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Abstract wave height attenuation in vegetation canopies is often all attributed to the drag force exerted by
vegetation, whereas other potential dissipation process is often neglected. Previous studies without vegetation
have found that opposing currents can induce wave breaking and greatly increase dissipation. It is not clear if
similar process may also occur in vegetation canopies. We conducted systematic flume experiments to show
that wave breaking in opposing currents can occur in vegetated flows, but only in submerged canopies with
shear currents above vegetation top. Subsequently, we developed a new analytical model to understand and
assess the contribution of both drag-induced dissipation in the lower vegetation layer and current-induced
breaking in the upper free layer. A new generic drag coefficient relation was applied in the model to quantify
drag-induced dissipation with various current-wave combinations. It shows that breaking induced by opposing
currents constitutes an essential part (up to 87%) of the total dissipation, which leads to considerably higher
dissipation than the cases with following currents. Breaking can occur with various submergence ratios and
with small opposing currents in the submerged vegetation field. It indicates that similar breaking process is
likely to occur in real vegetation fields. The present study reveals and quantifies the current-induced wave
breaking process that has not been reported before, which can improve our understanding of vegetation wave
dissipation capacity in field conditions.

Plain Language Summary Nature-based coastal protection has drawn much attention from coastal
scientists, engineers, and managers. This measure conserves and (re)creates vegetated coastal wetlands, for
example, saltmarshes, mangroves, and seagrasses as buffers to attenuate incident waves and reduce wave

load on dikes. The mechanisms of wave dissipation in coastal wetlands have been extensively investigated.
Existing studies generally attribute all the dissipation to the drag force exerted by vegetation, whereas indirect
wave dissipation that may occur with accompanying tidal currents is generally neglected. By extensive flume
experiments, we found that substantial indirect wave dissipation can be induced by triggered breaking. Such
process takes place in submerged canopies with a suitable submergence ratio (e.g., 1< water depth/canopy
height <4.5), where the currents above the submerged canopies is accelerated by the underneath vegetation
drag. These insights highlight the importance of previously overlooked indirect wave dissipation in vegetation
fields (not by vegetation drag but by breaking), which are likely to occur in shallowly submerged mangrove and
saltmarsh canopies. Thus, the knowledge and the model developed in the present study provide a base for more
precise predictions of coastal wetlands' protection values.

1. Introduction

Coastal wetlands such as mangroves and saltmarshes are increasingly recognized as effective buffers to atten-
uate incident waves and reduce the load on coastal structures (Leonardi et al., 2018; Ondiviela et al., 2014;
Vuik et al., 2018). Because of the valuable coastal defenses service, integrating these vegetated wetlands in
nature-based coastal defenses has been proposed (Currin, 2019; Temmerman et al., 2013; van Loon-Steensma
et al., 2014, 2016). To bring nature-based coastal defenses into practice, in-depth understanding and quantitative
insights of wave dissipation by vegetation (hereafter referred to as WDV) are essential (Bouma et al., 2014).
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WDV has been investigated in many previous studies using lab experiments (Lara et al., 2016; Mancheno
et al., 2021; Moller et al., 2014; Paul & Gillis, 2015; Yao et al., 2018), field observations (Horstman et al., 2014;
Vuik et al., 2016) and theoretical/numerical models (Cao et al., 2015; Chen & Zou, 2019; Dalrymple et al., 1984;
Méndez & Losada, 2004; Suzuki et al., 2019).

Located in intertidal areas, mangroves and saltmarsh canopies are commonly subjected to combined current-
wave flows (Losada et al., 2016; Ysebaert et al., 2011). Specifically, incident waves propagate into vegetated
wetlands in the same direction as the tidal currents during flooding tide. Reversely, waves propagate in the oppo-
site direction as the tidal currents during ebb tide (Garzon et al., 2019). Using the waves as a reference, we desig-
nate currents that flow in the same direction as wave propagation (e.g., flooding currents) as following currents,
and currents that flow in the opposite direction as wave propagation (e.g., ebb currents) as opposing currents.
Previous studies involving the following currents have shown that WDV varies with the ratio of the depth-aver-
Z.Huetal., 2014; Li &
Yan, 2007; Paul et al., 2012). WDV is suppressed when « is smaller than one but enhanced when « is higher. The
comparison between following and opposing currents has also been addressed in Maza et al. (2015) and Garzon
et al. (2019).

aged imposed current velocity and the amplitude of wave orbital velocity (@ = U /U,

w?

Notably, most studies devote all the WDV to work done by vegetation drag force, whereas other possible wave
dissipation mechanism is neglected. Previous studies without vegetation have found that opposing currents can
induce partial wave breaking when the ratio between current velocity (U) and wave celerity (c) reaches certain
thresholds (Brevik & Bjgrn, 1979; Chen & Zou, 2018; Unna, 1942; Yu, 1952; Zheng et al., 2008). However, it is
not clear if similar breaking process exists in vegetated fields with coexisting currents. This unidentified part of
WDV can be referred as indirect wave dissipation by vegetation since it is not directly linked to the work done by
vegetation drag force. Further investigation of the indirect WDV can potentially complement the existing knowl-
edge on direct WDV, leading to more accurate predictions of the wave attention capacity of coastal vegetation
fields.

To assess the relative contribution of indirect WDV, accurate quantification of the direct WDV is needed. As
a critical parameter determining drag force and direct WDV, vegetation drag coefficient Cj, in following and
opposing currents has been obtained by calibrating WDV models against observed wave reduction (H. Chen
et al., 2018; Losada et al., 2016). The accuracy of this method depends on the reliability of the predetermined
models, and the applicability of the derived C,, can be limited to specific experiments (Henry et al., 2015). A
more direct method is using synchronized velocity () and force () measurement and derives C;, directly from
the original Morison equation (Morison et al., 1950). This method can eliminate potential errors from the WDV
models. Another advantage of the direct method is that the measured velocity is the velocity in the constriction
between adjacent canopy elements, which is an appropriate velocity scale to be used in the relations between C,,
and Reynolds number (Re; Etminan et al., 2019; Van Rooijen et al., 2018).

This direct method has been applied in pure waves and waves with following currents cases (H. Chen et al., 2018;
Z. Hu et al., 2014; Infantes et al., 2011; van Hespen et al., 2021), and the derived empirical relation of C,, and
Re (Reynolds number) has been proven to be useful in numerous experiment and numerical studies (Henry
etal., 2015;J. Huetal., 2019; P. L.-F Liu et al., 2015; van Veelen et al., 2021; Wang et al., 2015). However, C,, in
opposing currents is yet to be investigated using this direct method. Applying this method to both following and
opposing currents can generate a general empirical relation for various current-wave conditions.

