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Mangroves can function as a ‘bio-shield’ to protect coastal communities from harsh environments because of
their strong ability to attenuate wave energy. However, as mangroves are usually oversimplified as rigid cyl-
inders in antecedent studies, the effects of complex mangrove morphology on wave attenuation have not been
well researched. Although increasing attention has been paid to the wave dissipation induced by varying
mangrove morphologies, most of them focus on the bottom trunk and root components of mature mangrove
trees. There are few investigations about the contributions of the canopies of young saplings and/or short species
to wave attenuation. To bridge this knowledge gap, a series of laboratory experiments under regular waves were
conducted to examine the hydrodynamic variations affected by varying mangrove morphology configurations.
Three water depths were considered to explore the influences of the vertical-varying submerged volume of
mangroves when the artificial mangrove models are submerged, nearly emergent, and fully emergent. The
mangrove forest model is 2 m long at a 1:10 scale. Three mangrove configurations, i.e. with no canopy, sparse
canopy, and dense canopy were applied and compared to isolate the wave attenuation contributed by mangrove
canopies. The results highlight the wave energy attenuation attributed to the canopy density. A linear correlation
is found between the wave damping factor and a new variable named hydraulic submerged volume index (HSVI).
The bulk drag coefficient, including canopy effects, was calculated to characterize mangrove-induced wave
attenuation when the mangrove canopy is submerged. The relationships between the bulk drag coefficient Cp
and the characteristic hydraulic numbers (i.e., Reynolds number, Keulegan-Carpenter number, Ursell number)
are discussed in detail. Consequently, new generic formulas of Cp were deduced considering the effects of the
submerged canopy. The employment of new Cp formulas improves the reliability of the prediction of the wave
attenuation ability by mangroves since the canopy effects are incorporated.

1. Introduction

Mangroves are one of the important inter-tidal wetland species that
dwell at the interface between land and sea along tropical and sub-
tropical coasts (Saenger, 2002). Mangrove forests have been recognized
as a great resource that provides plenty of ecosystem services and ben-
efits (Alongi, 2008; Menéndez et al., 2020; Gijsman et al., 2021). For
instance, mangroves can sequestrate carbon in their soils, offer nursery
grounds for unique ecosystems, support the coastal food chain, act as a
buffer zone to attenuate incident wave energy, reduce flooding risks by

decreasing storm surges, and stabilize beach topography through sedi-
ment retention (Massel et al., 1999; Alongi, 2002; Yanagisawa et al.,
2010; Van Coppenolle et al., 2018). The interaction between water flow
and vegetation dominates hydrodynamics, sedimentation, mass trans-
fer, and biological processes (Mazda et al., 1997; Brinkman, 2006; Tang
et al., 2015).

The presence of coastal vegetation, functioning as a first coastal
buffer line, has been widely admitted to the damping of substantial wave
energy, runup, overtopping, and storm surges (Othman, 1994; Mazda,
1997; Feagin et al., 2010; Horstman et al., 2014; Tang et al., 2017, 2019;
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Tomiczek et al., 2020a; Chang and Mori, 2021; Temmerman et al.,
2023). A vegetated foreshore can effectively alleviate wave attacks on
sheltered infrastructures, for instance, reducing the dike failure risk by
reducing wave overtopping and retarding flushing flow (Vuik et al.,
2018; Pan et al., 2020). A hybrid coastal protection plan incorporating
coastal vegetation with other coastal protection strategies, i.e. sea dike,
beach nourishment, would enhance coastal resilience to natural hazards,
and make the hybrid coastal protection more sustainable and financially
attractive (Zhu et al., 2020; van Zelst et al., 2021; Pan et al., 2022). It has
been observed that mangrove forests can attenuate wave energy 3-5
times more than the bare bottom (Mullarney et al., 2017). Even a narrow
mangrove forest can afford substantial protection to coastal zones from
waves (Massel et al., 1999; Gedan et al., 2011). Only a 100-200 m wide
mangrove belt can attenuate wave height sufficiently and reduce the
damage risk of the dykes behind the green belt (Othman, 1994; Phan
et al., 2014). After extreme events (e.g., the Indian Ocean Tsunami,
2004; Super Typhoon Haiyan, 2013), field observation records confirm
less property damage and fewer casualties of hamlets behind dense
mangroves (Danielsen et al., 2005; Das and Vincent, 2009; Hashim et al.,
2013; Dahdouh-Guebas et al., 2013). Teo et al. (2009) carried out nu-
merical simulations to show that mangroves reduce wave energy and
tsunami current velocities significantly. In addition, mangroves indi-
rectly damp wave impacts through promoting sediment deposition and
building up bed level. Therefore, mangroves contribute to increase the
integrity and resilience of coasts, providing the coastal communities a
long-lasting, flexible and adaptive protection measure to combat the
accelerating sea level rise and harsher environment.

With the increasing pressure on mitigating coastal hazards and
reducing consequently catastrophic losses, more effective and econom-
ical protection strategies are in urgent need. Hence, utilizing mangroves
as a nature-based coastal protection solution has attracted increasing
attention (Barbier, 2006; Spalding et al., 2014; Hespen et al., 2023).
Mangrove forests serve as a ‘bio-shield’ in supplement to hard coastal
protection infrastructures (e.g., sea walls and dykes), making a hybrid
coastal protection plan more popular and greener (Borsje et al., 2011;
Gedan et al., 2011; Schoonees et al., 2019; Yuanita et al., 2021).
Furthermore, the increasing awareness of the coastal protection value of
mangroves has incented the restoration and conservation of mangroves,
to enhance coastal resilience and adaption ability to climate change
(Menéndez et al., 2020; Gijsman et al., 2021; Lee et al., 2021).

The performance of mangroves in attenuating waves depends on
hydrodynamic conditions (e.g., water depth, wave spectrum) and
mangrove characteristics (e.g., biomechanics, spatial density,
morphology). The wave height reduction rate per unit length of
mangrove forest ranges from 0.2% m! to 2.37% m~! (Mazda et al.,
1997; Brinkman, 2006). The wave dissipation by mangroves is primarily
due to the interaction between waves with submerged vegetation vol-
ume. Generally, mangrove morphology can be divided into three
distinct layers, i.e., canopy, stem, and root. The shape of roots tapers off
upward, and at the canopy height, branches and leaves thickly spread.
The complex root system, together with the tree stem and the canopy
forms a complex interwoven network above the forest floor. The vertical
structures of mangroves affect wave attenuation remarkably, which is
significantly varied with different species (Tanaka et al., 2007). In the
literature, Rhizophora Sp. is shown to dissipate wave energy more
effectively than other species because of dense prop roots (Hadi et al.,
2003; Tanaka et al., 2007). The prop roots of Rhizophora grow deep into
the clay to anchor the stem and withstand the hydraulic forces. The
deeper prop root system of Rhizophora also retards erosion and prevents
them from toppling (Othman, 1994).

