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Coastal wetlands such as salt marshes and mangroves provide valuable ecosystem services including coastal
protection. Many studies have assessed the influence of plant traits and wave conditions on vegetation-
induced wave dissipation, whereas the effect of tidal currents is often ignored. To our knowledge, only two
studies investigated wave dissipation by vegetation with the presence of following currents (current velocity is
in the same direction as wave propagation) (Li and Yan, 2007; Paul et al., 2012). However, based on independent
experiments, they have drawn contradictive conclusions whether steady currents increase or decrease wave
attenuation. We show in this paper that this inconsistency may be caused by a difference in ratio of imposed
current velocity to amplitude of the horizontal wave orbital velocity. We found that following currents can either
increase or decrease wave dissipation depending on the velocity ratio, which explains the seeming inconsistency
in the two previous studies. Wave dissipation in plant canopies is closely related to vegetation drag coefficients.
We apply a new approach to obtain the drag coefficients. This new method eliminates the potential errors that
are often introduced by the commonly used method. More importantly, it is capable of obtaining the vegetation
drag coefficient in combined current-wave flows, which is not possible for the commonly used calibration meth-
od. Based on laboratory data, we propose an empirical relation between drag coefficient and Reynolds number,
which can be useful for numerical modeling. The characteristics of drag coefficient variation and in-canopy veloc-
ity dynamics are incorporated into an analytical model to help understand the effect of following currents on
vegetation-induced wave dissipation.
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1. Introduction stems lead to higher WDV (e.g. Bouma et al., 2005; Huang et al., 2011;

Paul et al., 2012).

Coastal wetlands such as salt marshes and mangroves are important
habitats for various plant and animal species. They also serve as buffers
against erosive waves in coastal areas. The upstanding vegetation in
coastal wetlands can significantly attenuate wave energy (Anderson
et al,, 2011), which can reduce the energy load on dikes and stabilize
seabed (Callaghan et al., 2010; Shi et al., 2012). The possibility of inte-
grating these natural habitats in coastal protection schemes has been
subject of discussion (e.g. Borsje et al., 2011).

Previous laboratory and field measurements have shown that wave
energy dissipation by vegetation (hereafter referred as WDV) is affected
by both canopy traits and incident wave conditions (e.g. Bradley and
Houser, 2009; Jadhav et al., 2013; Koftis et al., 2013; Moller, 2006;
Yang et al,, 2012; Ysebaert et al,, 2011). It is generally agreed in the pre-
vious studies that a higher vegetation density, a lower submergence
ratio (the ratio of water depth h to canopy height h,) and stiffer plant

* Corresponding author. Tel.: +31 15 27 84846; fax: +31 1527 85124.
E-mail address: zhan.hu@tudelft.nl (Z. Hu).

http://dx.doi.org/10.1016/j.coastaleng.2014.02.009
0378-3839/© 2014 Elsevier B.V. All rights reserved.

In most previous studies, the possible influence of background cur-
rents on WDV was not considered due to its complexity. However, it
is often the case that when the tide penetrates the coastal wetlands
during flooding phase, wind waves propagate in the same direction as
the tidal currents. Using the waves as a reference, we designate such
currents as following currents. The presence of following currents can
affect the wave-damping capacity of vegetation. To our knowledge, Li
and Yan (2007) and Paul et al. (2012) were the only two studies that
conducted flume experiments and investigated the effect of following
currents on WDV. Li and Yan (2007) concluded that following currents
promoted WDV. They further demonstrated that WDV increased linear-
ly with the velocity ratio ¢, defined as the ratio between imposed
current velocity and amplitude of horizontal orbital velocity, i.e. U./U,.
Paul et al. (2012), on the other hand, found that tidal currents can
strongly reduce the wave-damping capacity of their tested mimic
canopies. The two studies gave contradicting conclusions about the
effect of following currents on WDV. However, the « tested in the
two studies was in a different range. The « tested in Li and Yan
(2007) was 1.5-3.5, while in Paul et al. (2012) it was less than 0.5.
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Nevertheless, these two studies suggest that, firstly, the effect of a
following current on WDV may depend on the « rather than on the
magnitude of U, alone and, secondly, it depends on o whether fol-
lowing currents enhance or suppress WDV. Therefore, systematic
tests over a wide range of « are needed to properly identify the effect
of following currents on WDV.