In the present study, we conducted a flume experiment (Figure 1) to mimic wave propagation with accompany
currents in stiff vegetation canopies, such as mangroves (Figure S5 in Supporting Information S1). Our main
aim is to reveal the mechanism and the relative importance of indirect WDV induced by wave breaking. We
included tests with both following and opposing currents (a varies from —2 to 4) to reveal the relative importance
of wave breaking. Tests with both emergent and submerged conditions are included to show the necessity of a
free flow layer for wave breaking. Additionally, various scenarios, including wave height and period, high and
low stem densities as well as regularly and randomly arranged canopies were tested (Figure S1 in Supporting
Information S1). The obtained data of wave height, velocity and force on the vegetation stems are included in an
open data repository (Z. Hu et al., 2020) to facilitate date reuse. A new analytical model is developed to explain
the observed WDV with both direct and indirect contributions. The novelty of this model is the quantification
of the onset and magnitude of current-induced wave breaking in vegetation canopies. The obtained results are
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Figure 1. (a) A schematic diagram of direct and indirect wave dissipation (wave breaking) in a submerged canopy, (b) a photo of wave breaking induced by opposing
currents. A movie of partial wave breaking in the vegetation field can be found at https://doi.org/10.6084/m9.figshare.13026530, (c) the flume experiment setup, seven
capacitance-type wave gauges were installed along the flume to measure wave height variations. Three pairs of Acoustic Doppler Velocimeters (ADVs) and force
sensors were deployed to measure in-phase velocity-force on mimic plants for direct C, derivation (H. Chen et al., 2018; Yao et al., 2018). Following currents were
generated by a circulation pump, whereas opposing currents were generated by a number of small pumps behind the wave absorber.

discussed for their implications in nature-based coastal protections using mangrove forests (Figure S5 in Support-
ing Information S1).

2. Experiments and Analytical Model
2.1. Experiment Setup

Experiments were performed in a 26-m-long, 0.6-m-wide, 0.6-m-high wave-current flume in the Hydrodynamics
Lab of Sun Yat-sen University (Figure 1c). The mimic canopies were built with stiff wooden rods in the middle
of the wave flume (Figure 1c). The canopies were 6-m long and 0.6-m wide, and the height (%,) and diameter (b,)
of the rods were 0.25 and 0.01 m, respectively. The length of the canopies was chosen so that it is 3—4 times of
the wave length, that is, the canopies can accommodate 3—4 waves in all the tests. They are placed on a plywood
false bottom, beneath which three force sensors (M140 by UTILCELL) were placed to measure the acting force
on the rods (Figure 1c). Two mimic stem densities (N, = 139 and 556 stems/m?), as well as control tests (N, = 0)
were tested and referred to as “VD2,” “VD3,” and “VDO0,” respectively. These stem densities and stem diameter
were identical to those in Z. Hu et al. (2014) to facilitate comparison. Emergent and submerged canopies were
achieved by adjusting still water levels in the flume (42 = 0.20 and 0.33 m). Due to the depth limitation of the
flume, the tested submergence ratio of the submerged case is relatively low, that is, i/h, = 1.32, which may be
considered near-emergent condition (Augustin et al., 2009). Still, following the general definition in Nepf (2012),
such condition is defined as submerged condition nonetheless.

Following currents were generated by a circulation pump located close to the wave maker, whereas opposing
currents were generated by a set of small pumps located behind the wave absorber (Figure 1). In cases of follow-
ing currents, the intended water depth and velocity in the vegetation field were controlled by changing the inputs
of the pump and the outflow gate at the end of the flume. In cases of opposing currents, we change the number
of working pumps to control the water depth and velocity. The fence structure of the wave absorber can help in
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Figure 2. Vertical profile of time averaged velocity in (a) emergent and (b) submerged VD2 canopies. In both cases, the incident wave height, wave period and imposed
current velocity is 5 cm, 0.8 s and +0.09 m/s, respectively.

creating steady opposing currents. The intended water depths (e.g., & = 0.33 cm) were achieved with ca. 1-cm
offset. In each test, the wavemaker was started after steady flow and still water surface was achieved. To test the
possible influence of mimic spatial arrangement, both regularly and randomly arranged canopies were tested in
the present experiment (Figure S1 in Supporting Information S1).

The spatial wave height changes were measured by seven capacitance-type wave gauges (Figure 1c¢). In each test,
velocity was measured by three Nortek ADVs (acoustic doppler velocimeter) at halfway of the water depth with
a sampling frequency of 50 Hz. The period-averaged velocities were based on time series of at least three wave
periods. Considering the two water depths and the canopy height in our experiment, the measured velocity at this
vertical position can be regarded as the averaged in-canopy velocity (Z. Hu et al., 2014, see Figure 2). Amplitude
-U,.)/2, where U, and U, are the measured peak flow
velocities in the positive and negative directions in a wave period at the middle of the water column. Imposed
current velocity U, is the time-averaged velocity at halfway of the water depth before waves were generated. In
selected tests (i.e., 5 cm wave height and 0.8 s wave period with different current velocities), velocity profiles
were measured by changing the vertical position of the ADV probes in repeated runs. The accuracy of ADVs was
+0.5%. Their data were recorded only when the signal-to-noise ratio was higher than 15 dB, and correlation was
higher than 80%.

of the horizontal wave orbital velocity is U,, = (U,,,,

Force sensors were installed at the same cross-section of the above-mentioned velocity measurements to compose
a synchronized force-velocity measuring system for drag coefficient derivation (Figure 1c, see Yao et al., 2018).
The force sensors were model M140 made by UTILCELL, whose accuracy is +0.017% (https://www.utilcell.
com/en/load-cells/load-cell-m140). These sensors were also measured at 50 Hz and were hidden in the false
bottom to avoid disturbance of the flow. Three individual rods were firmly attached to these sensors by screws.
These force sensors were calibrated by adjusting their output with known weights. The output of the sensors is
the total force acting on the testing rod, regardless the location of the acting force. These measuring rods were
put on the centerline of the flume, and the ADVs were placed 5 cm apart at the same cross-section. A few mimics
were removed to accommodate the synchronized force-velocity measuring system. This system was only applied
for regular canopies but not for random canopies, in which flow in the cross-section is nonuniform. The output of
these sensors is weight and can be easily converted to force. The output value would not change with the acting
position on the measuring rod.