The literature review indicates that the importance of mangrove
vertical morphology on the wave attenuation has not been systemati-
cally investigated. Lou et al. (2018) investigated vertically varying
vegetation density on wave-vegetation interactions through laboratory
experiments. They found that the vertically-varying density effects on
wave height reduction are significant under deep water waves.
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Strusinska-Correia et al. (2013) used parameterized mangrove trees
made of cylinders distributed in different layers to mimic the real
mangrove roots. Following the 3-D geometric mangrove model of prop
root morphology proposed by Ohira et al. (2013), a few large-scale (1:7
to 1:16) laboratory experiments were carried out to investigate wave
dynamics within complex mangrove prop roots using parametrized or
3D-printed mangrove models (Maza et al., 2017; Maza et al., 2019;
Chang et al., 2019; Tomiczek et al., 2020b; Wang et al., 2022b; Chang
et al., 2022). Moreover, in recent years some 1:2.1 near-prototype scale
experiments (Bryant et al., 2022) and 1:1 prototype-scale experiments
(Kelty et al., 2022) were employed to discuss the scale effects. Kelty et al.
(2022) pointed out that it is necessary to rescale the Reynolds number
when comparing different Cp-Re correlations obtained from reduced
scale experiments. However, while the abovementioned studies focused
on the frequently submerged prop roots and lower stems of mature
mangroves, few researchers paid attention to the canopy of short young
saplings and dwarf mangroves, which are possibly submerged under
deep water scenarios. Based on a field observation in Vietnam, Mazda
et al. (2006) found that when the submerged canopy volume increased
with rising water level, the rate of wave reduction increased, which
indicates the strong potential of wave dissipation ability by mangrove
densely canopy. He et al. (2019) pointed out that when the water level
reaches the canopy geometrical centroid, the wave attenuation is higher
than conditions when the canopies are emergent or nearly emergent.
Similarly, based on a prototype-scale flume tests, van Wesenbeeck et al.
(2022) observed that willow forests strongly reduce wave heights by the
branches of willows, but the leaves of the willows were found to
contribute very limitedly to wave attenuation. However, through wave
flume tests, van Hespen et al. (2021) measured drag properties of
collected mangrove branch samples from the field site, and they found
larger leaf size resulted in larger frontal area and larger drag forces.
Therefore, besides the qualitative cognitions, there is still a lack of un-
derstanding about quantifying the contribution of submerged mangrove
canopy to wave attenuation.

To understand the effects of complex mangrove morphology, espe-
cially the canopies, on wave attenuation is the primary aim of this study.
In this study, we extend the existing laboratory database by investi-
gating the effects of mangrove canopy on wave attenuation under fully
submerged conditions. We found that a submerged canopy attenuates
wave energy more effectively than submerged stems and roots. Such
findings offer a reference to evaluate the impacts of the variations of
mangrove canopies on wave attenuation, which can further guide
replantation and restoration projects of mangrove forests.

This paper is organized as follows. In Section 2, the analytical solu-
tions of wave attenuation by vegetation are described. Section 3 briefly
describes the setup of flume experiments and the data analysis. Section 4
demonstrates the detailed results and discussion on wave attenuation
induced by submerged mangrove canopy. The conclusions and outlook
of this study are summarized in Section 5.

2. Theoretical background
2.1. Wave attenuation by vegetation

The wave decay by vegetation under regular waves is evaluated by
the formulas (Egs. (1)-(4)) proposed by Dalrymple et al. (1984), based
on the conservation of wave energy flux:
0(Ecg)

— 1
PR (€]

where E (=1/8pgH?) is the total average wave energy per unit surface
area, H is the wave height, c, is the wave group velocity, x is the wave
propagation distance along the vegetation field, ¢p is the wave energy
flux dissipation rate. The wave energy dissipation per unit width ¢p is
due to the drag force by the vegetation, expressed as



R. Zhang et al.

s |
ep = / EpCDAuM o udz 2)
~h

where h,; is the submerged height of a mangrove tree, A is the projected
frontal area, Cp is the drag coefficient, u is the horizontal velocity due to
wave motion.

Rewriting the solution of Eq. (1) in the form of wave transmission
coefficient k; as:

L _Ho_ 1
’_H0_1+ﬂx

3)

where Hj is the incident wave height without mangrove interferences,
and H, is the transmitted wave height, # [m~!] is the wave damping
factor obtained with

4 sinh® (kh,,) + 3 sinh (kh,,)
P = G Co PNk G (ki) + 2ki)sinh (kh) “
where k is the wave number, D is the depth averaged projected area (i.e.,
for cylinder is the cylinder diameter d; for the mangrove tree, D =
3 f?hA(z)dz), and N is the vegetation density per unit horizontal area.
Once f is obtained by fitting Eq. (3) to measured wave height decay
(WHD), Cp can be obtained by inverting Eq. (4), which is called a cali-
bration method (Hu et al., 2014). To isolate the effects of the bottom, the
side walls, and the seaward slope, the wave height reduction measured
under bare bottom conditions is subtracted from the measured wave
heights through artificial mangroves (Hu et al., 2014; Maza et al., 2019).
Then, the damping coefficient induced purely by mangroves is obtained
by extracting other wave energy sinks.

2.2. Characteristic scales

2.2.1. Characteristic hydraulic parameters
It has been found that the bulk drag coefficient Cp, of vegetation is
closely related to the Reynolds number (Re), Keulegan-Carpenter num-
ber (KC), and Ursell number (Ur) (Hu et al., 2014; Anderson and Smith,
2014; Veelen et al., 2020; Wang et al., 2021).
The Reynolds number (Re) is defined as:
ugl;

Re = %)

12

where u; is a characteristic velocity amplitude, [ is a characteristic
vegetation length scale, v is the water kinematic viscosity.

The Keulegan-Carpenter number (KC) represents the relative partial
excursion length:

T

KC
Iy

©

where T is the wave period.

The Ursell number (Ur) indicates the nonlinearity of surface waves
by the ratio of the wave steepness (H/L, where L = 2%tanh(kh) is the
wave length) to the relative wavelength kh as:

U, =87 H/L
k]

)

2.2.2. Characteristic velocity scale

Several uncertainties exist in properly choosing the characteristic
length and velocity scale to define the Re and KC numbers. In most
studies, the depth-averaged wave orbital velocity amplitude has been
selected:

wa

T (®

u=

where  is the wave angular frequency, a = 0.5H.
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Alternatively, u; can also be defined as the maximum horizontal
velocity at the top of the vegetation (Mendez et al., 1999; Anderson and
Smith, 2014). Suzuki et al. (2019) found that permeability effects are
prominent with high vegetation density, which lead to greater wave
height reduction. For very dense vegetation patches, the velocity was
enhanced over the submerged vegetation canopy due to flow contrac-
tion effects. Thus the seepage velocity is an additionally available choice
of u;.

2.2.3. Characteristic length scale

When the canopy part of mangroves is emergent, [, is the diameter of
stems, if not, [, is the effective vegetation length. The effective vegeta-
tion length L, is defined as:

sV

=22
Ay

9

where Ay is the frontal projected area per unit volume, and SV is the
submerged solid volume of vegetation.
Another form of effective length scale proposed by Mazda et al.
(1997) is an alternative length scale:
V-Sv

lcw =
e 10

where V is the total underwater volume of the vegetation zone.

Cheng and Nguyen (2011) defined a vegetation-related hydraulic
radius (r,) as a function of the submerged volume fraction of vegetation
SVF and the stem diameter d:

71— SVF
NP S 11
" T4 SVF an
The different characteristic length scales were examined when
comparing empirical correlations between the Cp coefficient with Rey-
nolds number (Re), Keulegan-Carpenter number (KC), and Ursell num-

ber (Ur).
3. Methodology

To investigate the effects of submerged mangrove canopies on wave
attenuation, we conducted a series of laboratory experiments in the
wave flume at Hohai University. To highly mimic the natural mangrove
morphology structures, we designed artificial mangrove models in the
experiments. This section detail introduces the experimental setup and
test hydraulic conditions, followed by the morphological features of
mangroves in the field and the experiment.

