidal - - - - - -
topography
03  Xiwan 150 Bruguiera 5 0.30 2 35
Mangrove Park gymnorhiza
150 Aegiceras 4 0.15 2 45
corniculatum
04  Xiwan 150 Bruguiera 5 0.30 2 35
Mangrove Park gymnorhiza
450 Aegiceras 4 0.15 2 45
corniculatum
04  Xiwan 150 Bruguiera 5 0.30 2 35
Mangrove Park gymnorhiza
600 Aegiceras 4 0.15 2 45
corniculatum
150 Avicennia 6 0.10 2 50
marina
05 Baoan 150 Bruguiera 5 0.30 2 35
International gymnorhiza
Airport 150 Aegiceras 4 0.15 2 45
corniculatum
06  Baoan 150 Bruguiera 5 0.30 2 35
International gymnorhiza
Airport 450 Aegiceras 4 0.15 2 45
corniculatum
07  Baoan 150 Bruguiera 5 0.30 2 35
International gymnorhiza
Airport 600 Aegiceras 4 0.15 2 45
corniculatum
150 Avicennia 6 0.10 2 50

marina
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Fig. 1. The study area and the locations of the two representative coastal sites in Shenzhen.
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Fig. 2. Schematic diagram of the designed intertidal topography zonation and mangrove belt layout, illustrating their role in mitigating typhoon impacts.

mid-tidal flats, consistent with their typical habitat preferences, and
Avicennia marina in the low-tidal flats as a pioneer commonly found at
the seaward edge and tolerant of frequent inundation and wave expo-
sure. In the full-coverage scenario, these three zones together yield a
total mangrove belt width of 900 m. Elevation decreases from 0.5 m at
the landward edge to 3.0 m at the seaward edge; under a linear grade
this corresponds to a mean cross-shore slope of approximately 2.8 %o
(2.5 m over 900 m). The intertidal topography profile is consistent with
generalized intertidal morphologies reported in previous studies (Liu
et al., 2025).

3. Result
3.1. Hydrodynamic functions of intertidal topography

To evaluate the hydrodynamic role of intertidal topography,
comparative simulations were conducted under both tidal and storm
surge conditions, with and without the designed intertidal topography.
All scenarios excluded mangrove vegetation, enabling a focused
assessment of how elevation gradients and bed slope influence coastal
flow velocity across the high, mid, and low tidal flats. Fig. 3 illustrates
the spatiotemporal variations in average flow velocity across these zones
at Xiwan Mangrove Park and the Bao’an Airport coastline under both
tidal and Typhoon Mangkhut conditions.

Under tidal forcing, flow velocity exhibited strong spatial variation
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Fig. 3. Time series of depth-averaged flow velocity across the high-, mid-, and low-tidal flats for scenarios with and without intertidal topography, under tidal forcing
(a—f) and Typhoon Mangkhut conditions (g-1), all without mangrove vegetation. Xiwan Mangrove Park panels: (a), (c), (e), (g), (i), and (k); Bao’an Airport coastline
panels: (b), (d), (O, (h), (§), and (1). Paired curves show the two scenarios; in subplots reporting two mean values, mean-1 and mean-2 correspond to “no intertidal”
and “intertidal” scenarios, respectively. The results highlight spatially variable flow reductions attributable to intertidal topography across zones and forcing regimes.

between the two sites. At Xiwan Mangrove Park, introducing the
idealized topography led to only minor changes. Average velocities
remained around 0.02 m/s, 0.06 m/s, and 0.08 m/s at the high, mid, and
low tidal flats, respectively. This limited response reflects the Xiwan
Mangrove Park existing natural intertidal topography, which already
supports a gradual hydraulic transition. In contrast, the Bao’an Airport
coastline demonstrated more substantial reductions due to its originally
flat topography, with mid-flat velocity decreasing from 0.14 m/s to 0.11
m/s and low-flat velocity from 0.18 m/s to 0.15 m/s. The high tidal flat
showed negligible changes at both sites. This might be because they
were not submerged by water under normal tidal conditions.