In total, 366 tests were conducted. Each test has a unique set of stem density, stem arrangement, submergence, and
current-wave combinations (Table 1). To ensure repeatability, each test was repeated three times. For simplicity,
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Table 1
Test of Regular Canopies With Different Hydrodynamic Conditions
Water depth (h)/ Mimic stem Volumetric Wave Wave
plant height (h,) density (N) frontal area (¢)  height ()  period (T) Wave case  Current direction and velocity (U,)
[-] [stems/m?] [m~1] [m] [s] name [m/s] Re [-] a(UJU,) [-]
0.20/0.25 139/556 1.39/5.56 0.03 0.6 Wave0306*  0/+0.03/+0.06/+0.09/+0.12/+0.15  [232, 1,992] [-2.64,2.77]
0.03 0.8 Wave0308  0/+0.03/+0.06/+0.09/+0.12/+0.15  [429,2,088] [-3.09, 2.03]
0.05 1.0 Wave0506  0/+0.03/40.06/+0.09/+0.12/+0.15  [353,2,190] [-1.12, 1.78]
0.05 0.8 Wave0508  0/+0.03/+0.06/+0.09%/+0.12/+0.15  [550, 2,389] [—2.02, 1.23]
0.05 1.0 Wave0510  0/40.03/+0.06/+0.09/+0.12/+0.15  [815,2,623] [-1.38, 1.04]
0.33/0.25 139/556 1.39/5.56 0.03 0.6 Wave0306  0/+0.03/+0.06/+0.09/+-0.12/+0.15  [175, 1,526] [—1.73, 4.80]
0.03 0.8 Wave0308  0/+0.03/+0.06/+0.09/+0.12/+0.15  [346, 1,475] [-1.50, 2.86]
0.05 1.0 Wave0506  0/+0.03/+0.06/+0.09/+0.12/+0.15  [334,1,564] [-0.67, 3.38]
0.05 0.8 Wave0508  0/+0.03/40.06/+0.09/+-0.12/+0.15  [539, 1,783] [-1.03, 1.81]
0.05 1.0 Wave0510  0/+0.03/+0.06/+0.09/+0.12/+0.15  [741, 1,850] [-0.82, 1.26]
0.07 0.8 Wave0708  0/+0.03/+0.06/+0.09/+0.12/+0.15  [777,1,956] [-0.72, 1.21]
0.07 1.0 Wave0710  0/+0.03/40.06/+0.09/+0.12/40.15  [944, 2,126] [-0.55, 0.93]

*The name of the wave case contains the information of wave height (0.03 m) and wave period (0.6 s). *These tests contain detailed velocity profile measurements. “+”
means current flow in the same direction of waves, “—" means current flow in the opposite direction of waves.

we only tested regular waves, but they are nonlinear as stokes drift can be observed. The wave height ranged from
0.03 to 0.07 m, and the wave period ranged from 0.6 to 1.0 s. The tested wave heights were selected so that the
wave crests were consistently below the top of the emergent canopy and the wave troughs were always above the
submerged canopy top. In the flume, we created waves with the steady following (positive) and opposing (nega-
tive) currents with reference to the direction of wave propagation. The default input waves from the wavemaker
would have different wave heights at the canopy front due to the influence of underlying following and opposing
currents. To simulate field conditions with the same incident wave height but different underlying current veloc-
ities, we adjusted the inputs of the wavemaker to ensure the wave height arriving at the canopy front is constant
(within 5%) in various flow conditions (Z. Hu et al., 2014).

In the following current cases, current velocity varied from zero (pure wave case) to 0.15 m/s. In opposing current
cases, velocities higher than 0.09 m/s led to unstable water surfaces. Thus, these tests were excluded from the
experiment. The achieved velocity ratio (@ = U /U, ) is in the range of [—2 4]. To avoid the possible influence of
wave reflection, we only used the data of the first three to five waves with desired wave height in the analysis (Z.
Hu et al., 2014). Lastly, the obtained data are analyzed collectively with previous experiments with the following
currents (Z. Hu et al., 2014). In the experiment of Z. Hu et al. (2014), the tested following current velocity ranged
from 0 to 0.3 m/s. The tested wave height and wave period were 0.04-0.2 m and 1-2.5 s, respectively. The tested
water depths were 0.25 and 0.5 m. The obtained velocity ratio (a = U /U, ) was in the range of [0 5.2].

2.2. A Direct Method of Deriving C,, With Coexisting Currents

The obtained synchronized force-velocity data were used to obtain C,, directly based on the original Morison
equation (Morison et al., 1950):

ou(?)
ot

F = Fo+ Fu = 3 pCohbu®lu)| + % pCurhib? 0
where F is the total force, F, is the drag force [N], F, is the inertial force [N], u(?) is the instantaneous in-canopy
velocity in the horizontal direction, equals to U;, + U,sin(wt), where U, is the time-averaged depth-averaged
current velocity in the canopy with coexisting waves. Note that U;, # U, which is imposed time-averaged velocity
without wave influence. p is the fluid mass density [kg/m?®]. i, is the height of vegetation in water [m]. b, is the
plant stem diameter [m]. C,, and C,, are the drag coefficient [-] and inertia coefficient [-], respectively. C,, equals
2 for circular cylinders (Dean & Dalrymple, 1991; Nepf, 2011). Synchronized force-velocity data is critical for
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C,, quantification, but small time lags exist between the F, and u time-series due to small misalignments between
the two measuring probes and/or the intrinsic delays of the electronics. With the measured data of F and u, we
calculated the time-series of F, by Equation 1. Then, time lags can be obtained by comparing the peaks of the
F;, and u signals. Subsequently, F time-series is adjusted to eliminate the time lags and used in the next run. This
loop was executed over 30 times by an automatic script and the minimum time lag was then chosen to derive Cp,.
More details on the signal realignment can be found in Yao et al. (2018) and the minimum time lag is in the order
of 0.001 s. The realigned data of F and u can be used to derive instantaneous C;, using Equation 1 (see Figure S2
in Supporting Information S1), but period-averaged C;, is more relevant in WDV quantification (see Equation 2).

Note that F,, does not contribute to WDV, as the work done by F,,in a wave period is zero (Dalrymple et al., 1984).
This holds for both pure wave and combined current-wave flows. Therefore, the work done by F in a wave period
is equal to that done by F,, and a period-averaged C,, can be obtained as in Z. Hu et al. (2014) and H. Chen
et al. (2018):

2 [ Fou(nydt 2 [ Fu(r)dt
Cp=— = — @)
S phoba@lu@ldr [ phobu(o)lu()ldt

By using this equation, we can obtain a period-averaged C,, based on the actual contribution to the WDV via
considering the work done by F, and prevent the possible errors related to the instantaneous C,, that may reach
unrealistically high values when F/, is divided by very small velocity in Equation 1. A spatial mean C,, is obtained
by averaging the values from three locations in the flume.

2.3. WDV Data Analysis
Wave height attenuation induced by a unit length of canopies is expressed as (Z. Hu et al., 2014; Paul et al., 2012):

H() — Houl
L

AH = 3)
where Hy and H,, is the wave height at the front and the end of a vegetated area [m], respectively. L is the length
of the vegetated area [m]. The wave height reduction in canopies was subtracted by the wave height reduction
measured in the control test (VDO0), so that the effect of flume bed and sidewall friction is excluded.

To quantify the effect of imposed currents on WDV, the relative wave height decay r,, [-] in current-wave and
pure wave flows is defined as (Z. Hu et al., 2014):

AHCLC 4
A @)

Fw =

Subscript “pw” and “cw” indicate pure wave and combined current-wave conditions. To reveal the impact of
currents in the upper free layer on WDV, we define a new parameter (AR [-]) to show the difference of relative
wave height attenuation in emergent and submerged canopy:

_ (HO - Hour)em - (H() - Haut)mb
= Ho

AR

&)

Subscript “em’ and “sub” stand for emergent canopy and submerged canopies, respectively.