3.1. Experimental setup

The physical experiments were conducted in the wave flume of the
hydraulic lab at Hohai University. The wave flume is 85 m long, 1.0 m
wide, and 1.5 m high. A wave maker was installed at the upstream end.
At the other end, a wave absorption slope covered by dense poly-
urethane filter foam sheets is placed to eliminate wave reflection in the
wave flume. In the literature, the scales of wave attenuation experiments
by mangroves were between 1:1 and 1:16, fitting the size of available
indoor wave flumes (Maza et al., 2017; Maza et al., 2019; Osorio et al.,
2019; He et al., 2019; Tomiczek et al., 2020b; Chang et al., 2022; Bryant
et al., 2022; Kelty et al., 2022; Tomiczek et al., 2023). In this study, we
chose a 1:10 scale to fit the wave flume size. Experiments were carried
out under regular waves. Following representative wave conditions for
mangrove forests found in nature and reported in the literature (Bao,
2011; Brinkman, 2006; Maza et al., 2019), a wide and realistic range of
wave conditions were selected with varying wave periods and wave
heights. The Froude similarity was considered to calculate the hydraulic
conditions on the laboratory scale. In this study, wave heights ranged
from 0.04 m to 0.16 m, and wave periods are between 1.0 and 2.0 s. The
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Table 1

Wave conditions and mangrove parameters.

Prototype
h (m)

Scaled model (1:10)

h (m)

T (s)

H (m)

T (s)

H (m)

Wave conditions

3.16-4.43
3.79-5.06
3.16-6.32
Canopy

volume
Ve (m®)

0.4-0.8
0.6-1.0

1.0-1.4
1.2-1.6

0.04-0.08

<

0.06-0.10

0.4-2.0

1.0-2.0
Canopy
volume
Ve(m®)

0.04-0.20

Canopy height h, (m)

Canopy
width

Canopy Height h. (m)

Canopy width

W (m)

Mangrove parameters

W (m)

1.45

sparse: 51072

1.70

sparse:5x10~°
dense : 1074
Twig

0.17

0.145

dense : 10!
Twig

Twig

Branch
length

(m)

Branch

Twig

Branch
length

(m)

Branch

length
(m)

diameter

(m)

diameter

(m)

length
(m)

diameter

(m)

diameter

(m)

0.79

0.011
Stem

1.70
Stem

0.017
Stem

0.079

0.0011
Stem

0.17
Stem

0.0017
Stem

density

height
hy (m)
4.00

diameter

density

height
hy (m)
0.40

diameter

N (/m?)
0.36

DBH (m)
0.10

N (/m?)
36

DBH"(m)
0.01

Root density Nyoo (/m?)

10.08

Root height (m)

1.00

Root diameter D,q0; (m)

0.05

Root density N;ooi(/m?)

1008

Root height (m)

0.10

Root diameter D,oo; (m)

0.005

? DBH is the diameter at the breast height.
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still water depths above the artificial platform were varying from 0.3 m
to 0.5 m to compare the effects of different submergence volumes of
mangrove canopy on wave attenuation. Correspondingly, on the pro-
totype scale, the wave heights range from 0.4 m to 1.6 m, and the wave
periods range from 3.16 s to 6.32 s. The scaled and prototype wave
conditions are summarized in Table 1.

The wave flume is divided into two sides by a glass wall, and each
side is 0.5 m wide. The experiments were carried out and measured on
one side of the separated flume. The partition wall is as tall as the side
walls of the flume and positioned from the flume end to about two-thirds
of this flume from the end. The wave heights on the same cross-sections
within the tested region were measured by two wave gauges and found
the differences caused by cross-waves were negligible. The diffraction
around the partition wall head may affect the local waves around there,
but it is sufficiently far from the tested region. In the tested region, we
controlled the waves at the G3 position as the incident waves and sub-
tracted the wave height reduction induced by the side wall, the partition
wall, and the bottom which were obtained from the bare bottom ex-
periments. Thus, the tested half-flume side can be treated as a separate
flume, and the partition wall effects were ignored. The schematic layout
of the experiment’s apparatus is shown in Fig. 1. The mangrove mimics
are displayed in Fig. 2. The artificial mangrove model (AMM) was
glutted into a PVC plate, which was drilled into the false flat bottom. In
all configurations, the AMM patch was 2.0 m long and 0.5 m wide. The
center of the AMM patch was 42 m away from the wave generator. The
AMM height is set as 0.4 m high, keeping it constant. The submergence
ratio o is defined as the AMM height hy over the water depth h, changing
from emergent (a >1), nearly emergent (a = 1) to fully submerged (o
<1).

A total of 8 capacitive wave gauges were installed along the
centerline of the forest patch to measure the free surface evolution at a
50 Hz sampling frequency. Fig. 1 shows the location of these gauges.
Three gauges are located in front of the forest region, of which G3 was
placed 1 m in front of the vegetation patch. Five gauges were positioned
along the central line of the forest at a distance step of 0.5 m G4 was
placed at the leading edge of the vegetation zone. While G8 was placed
at the rearing edge of the patch. The reflected waves on the bare bottom
by the flume end were separated using the two-point method (Goda and
Suzuki, 1976) by G1-G2 far from the tested region. The reflection co-
efficients were found to be less than 7%. This level of reflection was
deemed sufficiently small and would have negligible effects on incident
waves (Abdolahpour et al., 2016). All experiments were repeated three
times to ensure the repeatability and reliability of the measurements.

3.2. Mangrove model design

The Rhizophora sp. is one of the representative types among
mangrove species. Rhizophora mangroves have been identified as the
most distributed around the world (Ohira et al., 2013; Tomiczek et al.,
2020b) and as pioneer species directly exposed to wave action (Maza
et al., 2021). Such mangrove species have been proven to attenuate
wave energy effectively (Massel et al., 1999; Strusinska-Correia et al.,
2013; Méndez-Alonzo et al., 2015; Maza et al., 2017). Rhizophora sp. has
a typical three-layer morphology with conspicuous stilt root (also called
prop root), stem, and canopy components. When a major part of a
mangrove tree is submerged in a water column, both the submerged
roots, stem, and canopy contribute to wave attenuation. As the
mangrove morphology is depth-varying, the submergence volume
highly depends on the water level. Generally, in previous studies,
mangrove forests are simplified as rigid cylinders (Maza et al., 2015;
Phan et al., 2019) or parameterized mimics (Ismail et al., 2012; Stru-
sinska-Correia et al., 2013; Maza et al., 2017; Hoque et al., 2018; Wang
et al., 2022a). To investigate the wave dynamics within mangrove for-
ests, a proper parametric model to resemble the complex structure of a
mangrove tree is important to be selected. In this study, the artificial
mangrove model was made on a geometric scale of 1:10, consisting of an
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Fig. 1. Sketch of the wave flume setup. G1-G8 denote wave gauges. All dimensions are in meters (not to scale).

(a) mangrove parameters (b) mangrove configurations

Fig. 2. The artificial mangrove parameters: (a) a single mangrove tree; (b)
mangrove patch configuration and layout of model M1, M2, and M3 (units in
cm). Not to scale.

entire root, stem, and canopy components. The dimensions of the arti-
ficial mangrove mimics are summarized in Table 1. The scaled AMM
represented an idealized schematic of the entire mangrove root, stem,
and canopy system.