WDV is primarily induced by work done by drag force acting on the
plant stems. A bulk drag coefficient (Cp) was introduced in previous
modeling studies to account for the uncertainties lying in the plant-
induced drag force Fp (e.g. Dalrymple et al., 1984; Mendez and Losada,
2004; Suzuki et al., 2011). Choosing Cp values is important to WDV pre-
diction. However, the selection of Cp values for a natural vegetation
meadow is challenging as it is affected by a number of factors. Specifical-
ly, Cp is closely related to the Reynolds number (Re), since it is pro-
foundly influenced by the turbulence in canopies. Various empirical
relations between Cp and Re have been proposed for vegetation in
pure current or pure wave conditions (Nepf, 2011). Relations between
Cp and the Keulegan-Carpenter number (KC = U,, = T/ b,, where T is
the wave period and b, is the plant stem diameter) have also been
suggested in previous studies (Jadhav et al., 2013; Mendez and
Losada, 2004). Moreover, the determination of C, can be further compli-
cated by the canopy stem density, plant morphology and stem stiffness
(Nepf, 2011). Lastly, when a pure wave flow shifts to a combined cur-
rent-wave flow, we expect that the Cp value varies accordingly. Howev-
er, to our knowledge, the characteristics of vegetation drag coefficient
in a combined current-wave flow have not yet been clarified.

In previous studies, Cp values for pure wave conditions have com-
monly been obtained by calibrating numerical models against observed
WDV without measuring the actual force on plants (e.g. Bradley and
Houser, 2009; Jadhav et al., 2013; Koftis et al., 2013; Mendez and
Losada, 2004). In the case of a following current, this procedure may
be inappropriate. The reason for this is that the existing models are
intended to quantify WDV in pure wave conditions. As the effect of cur-
rents on WDV is not clear, the extension of these models to current-
wave conditions may be invalid. Moreover, this method has two short-
comings. Firstly, the accuracy of the Cp values greatly depends on the
quality of the model calibration against the measurements. The derived

2. Methods

2.1. Flume setup

Cp value is unreliable when the correlation between the observations
and modeling results is poor. Secondly, it is often assumed that the
measured wave energy loss is solely induced by vegetation drag.
Other dissipative processes, such as bed friction and wave breaking,
are not explicitly considered but lumped into the vegetation drag,
which can lead to an overestimated Cp,.

Other than the calibration approach, Cp values can also be obtained
via a more direct method. Infantes et al. (2011) measured the total
force (F) and impact velocity on sea grass seedlings in pure current
and pure wave conditions and derived Cp directly from the original
Morison equation (Morison, 1950). They applied this method to com-
pare the tolerance of different sea grass species to water motion. This
direct method can help us to understand WDV processes by providing
accurate Cp values that eliminate potential modeling errors. Further-
more, this method can be applied to plant canopies in combined
current-wave flows since the Morison equation still holds in such con-
ditions (Sumer and Freds@e, 2006; Zhou and Graham, 2000). This direct
measuring method provides a way to obtain Cp values for vegetation in
current-wave conditions, which is not possible for the commonly used
calibration method.

Apart from the drag coefficient, insight in the flow structures inside
the canopy is required for a proper understanding of WDV (Lowe et al.,
2007). Compared to the extensive studies on unidirectional flow pass-
ing vegetated canopies, the flow structure for waves has been less stud-
ied (Lowe et al., 2005). In recent investigations a non-zero mean current
velocity has been found in the vegetation canopies when the flow is
driven purely by waves (Luhar et al.,, 2010; Pujol et al., 2013). The im-
pact of this mean velocity on nutrient uptake and sediment transport
has been identified, but its influence on WDV is not clear.

In this study, flume experiments with stiff plant mimics were carried
out with a wide range of the ratio « to explore the effect of following
currents on WDV. A direct force measurement method was applied to
quantify Cp coefficients in both pure wave and current-wave flows.
Vertical velocity profiles were also measured and the impact of a
wave-induced mean current on WDV was illustrated. The insights of
drag coefficients and velocity measurements were incorporated in an
analytical model to explain the observed variation of WDV with o

Experiments with plant mimics were conducted in a wave flume of the Fluid Mechanics Laboratory at Delft University of Technology. The wave
flume is 40 m long and 0.8 m wide (schematized in Fig. 1a). A wave generator with an active wave absorption system is placed at one side of the flume
(leftin Fig. 1a). Imposed currents were in the same direction as the wave propagation. Hereafter, the direction of wave propagation is defined as ‘pos-
itive’ and the opposing direction is defined as ‘negative’.

The mimic canopies were constructed by putting stiff wooden rods (Fig. 1d) in holes drilled in the false bottom (Fig. 1a). The height of the
rods was 0.36 m and their diameter was 0.01 m. The canopy was 6 m long and 0.8 m wide and the stems were distributed uniformly in space.
Three mimic stem densities (N), namely 62, 139 and 556 stems/m?, were constructed by putting corresponding number of rods into the plates
with drilled holes (Fig. 2). The three stem densities are denoted as VD1, VD2 and VD3, respectively. Control tests (VDO) were carried out with no
mimic stems in the flume to measure the wave height reduction by the friction of flume bed and sidewalls. Two water depths were chosen to
form emergent and submerged canopies. The water levels were at z = 0.25 m and z = 0.50 m respectively. The corresponding submergence ratios
(h/hy) were 1 and 1.39.