Under storm-surge conditions associated with Typhoon Mangkhut,
the influence of intertidal topography remained evident. At the Bao’an
Airport coastline, flow velocity decreased from 0.30 m/s to 0.26 m/s at
the mid tidal flat and from 0.32 m/s to 0.30 m/s at the low tidal flat.
Xiwan Mangrove Park exhibited a similar trend but with smaller
magnitude, consistent with its existing topographic structure. At both
locations, the presence of sloped topography delayed flow acceleration
and reduced peak velocities, indicating that elevation gradients enhance
frictional resistance under extreme forcing.

These results confirm that intertidal topography, particularly in the
mid and low tidal flats, can significantly reduce flow velocity. The
relative benefits also vary with geomorphic setting. Engineered coast-
lines such as the Bao’an Airport coastline gain substantial frictional
enhancement from added topographic structure, whereas naturally
contoured sites such as Xiwan Mangrove Park show only limited
improvement because of their inherent buffering capacity.

3.2. Hydrodynamic functions of mangrove vegetation

To evaluate the hydrodynamic regulation of mangrove vegetation,
simulations were performed under both tidal and storm surge conditions

with planting widths of 300 m, 600 m, and 900 m. All scenarios used the
same intertidal topography. The objective was to assess changes in flow
velocity and water levels across the high, mid, and low tidal flats and to
determine whether a threshold exists beyond which additional planting
provides diminishing mitigation benefits.

Under tidal conditions, the reduction in flow velocity is influenced by
both mangrove planting width and tidal elevation, as shown in Table 3
and Fig. 4.

At Xiwan Mangrove Park, the mid tidal flat exhibited clear re-
ductions with increasing vegetation width. The reduction was 3.48 % at
300 m (P <0.001), 9.51 % at 600 m (P < 0.001), and 9.55 % at 900 m (P
< 0.001), reflecting enhanced attenuation with broader mangrove
coverage. The low tidal flat, available only in the 900 m scenario, also
showed a 11.30 % reduction. In contrast, the high tidal flat displayed
only minor and statistically insignificant changes at all widths (P >
0.05), suggesting limited interaction with the flow under regular tidal
conditions. At the Bao’an Airport Coastline, reductions were more uni-
form across tidal zones. The mid tidal flat saw declines of 6.91 %, 7.11
%, and 7.43 % at 300 m, 600 m, and 900 m respectively (all P < 0.001).
The high tidal flat also exhibited significant reductions across all widths,
including 2.15 % at 300 m (P 0.036). The low tidal flat, included only
in the 900 m case, showed a reduction of 6.79 % (P < 0.001). These
spatial patterns are supported by Fig. 4, where flow velocities under
mangrove scenarios are consistently lower and more concentrated,
particularly in the mid and low tidal zones.

Under storm surge conditions driven by Typhoon Mangkhut, the
spatial pattern of flow attenuation shifts significantly, as presented in
Table 4 and Fig. 5.