According to a field campaign measuring Rhizophora apiculata and
Rhizophora mucronata trees, Ohira et al. (2013) proposed a morpho-
logical model relating typical dimensions of mangroves to the diameter
at the breast height (DBH). The sample trees have a 0.03-0.28 m DBH
and 6-50 years of age. In this study, a 0.1 m DBH was chosen to design
the artificial mangrove mimics, which are between young and mid-age
growth stages, referring to Husrin and Oumeraci (2009). The height of
the mangrove tree is 4 m based on linear interpolation between the
typical parameters of young and mid-age mangroves. Thus, the
mangrove model has a 0.4 m height and 0.01 m DBH (Fig. 2). To design
the root system, the morphological model proposed by Ohira et al.
(2013) was referred to formulate the stilt root shape of the Rhizophora
sp. with the chosen DBH. The roots of a single mangrove tree were
mimicked by 28 wooden rods with a 0.005 m diameter, a 0.1 m height,
and a 0.1 m spreading distance. The roots are distributed equally in
three concentric circles around the trunk, with a 0.03 m, 0.06 m, and 0.1
m diameter, respectively (Fig. 2). The selected root parameters are
similar to the predicted values by the morphology model proposed by
Ohira et al. (2013). For instance, the predicted highest root height is
0.126 m, and the root diameter is 0.0034 m. Furthermore, as the
morphology model only consider the primary root, we choose a larger
root number than the predicted root number. In addition, we ignored the

Table 2
Mangrove model and test configurations.
Mangrove patch configuration name components Stem density (/m?) Root density (/m?) Canopy density (/m?) Leaf area
index
MO No mangrove - - - -
M1 stem + root 36 1008 - -
M2 stem + root 36 1008 branch: 252 2.42
-+canopy twig: 1 260
leaf: 18 900
M3 stem + root 36 1008 branch: 504 4.84
+canopy twig: 2 520
leaf: 37 800
Wave conditions Wave height (m) Wave periods (s) Water depth (m) Mangrove configurations
0.04 1.0/1.2/1.4 0.3 MO0/M1/M3
0.06 1.2/1.4 0.3 MO0/M1/M3
0.08 1.2/1.4/1.6 0.3 MO0/M1/M3
0.06 1.0/1.2/1.4 0.4 MO0/M1/M2/M3
0.08 1.2/1.4/1.6 0.4 M0/M1/M2/M3
0.10 1.4/1.6/2.0 0.4 MO0/M1/M2/M3
0.04 1.0 0.5 MO0/M1/M2/M3
0.06 1.2 0.5 M0/M1/M2/M3
0.08 1.4/1.6/1.8 0.5 MO0/M1/M2/M3
0.12 1.4/1.6/1.8 0.5 MO0/M1/M2/M3
0.16 1.4/1.8/2.0 0.5 MO0/M1/M2/M3
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interwoven between the roots and assumed the roots as isolated wooden
rods with a constant height for simplicity. However, there are limited
allometric equations of mangrove canopy attributes. We examined the
measured data from literature. Mandal et al. (2019) measured the can-
opy diameter ranging from 0.1 m to 9 m (mean 2.33 + 0.24 m) for short
Rhizophora mangle with a height ranging from 1.4 to 6.2 m (mean 3.9 +
0.09 m). Domiciano Galvincio and Popescu (2016) compared field data
and lidar data, and found the mean canopy diameter was 1.86 m with a
mean DBH of 0.12 m of 585 samples. Thus, the canopy having a less than
2 m canopy width would be a reasonable but conservative estimation of
mangrove with a 0.10 m DBH. In order to avoid the overlap of neigh-
boring canopies, we choose a 1.45 m canopy width, which is 0.145 m on
the small scale. Then, the canopy height was chosen 0.17 m, to be
slightly larger than the canopy diameter. Therefore, the canopies were
made of polyethylene with a 0.145 m width and a 0.17 m height. To
compare with varying complex mangrove canopies, three canopy den-
sities were conducted, representing no canopy, sparse canopy, and dense
canopy conditions (Table 2). The canopy model was made of branches
and leaves. The breaches have two orders, hereinafter the 1st branch
was called branch and the 2nd branch was called twig. The leaves were
directly attached to the twigs. To mimic the leaves with nature, we only
controlled the leaf area index within a reasonable range, but ignore the
single-leaf characteristics of enormous leaves. The leaf area index (LAI)
is defined as leaf area per unit horizontal ground surface area (Weiss
et al., 2004). In literature, the values of LAI has a wide range which are
species specific. Clough and Gong (1997) using the direct measurement
obtained the LAI of a 22-year-old Rhizophora apiculate stand with a 0.15
m DBH and a 0.30 trees/m? density. The measured LAI ranges from 2.2
to 7.4 with a mean value of 4.9. Similarly, the values of LAI of artificial
mangrove models in this study were 2.42 for sparse canopy and 4.84 for
dense canopy. For the sparse canopy, each canopy consists of 7 branches
with a 0.0017 m diameter and a 0.17 m height, and each branch has 5
twigs with a 0.0011 m diameter and a 0.079 m height (Table 1). Each
twig has 15 leaves with a 0.0091 m width and 0.018 m length. For the
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dense canopy, the number of branches, twigs, and leaves doubled that of
the sparse canopy, as well as the canopy volume. The volume of each
canopy was 5 x 10-% m® of the sparse canopy and 10~% m® of the dense
canopy. The canopy volume was measured through replacing the water
volume by the submerged canopy in a measuring glass cup.

To assess the stiffness of the canopy model, the Cauchy number was
compared. The Cauchy number Ca= (pii?Aph2)/(Eaal), which is defined
to express the relative magnitude of hydrodynamic drag and the
restoring force due to stiffness (Luhar and Nepf, 2016), where E,,I is the
flexural rigidity, Egq [N/m?] is the elastic modulus, and I [m*] is the
second moment of area. To reach the Cauchy number similar to the
prototype, the Ag, should be equal to the geometrical scale A. The
measured elastic modulus of mangrove branches by van Hespen et al.
(2021) was between 0.82 and 4 x10° N/m?2, and by Santini et al. (2013)
were between 0.50 and 2.3 x10° N/m?. Thus, the elastic modulus of the
mangrove branch model should be the order of magnitude O(108) N/m?.
The elastic modulus of the slightly flexible twigs made of polyethylene
was measured through the three-point bending test. The length of test
twig samples was Lsample = 20*d+2 mm, where d is the sample twig
diameter, followed by van Hespen et al. (2021). The measured Eg,
values of 5 twig samples were 4.29 + 0.69 x 108 N/m? and its values
were within the reasonable range. Given the A, and h, of a twig is 8.69
%x10-5 m? and 0.079 m respectively (Table 1) and the u ranges from
0.061 m/s to 0.32 m/s, the according Ca number of the twigs falls within
the range of 0.055 and 2.21 on the model scale. The branch model was
made of plastic-coated steel wire, which was observed rigid enough to
withstand large wave conditions. Therefore, its elastic modulus is not
necessary to be concerned. Although the leaves were flexible, their
reconfigurations were ignored due to their small size for simplicity and
they were assumed functioning as rigid porous barriers. In this study, we
only consider the contribution of the dense leaves from the point of
increased frontal area.