The force F on 4 individual stems in the mimic canopies was measured by 4 force transducers (Fig. 1a). These stems are identical to the ones in the
mimic canopies. The bottom end of each these stems was attached to a force transducer by a screw which was fixed inside the stems (Fig. 1b). In the
flume, the force transducers were mounted into the false bottom to avoid disturbance of the flow (Fig. 1b). The force transducers were developed by
Delft Hydraulics (Delft, The Netherlands). Tests with known weights revealed that the voltage output of the transducers varies linearly with the force
exerted on them with an estimated accuracy of 1%. In the tests, these forces ranged from — 1.8 N to 1.8 N (where the sign refers to the direction of the
force). This covers the working range of the transducers in the experiment (—0.3 N to 1.0 N). Data was sampled at 1000 Hz in order to capture the
variation of F within a wave period (1 s-2.5 s). The force transducers had been used before in studies that compared the tolerance of seedlings to the
drag force induced by currents or waves (Bouma et al.,, 2005; Infantes et al., 2011). A detailed description of the force transducers can be found in
Bouma et al. (2005).

The instantaneous horizontal velocity (1) was measured by 4 EMFs (electromagnetic flow manufacture meters), which were made by Delft Hy-
draulics. Velocity (1) was measured at the same wave flume cross sections as the force transducers, to obtain the in-phase data (Fig. 1c¢). With
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Fig. 1. Wave flume setup. (a) Schematic flume configuration and instrument deployment; (b) force transducer in the flume bed; (c) EMF and force transducer at the same cross section in
the flume, the following current flows from the left to the right indicated by the three parallel arrows; (d) mimic plant canopy (low mimic stem density); WG1-WG6 stands for wave
gauges, EMF stands for electromagnetic flow meter, FT1-FT4 stands for force transducers and L = 6 m is the length of the mimic plant canopy.

different water depths, u was measured at mid depth. To obtain velocity profiles, the EMF probes were moved vertically. In emergent canopy cases
the velocity was measured at z = 0.025 m, 0.075 m, 0.125 m and 0.175 m. For submerged canopy cases, u was measured at z = 0.05 m, 0.15 m,
0.25 m, 0.30 m, 0.325 m, 0.375 m, 0.40 m and 0.45 m. Note that the measurement resolution was refined near the top of the canopy (z = 0.36 m).
Six capacitance-type wave gauges made by Delft Hydraulics (WG1-WG6) were installed in the flume to measure the wave height (see Fig. 1a and
d). WG1 was placed at x = 20 m, which was 5 m in front of the canopy. WG2-WG6 were placed 1.5 m apart from each other in the canopy, starting
at x = 25 m. The output of EMF and WG was also in voltage, which can be converted to velocity and water level by linear regression relations. The
accuracy of the EMFs and WGs was 1% and 0.5% respectively (Delft Hydraulics, 1990, year unknown).
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Fig. 2. Top view of the mimic plant canopy. (a) Low density (VD1); (b) medium density (VD2); (c) high density (VD3).
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Table 1
Test conditions with different combinations of hydrodynamic conditions and mimic canopy configurations.
Source Plant mimic type Water depth (h)/ Mimic stem density (N) Wave height Wave period Wave case Current velocity
plant height [m] [stems/m?] (H) [m] (T) [s] name (Ue) [m/s]
62/139/556 0.04 10 wave0410° 0/0.05/0.15/0.20
62/139/556 0.04 12 wave0412 0/0.05/0.15/0.20
62/139/556 0.06 10 wave0610 0/0.05/0.15/0.20
025/036 62/139/556 0.06 12 wave0612  0/0.05/0.15/0.20

62/139/556 0.08 12 wave0812 0/0.05/0.15/0.20
62/139/556 0.08 15 wave0815 0/0.05/0.15/0.20
62/139/556 0.10 1.5 wavel015 0/0.05/0.15/0.20
62/139/556 0.04 10 wave0410 0/0.05/0.15/0.20/0.30

Present study Stiff wooden rods 62/139/556 0.06 12 wave0612  0/0.05/0.15/0.20/0.30
62/139/556 0.08 14 wave0814 0/0.05/0.15/0.20/0.30
62/139/556 0.10 16 wavel016 0/0.05/0.15/0.20/0.30