2.4. Modeling of Direct WDV

Direct WDV is originated from vegetation drag, whereas the indirect WDV accounts for the wave height reduc-
tion due to wave breaking, which is indirectly linked to the drag. The direct WDV was considered in all the cases:
submerged and emergent canopies in pure wave, and wave with both following and opposing currents. The indi-
rect WDV was only considered in cases of submerged canopies with opposing currents, since wave breaking was
only observed in these cases.
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Table 2
A Summary of Mean Current Velocity Inside and Above Canopy From Literature®
Imposed
Volumetric Water depth current Mean velocity Mean velocity
frontal area (h)/plant velocity, Uc  inside canopy, —above canopy, U,/
Source Vegetation mimics Flow condition (a) [m~'] height (%) [m/s] U, [m/s] Uup[m/s] U,
Nepf and Vivoni (2000) Plastic mimics Current 2.11 0.44/0.16 0.1 0.045 0.12 2.7
Lopez and Garcia (2001) Rigid cylinders Current 1.09 0.34/0.12 0.59 0.362 0.63 1.7
Z.Liu et al. (2012) Shrubbery Current 1.72 0.45/0.28 0.18 0.11 0.39 3.5
Huai et al. (2019) Meadow model plant Current 1.62 0.33/0.21 0.11 0.05 0.177 3.5
Shin et al. (2020) Acrylic cylinders Current 2.97 0.25/0.1 0.10 0.04 0.125 3.1
Z.Hu et al. (2014) Stiff wooden cylinders Wave with following current 5.56 0.50/0.36 0.15 0.079 0.27 34
M. Chen et al. (2020) Stiff wooden cylinders Wave with following current 1.34 0.8/0.4 0.25 0.071 0.24 34
Present study Rigid cylinders Wave with opposing current 1.39 0.33/0.25 —0.09 —0.05 —0.125 2.5

2Some of the listed studies contain more than one velocity profiles, in which we only select one of them as an example.

Our model of the direct WDV is modified from previous studies (Dalrymple et al., 1984; Z. Hu et al., 2014;
Longuet-Higgins & Stewart, 1961; Losada et al., 2016). The model is based on the following assumptions:

1. Current velocities in and above canopies are both uniform vertically, noted as U;, and U,,, respectively; the
U., /U, ratio is constant;

Current and wave velocities are uniform along the flume;

linear wave theory is applicable;

current and waves are collinear;

turbulent velocity fluctuations are neglectable; and

AN

drag coefficient is a constant coefficient in space.

Assumption 1 is made following previous studies on submerged canopies (Lowe et al., 2005; Nepf, 2011).
Assumption 2 is made for simplicity as our model aims to help to understand WDV variation rather than accurate
prediction. It is noted that the ratio between the two velocities varies with water depth, imposed current velocity,
vegetation type, and so on. (see Table 2). We used a constant ratio (i.e., 2.5) for all the cases, which was deter-
mined by averaging measured velocity profiles (Figure 2), and it is within the range of previously reported ratios
(Table 2). Assumptions 3—-6 were made following two previous models (Z. Hu et al., 2014; Losada et al., 2016).
Vegetation-generated turbulence is important, but it would be too complex for our sample model to involve
detailed quantification of turbulence. Its effect is lumped into the onset of wave breaking in Equation 18. The
assumption of neglecting turbulent velocity fluctuations has been made in previous analytical models for WDV
in combined current-wave flows as well (e.g., Losada et al., 2016).

For emergent canopies, the expression of the energy balance for waves with a steady current U can be given
following Longuet-Higgins and Stewart (1961):

%[E(Cg + U) + S,\U] = —€cw_w (6)

where E = %ng 2 is the wave energy density, H, U, C,, and S, is wave height, depth-averaged velocity of the
whole water depth, wave group velocity, and radiation stress, respectively. Note that for emergent canopy, U is
equal to U;,, whereas for submerged canopy, U is the averaged velocity of both layers considering their respective
water depth. The subscript x indicates the direction of the wave propagation. The first term on the left of Equa-
tion 6 represents the transfer of wave energy by the wave group velocity plus the uniform velocity. The second
term (SxU) represents the work done by the current U against radiation stress (Sy = E(2¢,/c — 1/2), where c is
wave celerity (Longuet-Higgins & Stewart, 1960, 1961). As U is uniform in the flow direction (Assumption 2),
0U/ox = 0 and thus the second term vanishes in Equation 6. In Equation 6, ., is drag-induced time-averaged
energy dissipation rate for wave per unit horizontal area in combined currents-wave flows. g.,, and ., . are
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1

2

drag-induced energy dissipation rate for wave-current combination and for current, respectively. Following Li
and Yan (2007), Ecw = Ecw_w T Ecw_c-

In pure wave conditions, time-averaged energy dissipation rate (e,,) can be derived as (Dalrymple et al., 1984;
Méndez & Losada, 2004):

H* O]

kg )3 sinh® khy, + 3sinh kh,

2
w = T C wbuNU -
Erw = 3 P (20‘ 3kcosh’ kh

where k and o is the wave number and wave angular frequency. N, is the vegetation stem density. Cp_p, is obtained
viaanempiricalrelation withReynoldsnumber (see Equation23in Section3.2), thatis, Re = [|Unmax/|, |Unmin|lnax b0/ V>
where Uyqx and Uy, are the measured maximum velocity in positive and negative direction within a period and
V= 10‘°m2/s is the kinematic viscosity (Z. Hu et al., 2014; Zhao et al., 2021).

Ecw_w 18 a function of €,,, following Z. Hu et al. (2014):
Ecw_w = f(a)gpw (8)

where f() is the ratio between &, ., and €,,, considering nonlinear wave-current interaction in drag-induced
dissipation. Following Assumptions 1 and 2, €, and €, _p,, can also be expressed as the time-averaged work done
by the drag force:

/w

e =2 [ NoFpUssin(@ndt = == NupCop._pohubi|Uul U2 ©
27 Jorjw 3n
® =/e 1
Ecww =Ew—Ewe =T NUFD (Uc + Uw sin(a)t)) dt — _NUPCDicwhublec |L]c2

2z J_ 2

z/w (10)
U.
NupCp_cwhoby [sin" (%) (21U U2 +3|U|U2) + % (4U2 + 11U2) VUL - U - l|UC|U3] , |Uel < Uy
w V4

i UpCDCLUhUbU (2|UC|UC2+3|UL‘|U3;_2|UC|UL‘2) ’ |UC| Z UM)

Then, f(a)is expressed as:

_ D(isirr'(|a|)(2|a|a2+3|a|)+1(4+11a2)\/1—a2-3—”|a|a2) la] < 1
_ Ecw —Ecw e _ 4 4 4
fla)= — = O an
o D <?|a|) la] > 1

where D = Cp_cw/Cp_pw is the ratio of C,, in combined currents-wave flow and pure wave cases. It should be
noted that D varies in each case, a generic Cj,-Re relation (Equation 23) for various current-wave combinations is
needed to determine D. In pure wave tests, we observed a non-zero mean velocity in the opposite direction of the
wave propagation, suggesting a weak recirculation current in the flume. This recirculation has also been observed
in previous experiments, and it was attributed to Stokes drift (Z. Hu et al., 2014; Hudspeth & Sulisz, 1991). Addi-
tionally, similar to the experiment in Z. Hu et al. (2014) and M. Chen et al. (2020), we found that current velocity
is suppressed due to wave motion: acting in-canopy velocity U;, in combined current-wave flow is smaller than
the imposed velocity current without wave influence, that is, U.. To account for these effects, two modifications
to Equation 8 are made following the Z. Hu et al. (2014): (a) in pure wave cases, time averaged in-canopy velocity
(U;y) is non-zero and in the negative direction, U;,/U,, = —0.04, which is determined by averaging the ratios of
all the pure wave cases; (b) in current-wave cases, current velocity is found suppressed by wave motions (i.e., see
Figure 2). It is likely due to the fact that the bidirectional orbital velocity by wave motion forms addition obsta-
cle to the unidirectional flow. For following current cases, |U;, /U | — |Uc/Uw| = —0.13, whereas for opposing
current cases, |U, /U,| — |U./Uw| = —0.03, in which U;, and U, represent the magnitudes of the current velocity
with and without wave presences. These values were obtained by averaging all the cases with regular canopies.
Subsequently, f () is modified as:
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7(=0.04)

>0 12)

Substituting equations of E, S, and Equation 8 into Equation 6 and replacing f(a) with f’(a), Equation 6 can be
rewritten below (see Text S1 in Supporting Information S1 for the deviation process), following a similar form as
Equation 48 in Dalrymple et al. (1984):

0H?

= —AyH? 13
™ 0 (13)

8511_pu'

pg[(cg+U)+U(ﬂ+l)] H> (14

sinh(kh) 2

Ao = (@)

Solving the differential equation (Equation 13) with the boundary condition that the wave height at the starting
edge of the vegetation field is H(x = 0) = H,, the wave height along the canopy (at distance x) can be derived as
(Dalrymple et al., 1984; Méndez & Losada, 2004, see also Text S1 in Supporting Information S1):

Hy
1+ px

H, = = K,Hy (15)

where K, is the relative wave height and f is the damping factor:

_ AoHy
)

B 16)

2.5. Modeling of Indirect WDV by Wave Breaking

Until Equation 16, we only considered the direct WDV by drag force following previous works (Dalrymple
etal., 1984; Z. Hu et al., 2014; Longuet-Higgins & Stewart, 1961; Losada et al., 2016). Next, we will consider the
additional indirect WDV by current-induced wave breaking (g,), which is a new extension to the WDV modeling.
The conservation of wave energy flux equation Equation 6 is then modified as:

ZIE (¢ +U)+ S.U] =~ — &1 (17

where the term related to radiation stress S,0U /0dx is excluded as Assumption 2 still holds for submerged cases.
U is now the depth-averaged velocity for both layers. £.,, ,, is the same as the emergent canopy in Equation 6.
€, is the time-averaged rate of energy dissipation per unit horizontal area, which only exists in cases of oppos-
ing currents. Wave breaking occurs when steepness exceeds the Miche's steepness limited criterion following
(Chawla & Kirby, 2002):

kcu'Hb
2 >1
ytanh k. ,h — (18)

where k., =27/ [T (cg + Uu,,)] is the wave number considering currents in the upper free layer, y is a dimension-
less parameter that determines the onset of wave breaking. H, is the critical breaking wave height. For a specific
case, we put the data from the experiments into Equation 18 to determine if breaking occurs.

Subsequent to the onset, the expression of £, can be given following an analogy of bore dissipation (Battjes &
Janssen, 1978):

0
€ = gpgkcw\/g/hH3 19)
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where 6 is a nondimensional parameter which relates ¢, to energy dissipation in breaking waves. Though the bore
model was derived for depth-limited wave breaking, the same expression has been used in determining energy
dissipation by current-limited wave breaking (Chawla & Kirby, 2002). The contribution of wave breaking to the
total wave dissipation can be assessed by comparing ¢, to the sum of €., , and g,.

Taking ¢, into account, Equation 17 can be rewritten as the following form (see Text S2 in Supporting Informa-
tion S1 for the derivation process):
OH?

vk —(Ao+ By H® (20)

8ep
o0+ (i +3 ) |10

tation drag force as in Equation 12. By solving Equation 20, the wave height along the canopy can be derived as

where By = is related to wave breaking in opposing currents, and Ay is related to vege-

(see Text S2 in Supporting Information S1)

.= L @1
1+ + Dx
_ ByHp
A== (22)

where f# and A are related to vegetation drag and wave breaking, respectively. Chawla and Kirby (2002) set param-
eters y and € as 0.6 and 0.1 to explain the energy dissipation of a flume experiment. In our study, y and 6 were
determined by calibration, that is, tuning these parameters to obtain the best fit against observed WDV (Zheng
et al., 2008). Specifically, y and 6 were 0.7 and 0.05 for low vegetation density cases (VD2), and 0.4 and 0.3 for
high vegetation density cases (VD3).

3. Results
3.1. Velocity Profiles Within and Above Vegetation Canopy

As WDV is closely related to the velocity structure of combined current-wave flows, detailed vertical velocity
profiles of different conditions were measured in wave0508 test as an example (Figure 2). The observed velocity
profiles show that the existence of vegetation has a large impact on the velocity profiles in both submerged and
emergent canopies. In the emergent canopies, the effect of vegetation is mainly reducing the current velocity, as
the time-averaged velocity is lower in tests with vegetation compared to the control tests (Figure 2a). In submerged
canopies, vegetation reduces the in-canopy velocity and diverts currents to the upper free zone, leading to a
distinctive shear layer (Figure 2b). A shear layer exists in all tests with currents (i.e., pure current and combined
current-wave cases). On average, the time-averaged velocity magnitude in the upper free zone was about 2.5 times
the in-canopy velocity (Figure 2b). Such velocity ratio is adapted in WDV modeling in Sections 2.4 and 2.5. It is
further noticed that time averaged velocity in pure wave cases is not zero. When comparing the pure current cases
with current-wave cases (Figures 2a and 2b), the existence of waves can reduce the velocity magnitude regard-
less of the current direction. These two points lead to modifications of the direct WDV modeling (Equation 12)
similar to that in Z. Hu et al. (2014).