In the field, such a mangrove with a 0.1 m DBH is about at the age of
15 years old, and the density is approximately 0.337 trees/m? (Maza

(b) projected area fractions of canopy and cylindrical part
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=
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0 L 1 " L
0 0.2 0.4 0.6 0.8 1
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06 (d) submerged volume fraction
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Fig. 3. The vertical variations of the projected area A,(=Nroot/N*Dy e *hys + DBH*hs+0.5Ws*hes, Wwhere W is the maximal width of the submerged canopy, h,s the
height of the submerged root); projected area fractions of the canopy AFca(=0.5W¢s*hes/Ap, AFcam1 = 0, AFcq vo2=(Ap m2-Ap m1)/Ap vz, AFcama=(Ap m3-Ap m1)/Ap m3)
and cylindrical part including the root and the stem AFcy(=(Nroot/N*Dyooe<hys + DBH*hys)/Ap, AFcyvi = 1, AFeym2 = Apmi1/Apm2, AFeyms = Apmi1/Apm3); sub-
merged volume SV(=N;o/N* 1*D20t/4*hys+ 1*DBH?/4%hys+(hes/ho)3*V,); the submerged volume fraction SVF(=N*SV/V, where V—B*W*h, B and W are the length
and the width of the mangrove forests, respectively) of the artificial mangrove models.
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et al., 2021). Then we set the mangrove density as 0.36 trees/m? to fit
the wave flume. A total of 36 AMMs were located in the 0.5 m wide and
2 m long forest patch, resulting in a density of 36 trees/m? on a model
scale or 0.36 trees/m? on the prototype scale. In previous studies, the
tandem and staggered arrangements of AMMs showed an insignificant
difference in wave attenuation (Hashim and Khairuddin, 2014). Thus,
the AMMs were arranged only in tandem order in this study (Fig. 2). The
distances between each stem are 0.125 m in the transverse direction and
0.167 m in the longitudinal direction, respectively.

The associated submerged volume fractions of varying canopies were
based on the water depths (Fig. 3). Assuming the canopy has inverted
conoid morphology and the projected area is an inverted triangle, the
projected area and submerged volume fractions of the three kinds of
mangrove patches are calculated and shown in Fig. 3. With the
increasing water depth, the submerged volume fraction (SVF) has a
decreasing trend. When the water depth equals to the height of
mangrove models M2 and M3, the AMMs are nearly emergent, and the
SVF reaches a peak value within the range of 0.3-0.5 m water depth. The
length of the mangrove patch is B = 2 m, which ensures fully developed

(a1) H=0.06 m, T=1.4's, h=0.3 m

(a1) H=0.08 m, T=1.4's, h=0.3 m
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flow within the region when B> A,, (Rooijen et al., 2020)., where A,, =
un,/w is the wave orbital excursion, and u,, is the peak wave orbital
velocity. In addition, the canopy length B is longer than the canopy drag
length scale Lq ~ 2h, (1 — 4,)/4s, where 4 is the frontal area per unit bed
area, and 4, is the plan area per unit bed area (Rooijen et al., 2020). The
abovementioned two criteria validate the chosen length of the vegeta-
tion zone.

To sum up, 104 tests were carried out with 2 water depths, and 3
different canopy densities of the AMM under 28 wave conditions. For
the emergent canopies, 8 wave conditions were tested for MO, M1, and
M3. For the nearly emergent canopies, 9 wave conditions were tested for
MO0-M3. For the fully submerged conditions, 11 wave conditions were
tested for MO-M3.

4. Results and discussions
Wave attenuation along the mangrove forest is analyzed in this

section. The factors, which affect the wave damping process including
the hydrodynamic characteristics and the model characteristics, are
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Fig. 4. The wave evolution within three different mangrove patches (blue: M1; red: M2; orange: M3) under representative regular wave conditions. The lines

indicated the fitted curve.
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compared.

4.1. Wave damping factor f

The wave damping factor f is an essential parameter in quantifying
wave attenuation by vegetation. f can be obtained by fitting the
measured wave heights along the vegetation patch to Eq. (2), the
reduction in wave heights caused by bare bottom and wall friction,
which were measured by the controlled experiments without mangrove
models (MO0) had been subtracted. A larger value of f illustrates a more
substantial wave attenuation ability by the vegetation. To compare the
differences in contributions by varying canopy densities on wave
damping by vegetation (WDV), three mangrove models were designed,
including no canopy (M1), small canopy density (M2), and large canopy
density (M3). Fig. 4 displays the WDV by the three mangrove models
with varying canopy densities (M1, M2, M3) under different hydraulic
conditions. The correlation between the relative wave height H(x)/Hg
and the wave propagation distance x into the vegetation path was fitted
to Eq. (2), employing the nonlinear least squares method. It is shown
that when the water depth was 0.3 m and the mangrove models were
emergent, although only the lower part of the canopy was submerged
(hes/h = 0.233, hes is the submerged height of canopy), the canopy
components contribute substantially to wave attenuation. The corre-
sponding f of the dense canopy model M3 is 7.8 times that of the no-
canopy model M1 under the wave climate H = 0.08 m, T = 1.4 s f§ be-
comes smaller with the wave period increasing to 1.6 s. Nevertheless,
of the M3 model is 6.2 times that of the M1 model. When the water depth
increased to 0.4 m, which is equal to the height of the mangrove models,
the relative submerged mangrove canopy height increased to the
maximal (he/h = 0.425), and the damping coefficient increased
significantly. § of the M3 model is about 10.7 times that of the M1 model
under the presented two wave conditions.

Compared to the M2 model, the canopy volume of the M3 model is
two times larger than the M2 model. The consequent $ of the M3 model
is about two times larger than the M2 model. For the fully submerged
condition when the water depth is 0.5 m, the variations of g show a
similar trend with the two shallower water depths. However, since the
submergence ratio of the canopy decreases (h.s/h = 0.34), the damping
coefficients § were smallest, less than that under the nearly emergent
and the emergent conditions. Therefore, the damping coefficient is
dominated by the submerged volume of mangrove forests, especially by
the submerged volume fraction of the canopies.
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4.2. Key factors affecting wave attenuation

Previous studies show that wave damping is closely related to the
mangrove characteristics and the hydrodynamic characteristics (Wu and
Cox, 2015; Maza et al., 2019; He et al., 2019; Zhou et al., 2022; Wang
et al., 2022b). The relations between the wave damping factor f, the
relative water depth kh, and the wave steepness H/L are shown in Fig. 5.
Generally, f increases with the increasing relative water depth kh and
the wave steepness H/L for the same mangrove density and submer-
gence. Fig. 5 shows that when the relative water depth ranges from
shallow to deep water, f increases revealing that mangroves attenuate
shorter waves more efficiently.  of model M3 is approximately two
times the value of model M2, which is consistent with the enhanced two
times canopy volumes of the model M3 in comparison to the model M2.
Distinctly, the # magnitude of the model M2 and M3 with canopies is one
order of magnitude larger than g of model M1 without canopies. This
indicates that the canopy component of mangroves can substantially
contribute to wave attenuation. The remarkable differences between the
cylindrical model M1 and the near-natural model M2 and M3 highlight
the importance of quantifying the frontal surface area of woody vege-
tation (i.e., mangrove trees). Therefore, under inundated deep-water
conditions, it is important and necessary to quantify the contribution
of submerged canopies to wave attenuation.