0.50/036 62/139/556 0.12 16 wavel216 0/0.05/0.15/0.20/0.30

62/139/556 0.12 18 wavel218 0/0.05/0.15/0.20/0.30
62/139/556 0.15 16 wavel516 0/0.05/0.15/0.20/0.30
62/139/556 0.15 1.8 wavel518 0/0.05/0.15/0.20/0.30
62/139/556 0.15 2.0 wave1520 0/0.05/0.15/0.20/0.30
62/139/556 0.18 22 wave1822 0/0.05/0.15/0.20/0.30
62/139/556 0.20 25 wave2025 0/0.05/0.15/0.20/0.30

Li and Yan (2007) Semi-rigid rubber rods 0.25/0.15 1111° 0.04/0.05/0.07 0.7/0.9/1.1 - 0.18/0.27/0.32

Paul et al. (2012) Flexible poly ribbon 0.30/(0.15 & 0.30) 500/2000¢ 0.1 1 - 0/0.10

2 The case name is created using a combination of incident wave height 0.04 m and wave period 1.0 s, namely wave0410.

> Mimic stem diameter tested in Li and Yan (2007) is 6-8 mm. Hence, the frontal area per canopy volume (N*b, as in Nepf, 2011) is 6.67 m~'-8.89 m™!, which is comparable to that of
the VD3 tests (5.56 m~ ') in the present study.

¢ The width of the flexible mimics in the experiment was 0.2 cm. Hence, the frontal area per canopy volume in their test is .00 m~' and 4.00 m~" respectively, which is comparable to
that of VD2 and VD3 tests (1.39 m~' and 5.56 m~ ' respectively) in the present study. The tests with stiff mimics in their test were excluded from comparison since their densities were
not comparable to the present study.

In total, 314 tests were carried out with 3 different mimic stem densities, 2 water depths and various wave-current conditions (Table 1). The con-
sidered velocity ratio o was in the range of 0-5.4. For the emergent canopies, 7 different wave conditions were tested in combination with 4 steady
current velocities (including the tests when U. = 0 m/s). In the submerged canopies, 11 wave conditions were tested in combination with 5 steady
current velocities. Hereafter, the subscript ‘pw’ stands for pure wave conditions and subscript ‘cw’ stands for combined current-wave conditions. It
was noted that the wave height could be reduced when waves propagate in the same direction as current velocity due to the Doppler Effect
(Demirbilek et al., 1996). To compensate for such loss, the incident wave height was amplified in current-wave cases to maintain the targeted
wave height. The difference in wave height was less than 3% between the tests with different current velocities.

2.2. Data analysis

2.2.1. Velocity data analysis
The measured instantaneous horizontal flow velocity [m/s] can be expressed as:

U(t) = Upean + Uy, sin(ot) + U (1)

where, o is the wave angular frequency [Hz], t is time [s], U’ stands for turbulent velocity fluctuations [m/s] and U,, is the amplitude of the horizontal
wave orbital velocity [m/s], defined as

Uw = 2 (umax_umin) (2)

where U,qx and Uy, are the peak flow velocities [m/s] in the positive and negative directions in a wave period, respectively. Ueqn is the wave-
averaged velocity [m/s] and can be defined as (e.g. Pujol et al., 2013):

/o

w
Umeanzﬁ / udt. (3)

—T/®

Note that Uypeqn is not equal to the imposed steady velocity U.. The difference between the two is that U, ,,.qn is the period-averaged velocity of pure
wave or current-wave flow whereas U is not influenced by wave motions, and is equal to the time-mean velocity of unidirectional flow passing a
canopy. Representative velocity data of the total mimic canopy can be obtained by spatially averaging the data from the 4 locations in the mimic can-
opy (Fig. 1a).

Previous studies found that Cp was closely related to the Reynolds number (Re) [—] (reviewed in Nepf, 2011). In this study, it is defined using a
characteristic velocity Up,q [m/s]:

_ Umaxbv
Re = - (4)
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where v = 10~% m?/s is the kinematic viscosity, Unmay equals to the spatially averaged U,, for the pure wave conditions or spatially averaged

Umean + U,y for current-wave conditions, respectively. Mendez et al. (1999) proposed a modified Reynolds number (Re™) [—], according to:
Re" = —Um;"bv (5)

where U* 4« equals to the U, in front of the tested canopy (x = 25 m in our experiments) at the top of the mimic stems.