At Xiwan Mangrove Park, the mid tidal flat continued to exhibit
increasing reductions with greater planting width. The reductions were
2.39 % at 300 m (P < 0.001), 4.39 % at 600 m (P 0.0119), and 4.42 %
at900m (P  0.0054). The low tidal flat showed a reduction of 2.46 % at
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Table 3
Comparison of mean flow velocity reduction under tidal conditions across different mangrove planting widths and tidal zones.
Area Mangrove planting width ~ Zone Current scenario mean Benchmark scenario mean Extent of decline P-value Significance
(m) (m/s) (m/s) (%)
Xiwan Mangrove 300 High tidal 0.0174 0.0177 1.76 0.0707 ns
Park flat
Mid tidal 0.0373 0.0387 3.48 <0.001 i
flat
600 High tidal 0.0174 0.0177 1.60 0.0890 ns
flat
Mid tidal 0.0521 0.0576 9.51 <0.001 s
flat
900 High tidal 0.0174 0.0177 1.56 0.0935 ns
flat
Mid tidal 0.0559 0.0618 9.55 <0.001 i
flat
Low tidal 0.0671 0.0757 11.30 <0.001 ok
flat
Bao’an Airport 300 High tidal 0.0319 0.0326 2.15 0.0360 =
Coastline flat
Mid tidal 0.0845 0.0907 6.91 <0.001 i
flat
600 High tidal 0.0319 0.0326 2.23 0.0311
flat
Mid tidal 0.1000 0.1076 7.11 <0.001 i
flat
900 High tidal 0.0318 0.0326 2.26 0.0313 *
flat
Mid tidal 0.1079 0.1165 7.43 <0.001 i
flat
Low tidal 0.1415 0.1518 6.79 <0.001 ok
flat
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Fig. 4. Influence of Mangrove Belt Width on Flow Velocity Distribution under Tidal Forcing. (a) Xiwan Mangrove Park; (b) Bao’an Airport Coastline. Boxplots
illustrate the variation in flow velocity across different tidal zones (high-, mid-, and low-tidal flats) under tidal conditions, corresponding to mangrove belt widths of
300 m, 600 m, and 900 m. White circles represent the mean values, while black horizontal lines denote the medians.

900 m (P 0.0366). Notably, the high tidal flat experienced consistent
and statistically significant reductions across all widths, averaging
approximately 9.7-9.8 percent (P < 0.001). At the Bao’an Airport
Coastline, attenuation effects were even stronger. The mid tidal flat saw

reductions of 2.79 % (P 0.0450), 3.86 % (P  0.0040), and 4.11 % (P
< 0.001). The high tidal flat showed the most substantial reductions,
ranging from 13.08 % to 13.92 % (all P < 0.001). The low tidal flat at
900 m width showed a significant reduction of 4.45 % (P 0.0021).
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Table 4
Comparison of mean flow velocity reduction under typhoon mangkhut storm surge conditions across different mangrove planting widths and tidal zones.
Area Mangrove planting width ~ Zone Current scenario mean Benchmark scenario mean Extent of decline P-value Significance
(m) (m/s) (m/s) (%)
Xiwan Mangrove 300 High tidal 0.0971 0.1076 9.78 <0.001 i
Park flat
Mid tidal 0.1389 0.1423 2.39 <0.001 i
flat
600 High tidal 0.0972 0.1076 9.68 <0.001 el
flat
Mid tidal 0.1776 0.1858 4.39 0.0119 *
flat
900 High tidal 0.0970 0.1076 9.84 <0.001 ok
flat
Mid tidal 0.1723 0.1803 4.42 0.0054 e
flat
Low tidal 0.1946 0.1995 2.46 0.0366 *
flat
Bao’an Airport 300 High tidal 0.1288 0.1495 13.82 <0.001
Coastline flat
Mid tidal 0.1826 0.1878 2.79 0.0450 *
flat
600 High tidal 0.1299 0.1495 13.09 <0.001 i
flat
Mid tidal 0.2370 0.2466 3.86 0.0040 e
flat
900 High tidal 0.1287 0.1495 13.92 <0.001 ok
flat
Mid tidal 0.2512 0.2620 4.11 <0.001 i
flat
Low tidal 0.2902 0.3037 4.45 0.0021 o
flat
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Fig. 5. Influence of Mangrove Belt Width on Flow Velocity Distribution under Typhoon Mangkhut-Induced Storm Surge. (a) Xiwan Mangrove Park; (b) Bao’an
Airport Coastal Zone. Boxplots illustrate the variation in flow velocity across different tidal zones (high-, mid-, and low-tidal flats) under storm surge conditions
generated by Typhoon Mangkhut, corresponding to mangrove belt widths of 300 m, 600 m, and 900 m. White circles represent the mean values, while black
horizontal lines denote the medians.

These effects are evident in Fig. 5, where velocity distributions under Under tidal conditions, flow attenuation is most effective in the mid and
vegetated conditions are compressed most in the high tidal zone. low tidal flats. Under storm surge conditions, however, the high tidal flat
These findings reveal a critical spatial shift in mangrove functioning. becomes the primary zone of hydraulic resistance. This shift is likely
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associated with elevated water levels during storm surge, which may
inundate the high tidal zone and activate the drag effects of mangroves
that are otherwise not hydraulically engaged under normal conditions,
thereby contributing to greater energy dissipation.