Despite the approximately linear trend of g with the relative water
depth and wave steepness, the data scatter shown corresponds to a
specific model type and wave conditions. Under large water depth h =
0.5 m, big deviation from linear trend of j to large kh and H/L appeared.
To be consistent with the observed wave damping process within the
vegetation patch (Figs. 4 and 5), both characteristics of the mangroves
and the incident wave conditions were considered by four non-
dimensional parameters. The first parameter is the SVF of mangroves
which represents the water-blocking volume. It has been reported that
the submerged volume of mangroves is a dominant factor that affects
wave attenuation (He et al., 2019; Maza et al., 2019). The submerged
volume of mangroves depends on the water depth and the variations of
mangrove morphology in the vertical direction. Higher submerged
volume exerts more drag forces on the water volume and induces
stronger wave attenuation. The second parameter is the wave steepness
H/L. The wave attenuation was observed to increase as wave height
increases, but decreases when wave periods (and thus, wavelength) in-
creases (Phan et al., 2014; He et al., 2019). The general trend suggests a
positive correlation between  and H/L (Maza et al., 2019; Bryant et al.,
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Fig. 5. Variations of the wave damping factor g with relative water depth kh and wave steepness H/L.
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Fig. 6. Wave damping factor f, as a function of the hydraulic submerged vol-
ume fraction HSVF under regular wave conditions following the linear fitting
relationship of f = y x HSVF. The linear fitting lines obtained for three
mangrove configurations are displayed respectively (blue: M1; red: M2;
black: M3).

2022). The third parameter is the relative forest length, defined as the
forest length to the wavelength B/L, considering the effects of wave
periods and the importance of the number of wavelengths propagating
into the mangrove region. The fourth parameter is the submergence
ratio of vegetation, hys/h, which indicate the effects of varying sub-
merged volume fraction with increasing water depth. Following the
definition of the hydraulic standing biomass of saltmarshes (Maza et al.,
2022), we defined a new factor in the hydraulic submerged volume
fraction HSVF as:
HSVF = SVF« 1, B /s (12)
L L h

In Fig. 6, the relationship between $ and the new variable HSVF
under regular waves following a linear relationship of f = y x HSVF,
where y was a fitting constant with units of m~!. The linear fitting
correlations are expressed as Egs. (13)-(15), respectively, where values
after the addition and subtraction symbol are the standard error of the
mean for each coefficient.

for M1 : § = (199.94 + 14.48) « HSVF (13)
for M2 : § = (833.82 + 34.07) x HSVF (14)
for M3 : § = (1319.90 + 54.23) + HSVF (15)

To unify the three correlations of - HSVF, and separate the contri-
butions of the canopy part and the cylindrical part, i.e. stem and root
components, we further defined a variable, the hydraulic submerged
volume index (HSVI), by multiplying the HSVF by the submerged vol-
ume fraction of canopy part SVFca and the submerged volume fraction
of the cylindrical part SVFcy shown in Eq. (16). The ¢; and c; coefficients
in Eq. (16) were calibrated to obtained the best fit, their values are 1.6
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and 1.0, respectively.

HSVI = HSVF X (¢; x SVFca + ¢, x SVFcy) (16)
B =(6.67x10* £2.20 x 10°) » HSVI a7

In Fig. 7 (a), it is shown that the variations of f of all three models can be
well predicted by one HSVI parameter. The fitted correlation between
and HSVI is illustrated by Eq. (17). Fig. 7 (b) depicts the comparison of
the predicted wave damping factor g with the measured $. The results
show that the empirical relations of g with the HSVI of the sparse canopy
model M2 and the dense canopy model M3 fulfill a more confident
prediction than the cylindrical model M1. This is because there is a
distinct difference between the M2 and M3 models consists of flexible
canopies and the M1 models without canopies. Neglecting the intro-
duced uncertainties by mangrove canopy characteristics, the fitting Eq.
(17) is a kind of straightforward and efficient way to predict wave
damping factor  with simple variables.

To isolate and compare the wave attenuation ability of different
mangrove components, we assumed the total wave damping factor g is a
linear summation of the wave damping factors of canopy, stem, and root
(i.e. pc, ps, and p, respectively) as:

1 1 1 1
1+ﬁx_l+ﬁcx+l+/isx+l+/},x

18

Each p can be calculated by Equation (4), then the relative wave
damping factor of the canopy to stem f,. = f./f, and the relative wave
damping factor of root to stem f,. = f3,/f3, were obtained as

Deanopy (sinh® (khe,) + 3 sinh(khe,) — (sinh’® (khey) + 3 sinh (ki )) )

ﬂ" = Bstem(Sinh3 (thS) + 3 Sinh (kh”))

19

NyootDyoor (sinh’ (khys) + 3 sinh (kh,y))
NiytenDitem (sinh* (khyy) -+ 3 sinh (kh,,))

B = 20

where hy =h+Zy and hy, = h+ Zg, Ze and Zg(= Ze — hes) are the
vertical coordinates of the top and bottom of the submerged canopy (see
Fig. 1), Deanopy> Dstem and Dyoo; is the canopy-depth-averaged, stem-depth-
averaged, and root-depth-averaged projected area of canopy, stem, and
root respectively.

It is shown in Fig. 8 that ,. increases with increasing kh, but f,, has
an opposite decreasing trend with kh. Similarly, a controversy trend
between f,. and fg,. with Ur existed. 8., decreases with increasing Ur,
while g, increases with increasing Ur. But when Ur is larger than 10,
both f,. and p,, are approaching a constant value, which is 3.7 and 1.4
respectively. Accordingly, the contribution of canopy, stem, and root to
wave attenuation ability # would be estimated to be 61%, 23%, and 16%
respectively.
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Fig. 7. (a) unified correlation of wave damping factor g and HSVI; (b) comparison between the predicted g by the HSVI and the measured f. The solid line denoted

the perfect match line.
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Fig. 9. Variations of the wave height attenuation ratio y with varying B/L by
the three mangrove models under different water depths. The dotted lines
denote the average slope of each mangrove model.
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Fig. 10. Variations of the wave height attenuation ratio y with varying SVF (H
= 0.06-0.16 m, T = 1.4 s). The blue line denotes the fitted correlation and the
gray zone displays the 95% confidence interval.

It is shown in Fig. 9 that the wave height attenuation ratioy = 1— k;
induced by the M3 models consisting of dense canopies increases
monotonically with the increasing relative vegetation length B/L. While
v has a nonlinear relation with the propagation distance into mangrove
forests as k;, we assumed vy linearly increases with B/L. Under varying
water depths, the growth rates of y with B/L, which are the slopes of the

10

fitted linear lines, are different. Among the emergent, nearly emergent,
and fully submerged conditions, the y growth rate of 0.65 is the largest if
the M3 models are nearly emergent, while the smallest is 0.43 if the M3
models are emergent. The average growth rate of y for M3 is 0.50. It
could be predicted that when the width of the mangrove zone equals the
incident wavelength, the wave height attenuation ratio y of model M3
would be 0.5. When B/L is 2. for the M2 model with less dense canopies y
reached 0.8, while for the M1 model without canopies, the y reduced to
0.2. Such an oversimplified prediction again confirmed the significant
contribution of mangrove canopies to wave height attenuation ratio.