2.2.2. Cp quantification by direct force measurement
Assuming the plant mimics are similar to an array of rigid piles, the Morison equation (Morison, 1950) can be applied to quantify the total force on
them:

1 1 du(t
F=Fp+Fy= ijthbvu(t”u(t)‘ +ZpCMnhvb5 B(t ) ’ )

where Fp is the drag force [N], Fy is the inertial force [N], p is fluid mass density [kg/m>], h, is the height of vegetation in water [m], b, is the plant stem
diameter [m] and Cp, is the drag coefficient [ —]. Furthermore, Cy, is the inertia coefficient [ —], equals to 2 for circular cylinders (Dean and Dalrymple,
1991). It is noted that Fy; has no contribution to the WDV (Dalrymple et al., 1984). That is because the work performed by Fy; per wave period equals
zero. This holds for both pure wave and current-wave conditions. Hence, the work done by Fj, in a wave period is equal to that done by F. Therefore, a
period-averaged Cp can be obtained by quantifying the work done by F in a wave period. Hence:

rr/zf) T[/(f)
2 / Fpudt 2 / Fudt
—TT/® —1/®
CD - /o - /o (7)
/phvbvuz\u\dt / phvbvuz\u\dt.
—'rt/m —T/®

A space-averaged Cp can be derived by averaging the data from the 4 locations in the canopy (Fig. 1a).
2.3. Wave dissipation models
2.3.1. Wave dissipation model for pure wave cases

Applying the Morison equation and linear wave theory, Dalrymple et al. (1984 ) described monochromatic wave propagation in a plant canopy on
a plain bed as:

H 1

K= =17 pD ®)
4 sinh®kh, + 3 sinhkh,

B = gy CobuNHok (sinh2kh + 2kh) sinhkh ©)

where K, is the relative wave height, H is the wave height [m] at distance D [m] in a canopy, Hg is the wave height at the edge of the canopy, and k is
the wave number [m~']. For pure wave cases, Cp is derived commonly by inverting Eq. (9), provided that 8 [m~ ] has been obtained by fitting Eq. (8)
to measured WDV (e.g. Bradley and Houser, 2009; Jadhav et al., 2013).

To exclude the possible influence of bed and sidewall friction, the wave height reduction measured in the control tests (VDO) is subtracted from
the one observed in the tests with mimic canopies (Augustin et al.,, 2009).

Wave height reduction per unit length of a plant canopy (AH) is derived as:

AH = HO_Hout
L

(10)

where H,,, is the wave height at the end of the mimic canopy [m] and L is the length of the canopy. To exclude the possible influence of bed and side-
wall friction, the wave height reduction measured in the control tests (VDO) is subtracted from the one observed in the tests with mimic canopies
(Augustin et al., 2009).

2.3.2. Analytical model for wave dissipation in current-wave flows
We propose a simple analytical model to better understand the effect of steady currents on WDV. This model is based on the following
assumptions:
1) velocity u is uniform over the water depth;
2) turbulent velocity fluctuations (U’ in Eq. (1)) are neglected;
3) the instantaneous horizontal orbital velocity is Uysin(ot);
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4) for current-wave conditions, the period-averaged velocity equals the imposed current velocity, i.e. Uyeqn = Uc. Thus, the total instanta-

neous u(t) = U, + Uysin(ot);

5) Cp and U,, do not vary when flow changes from pure wave conditions to current-wave conditions.

Based on the above assumptions, the period-averaged wave energy dissipation rate per unit area ¢ is expressed as follows.

For pure wave conditions:

1900} j1900)
Epw = % / NFpU,, sin(wt)dt = % / pCpNb,h,|U,, sin(wt)|(U,, sin(ot))?dt = %pCDNthVUEV. (11)
—1/® —1/®
For current-wave conditions:
m/o /o
o= / NFp(U, + U, sin(on)dt = 2 / pCpNb,h,|U, + U, sin(wt)|(U, + U, sin(et))’dt
—T/® —m/®

Uel

1 - 1
5-PCoNbyf,[sin”" <T> (2Ucu? + 31U U, ?) +3 (4u,, +110.%) (y/UWZ—Uf)] U.<U,,
w .

1
ZpCDNbvhv (2‘UC|UC2 + 3|Uc|Uw2>

[Uc[2Uy

&qw 1s derived from the current-wave interaction, which can be divided into the wave induced energy dissipation rate &, ,, and the current in-

duced energy dissipation rate &4, . (Li and Yan, 2007):

1
Eaw, = 5PCoNb, U |UZ. (13)
Therefore, the ratio of &q,, v and &, is:
3. - 1 3
Son,  Eov—Eon ¢ | 7500 (1) (2ledied + 3jcx]) +3 (4+117) 1-a2— e’ |aj<1
flo) =~ = =t o . (14)
pw pw la>1

?\a\

where a = U/U,,. ¢ is proportional to the square of wave height. AH,,, is the reduced wave height per unit length of mimic canopies in pure wave
conditions and AH,,, is that in current-wave conditions. Considering the different magnitudes of length scales, the relative wave height decay r,, can

be derived as:

_AMH,,  [faw_w
AH,,, Epw

Tw

(15)

However, our assumptions may be restrictive. Certain modifications may be necessary when applying this model for realistic conditions.