As illustrated in Fig. 6, mangrove planting substantially reduced
average maximum water levels under Typhoon Mangkhut conditions at
both Xiwan Mangrove Park and the Bao’an Airport coastline. Water
level reductions increased progressively with planting widths up to 600
m; however, additional benefits beyond this width were minimal, indi-
cating a saturation threshold in hydrodynamic mitigation effectiveness.
Specifically, at Xiwan Mangrove Park, average reductions were 3.85 cm
for the 300 m planting scenario, 7.41 cm for 600 m, and only a marginal
improvement to 7.43 cm for 900 m. A similar pattern occurred at Bao’an
Airport coastline, where average reductions reached 7.32 cm, 15.22 cm,
and 15.25 cm for the 300 m, 600 m, and 900 m scenarios, respectively,
again highlighting diminishing returns beyond 600 m.

These results suggest that while wider mangrove belts substantially
enhance hydrodynamic mitigation up to a certain threshold, further
expansion beyond 600 m provides limited additional benefit. This un-
derscores the importance of identifying site-specific saturation points to
optimize the cost-effectiveness of large-scale mangrove-based coastal
defense strategies.

As shown in Fig. 6b, temporal analysis further revealed contrasting
mitigation dynamics between the two sites. Prior to the storm surge
peak, the water level reduction curves of Xiwan Mangrove Park showed
a declining trend, indicating an early but weakening mitigation effect. In
contrast, the curves of the Bao’an Airport coastline rose before the peak,
suggesting a delayed but intensifying reduction effect. Notably, the
maximum water level reductions did not coincide with the storm surge
peak. At Xiwan Mangrove Park, the maximum reduction occurred before
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the highest surge elevation, whereas at Bao’an Airport coastline it was
reached after the surge peak. These contrasting temporal responses
primarily reflect differences in the available coastal length for mangrove
deployment. The longer shoreline of the Bao’an Airport coastline allows
a larger total planting area and consequently stronger mitigation,
whereas the shorter shoreline of Xiwan Mangrove Park limits the total
vegetated area and its reduction effectiveness.

These findings emphasize that when designing coastal defenses
based on mangroves, the spatial scale of planting should be taken into
account. Identifying elevation-sensitive thresholds, such as the observed
600 m limit, is essential for optimizing cost-effectiveness and maxi-
mizing the hydrodynamic benefits of large-scale nature-based solutions.

3.3. Site-specific performance: engineered vs. natural coastlines

Although identical intertidal topography configurations were
applied at both study sites, the hydrodynamic outcomes exhibited pro-
nounced spatial heterogeneity due to underlying differences in coastal
morphology and shoreline extent. This section compares mitigation
performance at two representative locations, Xiwan Mangrove Park with
its naturally evolved tidal flat system and the Bao’an Airport coastline
with its low-lying engineered shoreline. The analysis focuses on differ-
ences in topography responsiveness and mangrove deployment efficacy
under Typhoon Mangkhut conditions.

As shown in the first row of Fig. 7, which compares the scenario with
designed intertidal topography but without mangrove planting to a
baseline without either topographic modification or vegetation, the
Bao’an Airport coastline exhibited notably greater reductions in flow
velocity. This amplified velocity response can be attributed to the
engineered and originally flat shoreline of the Bao’an Airport coastline.
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Fig. 6. Temporal evolution of maximum water level reduction under different mangrove planting scenarios at Xiwan Mangrove Park and the Bao’an Airport coastline
during Typhoon Mangkhut. Curves show maximum water level reductions relative to the baseline scenario without mangroves for 300 m, 600 m, and 900 m planting
widths at Xiwan Mangrove Park and Bao’an Airport coastline. Mean values indicate the average reduction over the simulation period. The gray dashed line indicates