3.2. C, in Following and Opposing Currents

To apply the direct measuring method to derive C,, simultaneous velocity and force data were collected in all
tests with various current-wave combinations (Z. Hu et al., 2020). In addition to previous studies, we now include
simultaneous velocity, force and C,, when waves propagate with opposing currents (Figure S3 in Supporting
Information S1). Based on the simultaneous velocity-force data, period-averaged C,, values were derived. The
extension to previous studies is that we now reveal C,, variation with Re in cases of opposing currents based on
the direct measuring method (Figure 3). The tested Re number ranges from 200 to 2,600. It shows that in all the
cases (pure wave and wave =+ currents), C,, decreases with Re number. There is no apparent difference between
the cases with opposing current comparing to other cases (Figures 3 and S3 in Supporting Information S1). The
obtained C,, values are scattered when Re is between 200 and 1,500, but most data points are within the range
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Figure 3. Relation between period-averaged Cj, and Re number. The shown data are from all the tests with regular canopies
in this study (Table 1). In random canopies, simultaneous velocity-force data were not collected, as flow in the cross-section
is nonuniform and C,, cannot be directly derived.
described by the empirical relations in Z. Hu et al. (2014) for following currents and Garzon et al. (2019) for both
following and opposing currents (C,, derived by calibration method). When Re is higher than 1,500, the obtained
C,, approaches a constant value of 1.30, similar to Z. Hu et al. (2014) and Losada et al. (2016). Additionally, the
difference between cases with different vegetation densities and submergence is insignificant as they all share a
similar decreasing pattern with Re (Figures 3 and S3 in Supporting Information S1). Based on the current data
set, we propose a new empirical Cj,-Re relation (Equation 23 and see Figure 3) covering different current-wave
combinations and canopy conditions (R? = 0.68). This relation is also similar to that in Z. Hu et al. (2014) but
with additional coverage of opposing currents. The formation of the C),-Re relation is:
Cp =0.35+3652Re™ 116 (170 < Re < 2600) (23)
This relation is applicable to emergent and shallowly submerged canopies (1 < h/h, < 2) with rigid stems. The
usage of this relation for WDV and drag force assessment is further discussed in Section 4.1.
3.3. Wave Dissipation in Vegetation Canopy With Following and Opposing Currents
Our experiments have revealed diverse WDV variations with underlying currents (Figure 4). When the imposed
following current velocity is small (i.e., U, = 0.03 m/s, a = 0.22), WDV is reduced compared to the pure wave
cases (Figure 4a). However, as following current velocity increases to 0.12 m/s (i.e., « = 0.98), WDV becomes
higher than the pure wave cases. WDV can be further increased with higher velocity (i.e., 0.15 m/s, @ = 1.21). As
a contrast, opposing currents can more easily enhance WDV than following currents (Figure 4a vs. Figure 4b).
WDV increases immediately when a small opposing current is imposed (i.e., U, = —0.03 m/s, a = —0.29). It
further increases as the opposing velocity rises to —0.06 m/s (@ = —0.49) and —0.09 m/s (@ = —0.72). In such a
test, the relative wave height (K|) reduction is close to 30%. Furthermore, it is worth noticing that the variation
between repeated runs (i.e., error bars in Figures 4a and 4b) is small, indicating the repeatability of the results.
HUET AL. 11 of 19
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Figure 4. Relative wave height (Kv) evolution in submerged regular canopies with (a) following currents and (b) opposing currents. (¢) Modeled and measured Kv

in the pure wave as well as the wave with following currents ("FC") and opposing currents ("OC"). (d) An overall comparison between modeled and measured wave
height at the end of the vegetation canopy (H,,) based on the data from the current experiment and from Z. Hu et al. (2014). The shaded area is enlarged in (d) to better
show the data from the present experiments. In (a)—(c), the data points are the mean value of the repeated runs of one test, and the error bars are the standard deviations.
The tested wave height is 7 cm and the wave period is 0.8 s. All the modeling results are derived from Equation 15, unless wave breaking is considered, in which case

Equation 21 is applied instead.

The proposed new WDV model (Equations 15 and 21) agrees reasonably well with the measured wave height
variations (Figure 4c¢). Similar to the experiments, the modeling results also show that opposing currents lead
to greater WDV than following currents. Modeling results further show that WDV would be underestimated if
current-induced wave breaking is not accounted for, indicating the importance of this process. In our experiment,
wave (partial) breaking in opposing currents occurs when the ratio of imposed currents velocity U, and the wave
celerity (c) exceeds 1/50 (see Movie S1 and Figure 1b), whereas wave blocking occurs when the ratio exceeds
1/10 (see Movie S2). An overall assessment of the model accuracy shows that our model can well reproduce the
observed wave height at the end of the canopy (H,,) from both Z. Hu et al. (2014) and the present experiments
(R? = 0.89, Figure 4d). However, our model tends to underestimate H,,, that is, overestimate WDV, when vege-
tation stem density is high (VD3 cases). In cases with small H,,, < 0.05 m, where most of the current experiment
data situated, the R? value of the model is 0.62, which also has a clear underestimation trend. The reason for this
trend is discussed in Section 4.3.

The variation of r,, with a can systematically reveal the effect of underlying currents on WDV (Figure 5). Recall
that r,, is the ratio of wave height decay in current-wave cases over pure wave cases. In the tests with following
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Figure 5. Variation of relative wave height decay (r,,) with velocity ratio (a) in different submergence conditions and
vegetation density. In the legend, “FC” means following currents, “OC” means opposing currents.

currents, WDV is reduced compared to pure wave tests (i.e., r,, < 1) when the imposed current velocity is smaller
than the wave orbital velocity amplitude (i.e., @ < 1), but WDV can be increased when a > 1. Comparing to tests
with following currents, opposing currents (a < 0) lead to higher dissipation (higher r, ), except for the cases with
emergent high-density canopy (VD3). Possible reason for this variation is included in Section 4.2. Furthermore,
the enhanced WDV by opposing currents is more apparent in submerged conditions than emergent conditions, as
r,, rises more rapidly in submerged conditions (Figures 5c and 5d).

Our model shows an acceptable agreement (overall R? = 0.45) with the observed r, variation in the present
experiments and the experiment in Z. Hu et al. (2014), although discrepancy between the model and experiments
exists (Figure 5). The reason we provide prediction at each data point in Figure 5 is because that the developed
model derives wave height along the canopy (see Equations 15 and 21), but it cannot directly derive the rela-
tive wave height decay (r, = %). Thus, for each data point, we use the derived wave height changes (A H,,
and AH,,) to calculate r,, and aprblb accurate prediction of r,, would require accurate results of both wave height
changes. Discrepancy between modeled and measured r,, is anticipated since the role of the analytical model is
to improve our understanding rather than providing precise predictions of the WDV variations. Importantly, this
model shows (a) in following current cases, r,, first decreases and then increases with @, and (b) in submerged
cases, opposing currents promote dissipation much more quickly than following currents due to the additional
indirect WDV, that is, wave breaking. With the help of the model, we show that if breaking is not accounted for in
opposing current cases, r,, is underestimated (Figures Sc and 5d). These results indicate the importance of includ-
ing current-induced breaking (i.e., £, in Equation 17). Additionally, our experiments further reveal that there is no
apparent difference in r,, variations between the regular and random vegetation canopies. For details, please see
Figure S4 in Supporting Information S1.