3. Results
3.1. Wave dissipation by mimic vegetation canopies

The measured K, in pure wave conditions is shown in Fig. 3a.
The tested canopies were VD2 and VD3. The tested wave condi-
tion was wave0410. With the same wave condition, a higher
WDV was found in the mimic canopy with a higher mimic stem
density and a lower submergence ratio. 3 can be derived by fitting
Eq. (8) to the measured K,. Subsequently, the obtained (3 can be
substituted into Eq. (8) to describe the WDV (dashed line in
Fig. 3a).

The effect of currents can be identified by comparing the WDV
with different imposed current velocities (U.) (Fig. 3b). The test
shown in Fig. 3b was carried out in emergent conditions. The cano-
py stem density was VD3. Four steady currents, namely U, = 0,
0.05 m/s, 0.15 m/s and 0.20 m/s, were imposed in combination
with the same wave condition (wave0610). The corresponding o
were 0, 0.6, 2.8 and 4.4, respectively. For the case with a relatively
small a (a = 0.6), the K, along the canopy is higher than the one
found in pure wave condition, thus a lower WDV. When the « is
larger (o = 2.8), the K, is lower than that of the pure wave condi-
tions, i.e. higher WDV. The WDV further increases when the o rises
from 2.8 to 4.4.

The effect of the steady currents on WDV can be further evaluated by
comparing the r,. If it is larger than 1, it means that the WDV is in-
creased with the presence of following currents. If it is less than 1,
then WDV is reduced when following currents occur. The relation be-
tween the r,, and « is shown in Fig. 4. It shows that WDV in all the
tests is influenced by following currents except the tests at the transi-
tion points, where the r,, = 1. Thus, the WDV is the same as it is in
pure wave conditions. In different test conditions, transition points
vary from 0.65 to 1.25. When the value of ais less than its value at the
transition points, r,, is less than 1. Thus, the following currents decrease
the WDV. In this range of ¢, 1,, reaches its minimum when « is around
0.5. Subsequently, it starts increasing with . When « exceeds the
value at the transition points, r,, > 1. It means that in this range of ¢,
the presence of currents increases the WDV. Therefore, the following
currents can either increase or decrease WDV depending on o.
Even though all the cases share the same general pattern, there are
differences between the cases with different test conditions. Data
from the VD1 canopy is more scattered than others. The minimum
rw ratios are lower in submerged canopies than that in emergent
canopies.

Data obtained with comparable conditions in Paul et al. (2012) and
Li and Yan (2007) are also plotted in Fig. 4. When the value of a is less
than that at the transition point, our measurement result is similar to
that of Paul et al. (2012), who evaluated the WDV with an « value
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Fig. 3. Damping coefficient (K,) evolution in mimic canopies. (a) The effect of mimic stem density and submergence ratio on K,; (b) the effect of different imposing current velocities on K,.

(0.47) lower than the transition point. However, when « is lower than
the transition point, our result of r,, is less than the prediction of an em-
pirical model in Li and Yan (2007). The model predicts that r,, is larger
than 1 for all & (Fig. 4f). When «is high (>1.6), our measurement result
is close to the experimental data and the model prediction of Li and Yan
(2007). The equation describing the empirical model was not given in Li
and Yan (2007), but its outcome was provided as a plot, which was
adapted in Fig. 4f.

The prediction obtained with our analytical model (outlined in
Section 2.3.2) is also plotted in Fig. 4f. Similar to the empirical model
in Li and Yan (2007), the analytical model predicts that WDV increases
monotonically with the velocity ratio «, which overestimates the WDV
when « is small. To improve the model prediction, two modifications of
the model are made:

1) the drag coefficient in current-wave cases is a proportion of that in
pure wave cases, i.e. Cp_qw = 0.66 = Cp_pw. Such a ratio was derived
from drag coefficient measurements (see Fig. 6).

2) in pure wave cases, the time-mean velocity (Uneqn) iS nonzero (see
Fig. 7). Upean is in the negative direction and Uyeqn/U,, = —0.2.
Such a value is determined by averaging ratios measured in all the
pure wave cases. In current-wave cases, Upeqn 1S suppressed by
wave motions (see Fig. 8). It is smaller than the imposed current ve-
locity without wave influence (U,) i.e. Upean/Uy — Uc/U,, = —0.2.
Such a value is determined by averaging the difference measured
in all the current-wave cases.

With these two modifications, Eq. (14) can be rewritten as:

: fa02) “7°
_ a—0. . 16
fla) {0.66 03, @0 (16)

The result of this modification is shown in Fig. 4f. It appears that the
modified analytical model is able to reproduce the general non-
monotonic variation of .