In Fig. 9, the approximately linear correlation between the wave
height attenuation ratio y and the relative vegetation width B/L has been
elucidated. In addition to the width of the vegetation zone, the effects of
the SVF are further compared in Fig. 10, taking tests with wave period T
= 1.4 as an example. Undoubtedly, the densest canopy model M3 pro-
duced the largest wave height attenuation ratio at about 0.7. Despite the
same submerged volume under nearly emergent and fully submerged
conditions, the higher SVF under the nearly emergent condition pro-
duces a higher wave attenuation. As predicted by the linear fitted line,
once the SVF reaches the value of 0.0236, the incident wave energy
would be 100% attenuated. It is confirmed again that model M3 of a
larger canopy density attenuates wave energy more effectively than
model M2 of a smaller canopy density and model M1 of no canopy.
Although the canopy is much more flexible than the root and the stem
parts, the canopy contributes substantially to wave attenuation ability. It
is imperative to account for the canopy contributions when predicting
the wave attenuation ability of young mangrove forests because the
canopies of young samplings are frequently submerged. Otherwise, only
considering the wave attenuation by the root and stem parts, the total
wave height attenuation ratio would be significantly underestimated.
Therefore, an empirical morphology model of mangroves, including the
root, stem, and canopy components, would promote an accurate eval-
uation of the submerged volume of mangrove forests, and their wave
attenuation ability.

4.3. Bulk drag coefficient

According to Eq. (3), the bulk drag coefficient Cp is calculated from
the fitted wave damping factor f. The bulk drag coefficient under
different wave conditions and different vegetation configurations are
compared in Fig. 11. Generally, the correlation between Cp and Reg4, KCq,
or Ur presents a similar overall trend to previous studies (Hu et al., 2014,
2022; Wang et al., 2022a). The subscript d represents the characteristic
length scale is the DBH. For instance, with the increase of the hydro-
dynamic characteristic numbers, Cp decreases and gradually approaches
a stable minimum value. As shown in Fig. 11, the values of the bulk drag
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Fig. 11. Variations in Cp with characteristic numbers Reg, KCq4, or Ur (blue dots: M1; red dots: M2; orange dots: M3). The correlations between the Cp and the
characteristic numbers Reg, KCg4, and Ur are based on the function of Cp, = a;+(az/@) * in which ¢ would be Rey, KCg, or Ur respectively, aj, a, and ag are coefficients.

The fitted curves are displayed by solid curves.

coefficient of the artificial mangrove models M2 and M3 with canopies
range from 1.78 to 29.7. With increasing Reynolds number, Cp is
decreasing. Cp of models M2 and M3 is much larger than that of model
M1 without canopies, of which the mean value of Cp, is about 2.63. Such
a larger Cp value of models with canopies demonstrate the strong ability
of the canopy component to attenuate waves, especially under weak
wave climates. Similarly, Wu and Cox (2015) demonstrated that Cp is
highly dependent on vertical biomass distribution. When the projected
area was kept constant, the changes in Cp varies from 140% to 170%
between uniform and nonuniform schemes. They highlighted that the
assumption of a uniform distribution of vegetation biomass is critical.
Therefore, when using the empirical correlations of Cp obtained for
cylindrical models to calculate the Cp of mangroves, the complex ver-
tical morphology structure of mangroves should be properly parame-
terized, especially when the dense canopy part is submerged.

In Fig. 11, the correlations between Cp and the hydraulic parameters

Reg, KC4, and Ur are compared. Consistent with the findings by Wu and
Cox (2015), the bulk drag coefficient can be more accurately predicted
by the KC4 and Ur parameters for cylindrical stems than the Reg number.
The respective fitted lines of model M2 and M3 (colored lines in Fig. 11,
a2, b2, c2) demonstrated that the two lines would gradually converge
when the hydraulic parameters approach their minimum values. How-
ever, they are deviating much further from the fitted line of model M1.
Therefore, the fitted line of Cp for the total data (black lines in Fig. 11,
al, bl, c1) would significantly overestimate Cp of cylindrical model M1
if the values of hydraulic parameters are small. Wang et al. (2022a)
found that the correlation coefficient is higher if the Re is calculated
using the hydraulic radius of the vegetation instead of the stem diam-
eter. Comparing the effects of different definitions of Re number by
different characteristic length scales, Fig. 12 shows that the R? of the
fitted Rey-Cp line significantly increases, while the R? of the fitted
KC.-Cp line significantly decreases. Thus, the hydraulic radius of the
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40 40
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Fig. 12. Correlations of Cp with Re and KC when the length scale is the stem diameter d, effective vegetation length [, [, and hydraulic radius of vegetation r,,
respectively. The blue dots: M1; red dots: M2; orange dots: M3. The solid line denotes the fitted curves.
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Table 3
Previously existing and newly proposed empirical formulas of the bulk drag coefficient of mangroves under waves.
Source Scale Vegetation Formula Scope
1:A
Maza et al. (2017) 1:12 artificial mangrove with stem, root Cp =9.49 Re;o 31 500<Reg < 1700
He et al. (2019) 1:10 artificial mangrove with stem, root, canopy Cp = 18.025 % e 0043KCu 10< KC4 <37
1:10 tificial ith stem, t 0.41 0.01<KC, < 0.28
W‘(ng et al. (2022b) artificial mangrove wil stem, roo CD 042+ (%) 'y
1
1:7 tificial ith stem, t 1.065 2.5< KC4 <20
Chang et al. (2022) artiricial mangrove wii stem, roo CD _11s (1470 4
KCy
1015.21) 1044 180< Reyq <1 300
Cp =115+ (%)
d
1:2.1 artificial mangrove with stem, root 1.24\ 078 0< KCq4 <12
Bryant et al. (2022) Cp = 0.86+ (ﬁ)
d
1:1 tificial ith stem, t 10 4 900< Reg < 119 000
Kelty et al. (2022) artificial mangrove with stem, roo Cp = 0,60+ (301(;000) eq
€d
This study 1:10 artificial mangrove with stem, root, canopy 101.99\ 1% 6.05< KCy <64.90
Co =0.60+ ( <o )
d
2 141 34 900< Rey, <407 000
Cp = 0.60 + (4 }:):00) v
™
075 0.73<Ur < 21.33
Cp =0.60 (%)
a b c
50 @) 50 (b) 5 ()
= = =Hel9 = = = Wang22 = = = Mazal7
this study = this study = = = Kelty22
40 40 40 ——— this study
30 30 30
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O O 6]
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Fig. 13. Comparison with other proposed correlations of Cp, with KCy, KC,,, and Rey (Maza et al., 2017; He et al., 2019; Wang et al., 2022b; Kelty et al., 2022). The Req

numbers were upscaled to the prototype scale.

vegetation ry is the best length scale to define Re instead of the stem
diameter d, the effective length of vegetation I, or the effective length
scale of water volume [, for the AMMs. The bulk drag coefficient Cp can
be better predicted by the specific Re,, number than the KC,, number,
while if only the hydraulic parameters are known, the Ur number is a
reliable alternative predictor of Cp. Moreover, the Cp-KC correlation is
less sensitive to the length scale than the Cp-Re correlation.

The new proposed correlations of Cp-Rey,, Cp-KCq4 for both the cy-
lindrical mangrove model without canopy (M1) and the mangrove
model with canopy (M2 and M3) in this study were compared with other
available formulas in literature, and all of the formulas were summa-
rized in Table 3. From this study, we presented the Cp-Re;,, Cp-KCq and
Cp-Ur correlations in Table 3 in the form of Cp = a1+(a2/cp)a3, in which ¢
would be Ren, KCq, or Ur respectively. Following Kelty et al. (2022), the
a; coefficient was set as 0.6 to be consistent with accepted values of
waves on vertical piles. Such a 0.6 value limit the minimum boundary of
Cp, and close to the minimum value of Cp obtained in this study which is
0.65. Some formulas are displayed in Fig. 13. It is shown that under
larger KCy conditions, the new formula has a similar curvature of the
fitted curve of He et al. (2019). However, when the KCjg is less than 20,
the Cp is significantly underestimated by the formula of He et al. (2019).
Given the KC,-Cp correlation, the formula proposed by Wang et al.
(2022b) well predicted the Cp for the M1 model with only roots and
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stems, which is consistent with the mangrove model employed in the
experiments by Wang et al. (2022b). This finding also applies to the
comparison of Cp-Rey correlation between Maza et al. (2017) and this
study, as Maza et al. (2017) also only focus on the lower part of man-
groves consisting of bottom roots and stems. Through the above-
mentioned comparison, it can be concluded that it should be careful to
use previously existing formulas to predict the Cp of mangroves while
the submergence conditions of canopies are different. Otherwise, the
formulas deduced for cylindrical models by Maza et al. (2017) and Wang
et al. (2022b) would underestimate Cp once mangrove canopies are
submerged.