Since we only tested one submergence ratio and kept a constant ratio between U, /U,

in’

analyses to show how these factors influence model output (Figure 6). As the increase of submergence ratio

we performed sensitivity
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Figure 6. Sensitivity analysis of the submergence ratios (i/h,) and the velocity ratios (U, /U,,) on the modeled wave height attenuation per unit length (A H). This
analysis is based on all the submerged cases. The points are mean values and the bars show the standard deviation.

(Figure 6a), the averaged wave height dissipation rate per unit length is reduced. Such a reduction is in-line with
previous studies (e.g., Augustin et al., 2009), and it is likely induced by the reduced vegetation present in the
higher water column, where strong wave orbital velocity exists. Contrastingly, if we change the applied velocity
ratio (U, /U,,) in the model, the result AH does not seem to change accordingly (Figure 6b).

Finally, we evaluate the difference in WDV between emergent and submerged canopies and its variation with
underlying currents (Figure 7). Not surprisingly, our experiments show that WDV is higher in emergent canopies
compared to submerged canopies (AR > 0) in all the tests, where AR is the difference in relative wave height
attenuation between emergent and submerged canopy. However, it is worth noticing that the difference between
the two submergence conditions reduces as the underlying current velocity increases in either positive or negative
directions. Such a reduction implies that enhanced wave-current interaction (in both directions) can compensate

0.3
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0.1

I I I
I I I
I I I
I I I
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I I I
| | |
-0.09 -0.06 -0.03 0 0.03 0.06 0.09 0.12 0.15
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Figure 7. The difference of relative wave height attenuation in emergent and submerged canopy (A R) with following and
opposing currents. The shown data are based on the present flume experiments not from modeling. The data points are
the mean values of the various tests with different wave inputs but with the same imposed current (i.e., cases wave0306,
wave(0308, wave0506, wave0508, and wave0510), and the error bars show the standard deviations of these tests.
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for the absence of vegetation area in the upper water column of submerged canopies. From our data set and
modeling, there are 42 cases with submerged canopy in opposing currents, and wave breaking occurred in 73.8%
of them. This percentage does not change during our sensitivity analysis (Figure 6). Once breaking occurred, it
contributed 41%—-87% of the dissipation. Current-induced breaking may eventually lead to an almost compara-
ble wave height reduction as for the emergent canopies, that is, AR < 0.1 when the imposed opposing velocity
reaches —0.09 m/s. Our flume cannot generate stronger opposing currents than this, but they can be easily found
in field conditions, which may bring AR to even lower values.

4. Discussions
4.1. A Generic Drag Coefficient Relationship for Various Current-Wave Combinations

In the current study, we extend the application of this method to wave with opposing currents. We show that the
variation of C,, with Re in such flow conditions does not significantly differ from other flow conditions, that is,
pure wave and wave with following currents. All C,, values share a similar decreasing trend with Re number.
Thus, a generic C,-Re relation (Equation 23) can be obtained to describe C,, changes in various current-wave
combinations, which facilitates the determination of drag coefficient ratios (D = Cp_c/Cp_pw in Equation 12)
in WDV modeling.

The previously derived C),-Re relation based on direct method (Z. Hu et al., 2014) has been applied in numer-
ous WDV modeling studies (e.g., Z. Hu et al., 2019; P. L.-F Liu et al., 2015; Suzuki et al., 2019; van Veelen
etal., 2021; Wang et al., 2015). The new relation is expected to assist future studies as well. The usage of the newly
derived relation (Equation 23) and the one in Z. Hu et al. (2014) (Cp = 1.04 + (730/Re)"*’, 300 < Re < 4700)
can be specified as: (a) both relations are limited to emergent and shallowly submerged canopies (1 < h/h, < 2)
with rigid stems; (b) if Re number is in the range [170 2,600] and the case under consideration involve opposing
currents, it is better to use Equation 23; (3) if Re number is in the range of [2,600 4,700] and the case does not
involve opposing currents, it is then better to use the equation in Z. Hu et al. (2014); (d) if Re number is in the
range [300 2,600], both equations can be used; (e) if the Re number is in the range [0 170] or above 4,700, neither
of the two equations can be used and other suitable equations should be applied. In practice, one can assume C,,
equals 1 or 1.30 to obtain a first estimation of the velocity. Subsequently, the known velocity can be applied to
obtain a Re number and then a new C,, value via the C,-Re relation. This iteration continues until the changes in
velocity and C,, values became very small, which can be easily achieved in numerical schemes.

Furthermore, as Equation 23 is derived based on the direct force measurement approach, it can be readily used
to predict the maximum force experienced by vegetation in various flow conditions (H. Chen et al., 2018). Such
prediction is of critical importance to assess the resistance of coastal vegetation ecosystems under storm condi-
tions (Simard et al., 2019). It is worth noticing that C,, in the current study is averaged spatially across three
locations in the canopy for simplicity, but the original data of F and u at each location is included in the open
data set (Z. Hu et al., 2020) to facilitate further investigation on spatially varying forces. Finally, the current data
set can also assist further investigations on the full variation of the C,, with changing submergence ratio and stem
densities (e.g., via machine learning), as the derived Equation 23 does not account for all the variations in the
current data set, especially when the Re is smaller than 1,000.

4.2. Indirect WDV by Wave Breaking in Opposing Currents

Our study shows that current-induced wave breaking can occur in upper free layers of submerged canopies, which
is a key finding of the present studies. The comparison between the following and opposing currents further
shows the importance of the breaking process. With following currents, the accelerated wave energy flux (via
wave bunching, see also Equation 5) can also lead to indirect WDV. However, its contribution is smaller than
current-induced wave breaking in opposing currents, which constitutes a significant part of the total WDV (41%—
87%). Thus, the opposing currents can induce the observed higher WDV comparing to following currents. To
our knowledge, the current-induced wave breaking process has not yet been reported in WDV studies, but it has
been well investigated in previous experiments without vegetation (Chawla & Kirby, 2002; Chen & Zou, 2018;
Yu, 1952; Zheng et al., 2008). The mimic vegetation canopy in our experiments is similar to the elevated flume
bed in previous studies, for example, Zheng et al. (2008), in which currents are also forced to a smaller portion of
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the water column and interact with waves. As wave breaking can greatly contribute to WDV, we think it is impor-
tant to include this process in future assessment wave dissipation capacity of submerged vegetation canopies.