*  measured data-this study

0 measured data-Li and YYan, (2007)

& measured data-Paul etal, (2012)
===+empirical model-Li and Yan, (2007)
| —— analytical modek-this study
| —— modified analyical modekthis study

~——-r_=1 reference
w

Fig. 4. Variation r,, with velocity ratios c. (a), (b), and (c) are emergent canopy with mimic stem densities VD1, VD2 and VD3, respectively; (d), (e), and (f) are submerged canopy with

mimic stem densities VD1, VD2 and VD3, respectively.
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3.2. Drag coefficient quantification

3.2.1. Time dependent drag force and drag coefficient

The time dependent Fp can be derived from in-phase data of Fand u
obtained at the same cross-sections of the flume (Eq. (6)). Fig. 5 shows
the time-varying Fand u at x = 29.5 m in the wave flume. The tests con-
cern the submerged VD3 canopy in combination with the wave case
wave1216. Fig. 5a and b shows that the measured oscillating u and Fp
are generally in phase. The time lag between the two is very small
(ca. 0.05 s). Fig. 5a further shows that u is asymmetric in the pure
wave case. The period-averaged velocity (Upeqn) is in negative direction.
In the case with a small imposed current velocity (U. = 0.05 m/s), the
small U, counteracts the period-averaged negative velocity and results
in a more symmetric u, i.e. Upeqn is close to zero. A larger U, (0.15 m/s)
can shift the overall u further towards the positive direction and results
in a positive Upeqn. The magnitudes of Fp with different following cur-
rents vary according to that of u (Fig. 5b).

Fig. 5c shows that the time dependent Cp varies with u and Fp ac-
cordingly. When u is near its crest or trough, the time-dependent Cp, is
relatively constant. However, when u is small, the time dependent Cp
is unrealistically high because the velocity is approaching zero. It is
also noted that the time dependent Cp can drop to zero when Fj, is
weak. Fig. 5¢ further demonstrates that the pure wave case is generally
associated with a comparatively large Cp and an increase in U, generally
leads to a decrease of Cp.

3.2.2. Period-averaged drag coefficients

Previous study has indicated that the period-averaged Cp, is closely
related to the Reynolds number (reviewed in Nepf, 2011). Fig. 6
shows the relation between Cp and two Reynolds numbers, namely Re

0.20 T T

and Re™. These two Reynolds numbers are defined in Eqgs. (4) and (5)
respectively.

The Cp values presented in Fig. 6a are obtained in pure wave condi-
tions by using the calibration approach (Egs. (8) and (9)). Generally, Cp
decreases with Re™, but the data points are scattered. The empirical
relationship between Cp and Re™ given by Mendez et al. (1999) is also
plotted in Fig. 6a. Despite the scattering, the Cp obtained from the cali-
bration approach is in the same range as estimated by the empirical
relationship:

2200
Re*

22
Cp = 0.08 + ( ) 200<Re"<15500. 17)

Fig. 6b shows the Cp derived from the calibration approach as a func-
tion of Re. It is clear that the data is less scattered compared to that in
Fig. 6a. The declining pattern of Cp with increasing Re is also more ap-
parent. The Cp derived from emergent canopies is comparable to that
from submerged canopies. It is noted that the submergence ratio has a
minor effect on the variation of Cp with Re.

Fig. 6¢c shows the Cp values derived from the direct force measure-
ments (Eq. (7)) for pure wave cases, as a function of Re. They were spa-
tially averaged using 3 out of 4 locations that had simultaneous F and u
measurements. FT2 failed during the experiment (see Fig. 1a) and it was
excluded from the data analysis. It is clear that the derived Cp values
share a similar decreasing pattern as that derived from the calibration
approach. Specifically, when 300 < Re < 1000, the Cp drops quickly
from around 4.0 to 1.7. When Re > 1000, the reduction of Cp with in-
creasing Re becomes mild. Similar to the calibration approach, the sub-
mergence ratio hardly affects the Cp pattern. Emergent canopy cases
generally had lower values of Re, which resulted in higher Cp values.
Submerged canopy cases generally had higher values of Re, thus lower
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0.10

u [m/s]

-0.10

— —wave + 0.15 m/s current

-0.20 : . .
on 0.5m b4 1.5n

0.10 T

2.5m 3n 3.5n 4n

0.05

Fo [N]

-0.05

-0.10 ‘ ‘ ‘
0

Co [

Fig. 5. Temporal variation of (a) velocity, (b) drag force and (c) drag coefficient with different imposed current velocities.
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Cp values. It is evident that this direct measuring method leads to less
scattering between Cp from different mimic stem densities.