In Fig. 13, the deviations between Cp of cylindrical mangroves
without canopies (Maza et al., 2013; Wang et al., 2022b) and mangroves
with canopies (this study and He et al., 2019) are significant. In Fig. 14,
only the Cp of cylindrical models was compared. The deviations are
within an acceptable range. Thus, when applying the empirical models
of Cp, not only the hydraulic dynamics should be within their applica-
tion ranges, but also the characteristics of vegetation should be similar.
However, using the Cp of cylindrical models to predict the Cp of man-
groves with submerged canopies can be the most conservative
prediction.
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Fig. 14. Comparison with other proposed formulas of Cp-KCy for cylindrical
vegetation with the M1 model (Hu et al., 2014; Chang et al., 2022; Bryant
et al., 2022).

4.4. The scaling effects

In literature, a lot of empirical equations have been obtained from
small scaled laboratory experiments. Through prototype scale experi-
ments, Kelty et al. (2022) raised attention to the scaling effects of the
Reynolds number, when comparing different empirical equations of Cp,
This is because the kinetic viscosity in the Reynolds number were usu-
ally not scaled down in small scaled laboratory experiments and raised
above-mentioned scale effects. It is necessary to rescale Re to the same
scale, i.e. the prototype scale, by multiplying A%>2, where A is the geo-
metric scale of the prototype to model. Otherwise, the calculated Cp
would deviate from the correct values (Fig. 15, a). To address this
scaling issue between different formulas, the prototype Regprotorype is
firstly descaled to Regscqted ON the same scale as the experiments from
which the empirical formulas were induced, then the Cp were calculated
by the accordingly empirical formulas, and a new Cp-Reg prototype COTTE-
lation was obtained. In this way, it is shown that the Cp-Regprototype Can
fall within a reasonable range (Fig. 15, b). Thus, the correlations
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between the predicted Cp by different equations obtained on varying
scales (1:12 by Maza et al., 2017, 1:10 by this study; 1:7 by Chang et al.,
2022, 1:2.1 by Bryant et al., 2022, 1:1 by Kelty et al., 2022), and the
corresponding Regqprotoype ON the same prototype scale show a fair
agreement with each other. However, the KC and Ur numbers are
properly scaled according to Froud similarity in models, unlike the Re
number. Finding the best parameters from the best fitting performance
of empirical formulas obtained from scaled experiments is still a chal-
lenging thing, because not a single parameter incorporates all the
physical processes. Moreover, valid data from experiments on the pro-
totype scale are still rare and in urgent demand.

5. Conclusions

An experimental study was carried out using a 1:10 artificial
mangrove model patch of 2 m width consisting of 36 artificial mangrove
models to mimic short mangroves with the root, stem, and canopy
components. Regular waves are scaled down using Froude similarity to
represent the coastal hydrodynamics. The hydraulic conditions spanned
a wave steepness H/L from 0.0186 to 0.0622, and a relative water depth
from near shallow to near deep water waves (0.68< kh <2.08). The
relative wave height ranged in 0.08<H/h < 0.32. The influences of
different water depths are tested to investigate the submerged volume
fractions of the mangroves under emergent, nearly emergent, and fully
submerged conditions. This study gives a new insight into wave atten-
uation by mangrove morphology structures, focusing on the attribution
from the submerged canopy parts. Three canopy densities of mangroves
(i.e. no canopy, sparse canopy, and dense canopy) are tested to quantify
the wave attenuation contributed by the submerged canopies. The free
surface waves propagating into the mangrove forests were measured
along the centerline of the patch and analyzed.

The equations proposed by Dalrymple et al. (1984), relating the
wave damping factor and the drag coefficient, are employed to calculate
the Cp coefficients. A new variable hydraulic submerged volume index
(HSVI) was defined to predict the wave damping factor $ by the man-
groves based on the fitted linear correlation. The correlation between
the Cp and vegetation characteristic numbers (i.e., the relative width of
the patch B/L, or the submerged volume fraction SVF) and the hydro-
dynamic characteristic numbers (i.e., Reynolds number Re, Keule-
gan—Carpenter number KC, and Ursell number Ur). The Ursell number
was in the range of 0.73<Ur < 21.33. Choosing the stem diameter as the
characteristic length scale, the KC number was in the range of 12.97<

(b) prototype scale
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’ Chang22
Bryant22
3r Kelty22 E
Maza17
25} " 1
QD 2F ]
15} 1
1F ]
0.5+ . 1
0 . \ .
2 4 6 8 10
4
Red,prototype x10

Fig. 15. Comparison with other proposed formulas of Cp-Re on different scales (a) and on prototype scale (b), (Maza et al., 2017; Kelty et al., 2022; Chang et al.,

2022; Bryant et al., 2022).
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KC4 <77.39, and the range of Reynolds number Rey was between 1.28 x
10° and 4.27 x 10°. The analyses show that the correlation of Cp with
hydrodynamic characteristic numbers Re, KC, and Ur depends on the
characteristic length scale. Among them, the specific Cp-Re;, correlation
predicts the best with the highest correlation coefficient. While the
Cp-Re and Cp-KC correlations are highly characteristic length scale
dependent, the Ur is a reliable predictor of Cp with fair confidence when
only the hydraulic parameters are known. Moreover, Cp-KC and Cp-Ur
correlations don’t need to consider the scaling effects. However, given
the Re number, only if the Re number were rescaled to compensate the
scaling effects raised by the non-scaled kinetic viscosity on small scale,
new Cp-Re correlations on the prototype scale do have similar trends and
show a reasonable agreement with each other.

This study highlights that the canopies of short mangroves (e.g.,
short species or young saplings) significantly contribute to wave
damping once the canopies are submerged. Otherwise, if the canopy
effects are not considered, the wave attenuation ability of submerged
short mangrove forests would be significantly underestimated. The ob-
tained empirical wave attenuation formula considering the wave decay
produced by the canopies is essential to evaluate the wave attenuation
performance when short mangrove forests are inundated. For instance,
under storm surges, when the water depth increases heavily, the can-
opies are likely to be submerged and contribute to wave decay. The
empirical formula is an excellent supplement to previous studies,
highlighting canopy effects on wave attenuation. Incorporating the
canopy effects in evaluating wave attenuation ability by mangrove
forests would increase the accuracy, but ignoring the canopy effects is
still the most conservative way at least. In this study, the effects of
biomechanical characteristics of canopy branches and leaves on wave
attenuation were ignored, which is worthy of further investigation.
Under strong wind and waves, the defoliation of leaves, breakage of
branches, and movement of the canopies would need to be carefully
considered in future research. The further improvement of prediction
would then benefit and facilitate the design and management of a
mangrove restoration project.
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