Depth-induced wave breaking has been observed in a saltmarsh field (Yang et al., 2012), and its contributions to
wave dissipation and turbulence have been evaluated (Méndez & Losada, 2004; Pujol & Nepf, 2012). However,
this breaking is initiated by depth limits rather than the vegetation's existence. Our experiments showed that
due to the existence of vegetation, opposing currents were diverted into the upper water column and triggers
wave breaking. Our model showed that wave breaking occurred when U /c reaches ca. 1/50, whereas Yu (1952)
inferred that without vegetation canopy, wave breaking occurs when U /c reaches 1/7. The early occurrence of
wave breaking can be attributed to the inherent high turbulence level of the velocity shear layer, which can more
easily induce wave breaking than the flow in empty flumes (M. Chen et al., 2020; Nepf, 2012). Therefore, we
argue that the current-induced wave breaking is a part of the overall WDV as indirect WDV, rather than an inde-
pendent process, for example, depth-induced wave breaking.

In emergent canopies, wave breaking in opposing currents does not occur, in which vegetation drag is likely the
controlling process. Still, higher dissipation with opposing currents can be found in emergent canopies, similar to
Maza et al. (2015). The reason is due to less suppressed in-canopy mean velocity (U;,) as shown in Equation 12,
that is, opposing currents can more quickly move out of the low WDV range (a| — 0.03 = 0) comparing to the
following currents (a| — 0.13 = 0). Notably, such difference is only apparent in emergent low-density canopy
(VD2) but not in the high-density canopy (VD3). This may be due to the fact that the emergent high-density
canopy can lead to very high WDV regardless of other factors. Thus, the influence of the current direction is not
apparent.

4.3. Advantage and Limitations of the WDV Model

The purpose of the proposed model is to help understand the complex WDV process, including both direct and
indirect portions. The main advantages of this analytical model are: (a) it provides an adequate assessment of
the onset and contribution of wave breaking to WDV, as the overall r,, variation pattern (following vs. opposing,
breaking vs. no breaking) can be well captured by it; (b) its simple structure helps to reveal the key physical mech-
anism without complex numerical modeling. We think that this model may pave the way for more sophisticated
predictors of WDV in field conditions.

Due to the crude model assumptions, there are certain limitations that confine its application and precision. First,
Nepf (2004) has defined three classes of canopy flow: unconfined flow (h/h, > 10); submerged flow (1 < h/
h, < 10); and emergent flow (h/h, = 1). Our model may not be applicable in unconfined flows, in which vege-
tation canopies act as a bottom boundary to the whole flow (Nepf, 2004), and cannot divert current to initiate
breaking. As for submerged flow (1 < h/h, < 10), and specially with 4/h, decreases (e.g., <4.5), the discontinuity
in drag creates a region of strong shear (Ghisalberti & Nepf, 2002), where current-wave interaction can be very
active and current-induced wave breaking can be expected in cases with opposing currents. The variation of
indirect WDV with submerged ratios needs further investigation, as only one submerged ratio (h/h, = 1.32) was
tested in the present study.

Second, the velocity profile in real submerged canopies may differ from the model assumption (Assumption
1). The present model has assumed that velocity above and within canopies (U,, and U;,) is uniform (Lowe
et al., 2005; Nepf, 2011), and the ratio between the two velocities is constant as 2.5 based on the observed veloc-
ity profiles (Figure 2). This is obviously a simplified characterization of the velocity structures for various real
canopies, since the U,, and U;, ratio varies with different submergence, current-wave combination, and vegetation
flexibility (Nepf, 2004). A case-specific description of the velocity structure would improve the model accuracy,
especially for the indirect WDV in the upper free zone. However, this simplification makes the analytical mode-
ling possible, and we expected the general variation pattern of the indirect WDV would still hold with different
U.,/ U;, ratios listed in Table 2.

Third, the determination of the y and 6 needs further investigation. These two calibration parameters determine the
onsets and the intensity of wave breaking, respectively. For two vegetation stem densities, the calibrated values of
y and @ are different. Other factors such as submergence ratio and individual stem diameter may also influence the
values of these two calibration parameters, but it cannot be revealed in the current study due to limited conditions
we tested in the experiments. Further exploration is needed with more testing conditions to reveal the changing
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patterns of the two parameters. Finally, the overestimation of WDV in our model for high-density cases may be
related to the neglected ‘sheltering effect’, which is typical in dense canopies (Mancheno et al., 2021). This effect
takes place when downstream stems are exposed to the wake of upstream stems, and the contribution of each
stem to WDV is reduced. Naturally, such reduction in WDV is more apparent in dense canopies with more stems,
which may lead to the model overestimation for high-density cases.

4.4. Implications of Indirect WDV in Submerged Canopies

Our model shows that current-induced wave breaking occurs with various submergence ratio and vertical veloc-
ity structures (Figure 6). Additionally, it can occur at smaller U /c ratios, that is, relatively smaller opposing
currents. Therefore, this process is likely to occur when waves propagate into submerged rigid mangrove forests
during ebb tide. It may also occur in submerged flexible canopies, for example, saltmarshes and seagrasses, as
long as the opposing current can be sufficiently diverted to the layer close to the water surface to interact with
the traveling waves. The findings of the present study may be most relevant to rigid mangrove canopies. Mature
mangroves are generally rigid and emergent, but newly planted/restored mangroves, for example, 1-5 years old
Kandelia Obovata and Rhizophora stylosa trees, can be submerged during high tide (see Figure S5 in Supporting
Information S1). Additionally, mangroves may be submerged during typhoon events by storm surges. In such
cases, indirect WDV in the upper water column may also contribute to the overall wave load reduction and safety.
Finally, this study confirms that the critical condition for nature-based coastal defense systems using mangroves
is the case with weak following currents as it leads to minimum WDV in all the current-wave combinations (Z.
Hu et al.,, 2014; Yin et al., 2020; Zhao et al., 2021). Thus, it should be considered as one of the critical design
conditions in integrated coastal protection projects (Bouma et al., 2014; Menéndez et al., 2020).

5. Conclusions

To better understand indirect WDV dissipation by current-induced breaking, we conducted a set of flume exper-
iments and analytical modeling on WDV in various hydrodynamic and canopy conditions. Although WDV with
both following and opposing currents has been investigated in previous studies (Garzon et al., 2019; Z. Hu
etal., 2014; Maza et al., 2015; Yin et al., 2020), the present study managed to obtain new data and insights on the
WDV processes. We extended the direct C}, deriving method to waves with opposing current flows and obtained
a generic C,-Re relation covering various wave-current combinations. In this investigation, a key finding is the
revealing of wave breaking trigged by opposing currents in submerged canopies. This process can be very rele-
vant to young mangrove forests that are shallowly submerged during high tides. Although the proposed simple
analytical model cannot precisely reproduce the WDV in each specific case but the general variation pattern with
a can be well captured. Combining a detailed experiment data set (Z. Hu et al., 2020) and the analytical model, the
present study is expected to improve our understanding of the wave dissipation capacity in wetlands, especially
on the indirect WDV by breaking. The obtained knowledge and model may eventually serve future nature-based
coastal defense projects.

Data Availability Statement

Theexperiment data presented in this study can be freely accessed at https://doi.org/10.6084/m9.figshare.13026530.
v2 (Hu et al., 2020).
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