the time of peak water level during Typhoon Mangkhut.
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Fig. 7. Relative Contributions of Intertidal Topography and Mangrove Vegetation to Hydrodynamic Mitigation across Six Scenarios. Stacked bars show the per-
centage contributions of intertidal topography (blue) and mangrove vegetation (green) to reductions in flow velocity and water level. Scenarios (left to right): Xiwan
Mangrove Park—tidal flow velocity; Bao’an Airport coastline—tidal flow velocity; Xiwan Mangrove Park—storm-surge flow velocity; Bao’an Airport coastline—-
storm-surge flow velocity; Xiwan Mangrove Park —storm-surge water level; and Bao’an Airport coastline—storm-surge water level. Symbols indicate average total
reduction magnitudes: orange triangles stand for flow velocity reduction and pink squares for water level reduction. (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)

Unlike Xiwan Mangrove Park, which already possesses natural elevation
gradients and frictional features, the Bao’an Airport coastline lacked
inherent resistance. Therefore, the introduction of an idealized intertidal
topography increased bed roughness and promoted uniform inundation
across tidal zones during storm surges, enabling the artificial topog-
raphy to effectively dissipate flow energy and enhance hydrodynamic
regulation. However, changes in water levels were negligible at both
sites, indicating that intertidal topography alone has limited influence
on peak water level modulation.

In contrast, the natural topography of Xiwan Mangrove Park already
exhibited moderate elevation changes and inherent frictional properties,
which provided baseline hydrodynamic resistance. Consequently, the
incremental effect of introducing an idealized topography design was
comparatively subdued.

The subsequent rows of Fig. 7, which incorporate mangrove planting
atop the intertidal topography, further highlight differences in mitiga-
tion capacity. The Bao’an Airport coastline, with its longer shoreline and
greater available area for mangrove establishment, facilitated broader
and more continuous vegetation deployment. This spatial advantage
resulted in cohesive and extensive reductions in both flow velocity and
water levels under the 600 m and 900 m planting scenarios. Conversely,
the relatively shorter coastal stretch of Xiwan Mangrove Park con-
strained the total vegetated area, leading to more localized attenuation
effects despite comparable planting widths.

These results suggest that the effectiveness of nature-based in-
terventions depends not only on the presence of vegetation or topo-
graphic modifications but also on the spatial capacity for intervention
and the morphological characteristics of the coastal site. Bao’an Airport

coastline, while initially more exposed, can achieve substantial hydro-
dynamic mitigation when supported by purposefully designed topog-
raphy and adequate vegetation coverage. In contrast, Xiwan Mangrove
Park may provide stable baseline resistance but require targeted and
spatially efficient strategies to optimize intervention outcomes.

3.4. Functional contribution quantification

As shown in Fig. 8, this section quantifies the relative contributions
of intertidal topography and mangrove vegetation to hydrodynamic
mitigation by calculating their respective impacts on flow velocity and
water level reductions under both tidal and Typhoon Mangkhut condi-
tions. The results reveal a clear functional separation. Intertidal topog-
raphy mainly contributes to flow velocity attenuation, while mangrove
vegetation plays the dominant role in regulating water levels.

Across the four scenarios, intertidal topography was the primary
contributor to reduction in flow velocity, accounting for 26 %, 69 %, 67
%, and 62 % of the total reduction in the Xiwan Mangrove Park (tidal),
Bao’an Airport coastline (tidal), Xiwan Mangrove Park (storm surge),
and Bao’an Airport coastline (storm surge) cases, respectively. The
comparatively low 26 % contribution at Xiwan under tidal forcing re-
flects the existing natural intertidal profile, which closely matches the
designed topography and therefore provides limited incremental
benefit. By contrast, during Typhoon Mangkhut storm surge, the
designed intertidal topography accounted for 67 % of the reduction at
Xiwan, underscoring its greater influence under stronger hydrodynamic
forcing.

The last two scenarios highlight the dominant role of mangrove
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Fig. 8. Relative Contributions of Intertidal Topography and Mangrove Vege-
tation to Hydrodynamic Mitigation Across Different Scenarios. Stacked bars
show the percentage contributions of intertidal topography (blue) and
mangrove vegetation (green) to flow velocity and water level reduction under
six scenarios, namely Xiwan Mangrove Park tidal flow velocity, Bao’an Airport
coastline tidal flow velocity, Xiwan Mangrove Park storm surge flow velocity,
Bao’an Airport coastline storm surge flow velocity, Xiwan Mangrove Park storm
surge water level, and Bao’an Airport coastline storm surge water level from left
to right. The average total reduction magnitudes are indicated by symbols, with
orange triangles representing flow velocity reduction and pink squares repre-
senting water level reduction. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

vegetation in reducing water levels under storm surge conditions,
contributing 99 % and 96 % of the total effect at Xiwan Mangrove Park
and the Bao’an Airport coastline, respectively. These findings indicate
that while intertidal topography is critical for attenuating flow velocity,
mangrove vegetation becomes the primary factor in reducing peak water
levels during extreme events.

It is important to note that these results are based on the 900 m
mangrove planting scenario, representing the maximum planting width
analyzed. In Fig. 8, average total reduction magnitudes are indicated by
symbols—orange triangles for flow-velocity reduction and pink squares
for water-level reduction. The results show that reductions are relatively
small in the Xiwan Mangrove Park tidal scenario, likely reflecting
Xiwan’s naturally gentle intertidal slope, which already facilitates
gradual flow transitions, together with the lower energy of tidal forcing
compared with storm surges. By contrast, a consistent pattern is
observed across scenarios: The Bao’an Airport coastline shows greater
average reductions than Xiwan Mangrove Park for both flow velocity
and water level. This difference is consistent with the Bao’an Airport
coastline benefiting more from the intertidal topography design and its
longer coastline, which allows a larger total mangrove area and thus
stronger overall flow-mitigation effects.

These insights underscore the complementary roles of intertidal
topography and mangrove vegetation, highlighting the importance of
considering both existing coastal morphology and spatial capacity for
planting when designing effective nature-based coastal defenses.

4. Discussion
4.1. Dual mechanisms of nature-based defense

Mangroves, as a widely recognized NbS, play an essential role in
enhancing coastal resilience and mitigating hydrodynamic risks (Zhang
et al., 2024; Dahdouh-Guebas et al., 2022; Gilani et al., 2021; Herbeck
et al., 2020; Wu et al., 2001). In this study, the Delft3D FM system was
used to decouple the individual and combined effects of mangrove
vegetation and intertidal topography, capturing their influence on both
flow velocity and water level under tidal and extreme storm conditions.
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By stratifying high, mid, and low tidal flats, we identified the distinct
functional roles of topography and vegetation and their synergistic
interactions.

The results indicate that intertidal topography is the dominant factor
in reducing flow velocity under both tidal and storm surge conditions.
This effect is particularly evident at the Bao’an Airport coastline, where
the addition of intertidal topography significantly enhanced bottom
friction and energy dissipation across mid and low tidal flats. At Xiwan
Mangrove Park, where natural gradients already exist, the marginal
impact of added topography was more subdued. In contrast, mangrove
vegetation played a leading role in reducing water levels during
Typhoon Mangkhut. Elevated water levels inundated high tidal flats,
allowing vegetation-induced drag to become fully engaged. This resul-
ted in a spatial shift in regulatory effectiveness, moving from the mid-
and low-tidal flats under normal tidal conditions to the high tidal flats
under storm-surge conditions (Zhou et al., 2022b).

4.2. Design thresholds and saturation effects

The quantitative assessment of planting widths at 300 m, 600 m, and
900 m revealed a clear nonlinear response in mitigation performance,
indicating a saturation threshold beyond 600 m. At Xiwan Mangrove
Park, maximum average water levels dropped by 3.85 cm under the 300
m planting width and further decreased to 7.41 cm at 600 m, while
additional planting beyond this width yielded only marginal improve-
ment. A similar trend was observed at the Bao’an Airport coastline,
whe