The main advantage of applying the direct measuring approach is
that it can be used to derive the Cp in current-wave flows. Fig. 6d pre-
sents the Cp values from both current-wave cases and pure wave
cases (listed in Table 1). It shows that the typical decreasing pattern of
Cp still holds in current-wave conditions. Compared to the pure wave
cases, the current-wave cases were inherently associated with higher
Re because of the superimposed current U.. Consequently, the higher
Re leads to lower Cp values in the current-wave cases. Particularly,
when 600 < Re < 1400, the presence of currents can significantly
decrease Cp. When Re > 1000, however, for both pure wave and cur-
rent-wave conditions the Cp value has a very gentle declining trend
and the difference between the two conditions is small. In this range
of Re, the mean Cp is 1.31 with a standard deviation of 0.22. Following
the structure of the empirical relationship in Mendez et al. (1999), a
relation between Cp and Re was found as the best fit (R> = 0.89) for
all the data obtained from pure wave and current-wave cases (see
Fig. 6d):

730\ 137
Cp=104+ <R_e> 300<Re<4700. (18)

The tested Re in the pure wave case is in the range of 300-2800,
while for current-wave tests it is 670-4700.

3.3. Velocity in canopies

3.3.1. Mean velocity profiles

Vertical profiles of mean velocity (Upeqn) Were measured in both
emergent and submerged canopies. A Uyeqn that is representative for
the entire mimic canopy is obtained by taking its average over the mea-
suring locations at x = 27.5 m, 29.5 m and 30.5 m. The emergent
(Fig. 7a) canopy was tested with case wave0612. The submerged cano-
py was tested with case wave1016 (Fig. 7b). The measured velocity pro-
files cover a major part of the water column (z/h = 0.1-0.7 for
emergent canopy cases and z/h = 0.1-0.8 for submerged canopy
cases). The other parts could not be measured as the EMF probes cannot
be used close to the bed or above the wave trough. Fig. 7a shows that
when the emergent canopy (VD1) is subjected to a pure wave flow, a
negative Upeqn eXists throughout the measured depth. The variation
along the vertical is small. The minimum Uj;eq;, is —0.014 m/s. A similar
negative Uy,eq, profile can be found in the control tests (VDO). In the
pure current case, the Uy,eq, profile in the control test (VDO) resembles
a logarithmic profile. However, the presence of the mimic canopy (VD1)
can significantly reduce the Uy,eq, and result in a uniform profile. The
comparison between current-wave and pure current cases suggests
that the co-occurring waves suppress the imposed current velocity
(U,). Evidently, a lower Up,eq, can be found in the wave—current flows
compared to that in pure current cases, with the maximum deficit
being 0.021 m/s.

The results of the submerged canopy cases (Fig. 7b) are similar to the
emergent canopy cases. The major difference is that a distinctive shear
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layer exists near the canopy top when following currents exist. In pure
wave conditions, a negative Uy,qqy Still can be found in the submerged
canopy. A lower Up,eq, magnitude was also found in the current-wave
case compared to that of a pure current case.

Fig. 8 compares Ueqn With U.. Both of them are nondimensionalized
by Uy. For most data shown in Fig. 8, Ueqn/U,yy is smaller than U./U,,
(ie. ). It shows that wave motion has a tendency to form a negative ve-
locity and suppress positive current velocities. In the submerged canopy
case (Fig. 8b), when the flow is purely wave driven (U./U,, = 0), Upean iS
in the negative direction so that Ueqn/U,, is negative. When 0 < U./U,,
< 0.35, the negative Upeqn is counteracted by the imposed positive
currents and approaches zero. When 0.35 < U,/U,, < 2.3, Unnean/Uy shifts
towards the positive direction but it is still smaller compared to U/U,,.
When 2.3 < U./U,, the difference is negligible. The tests with the
emergent canopy show a very similar pattern (Fig. 8a). However, the
data from the emergent canopy is more equally distributed, whereas
the data from the submerged canopy is mostly in a lower range of U./U,,.
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4. Discussion

Our experimental results show that the effect of following currents
on WDV does not vary monotonically with o but shows a decrease
followed by an increase. A simple analytical model has been proposed
to understand this mechanism. However, modifications to this model
appeared necessary to capture the overall WDV variation. The reasons
for these modifications lie in the assumptions made regarding drag co-
efficients and period-averaged velocities. The characteristics of the drag
coefficient variation and in-canopy velocities dynamics are the key to
understand the WDV variation with following currents.

4.1. Drag coefficients obtained by direct measurement approach

A commonly used method to obtain Cp is by calibrating WDV models
(e.g. Egs. (8) and (9)) against measured wave height decay. This meth-
od is prone to introducing modeling errors into the derived Cp. This
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Fig. 8. Variation of the mean velocity (Ueqn) With the imposed steady current velocity (U,). (a) emergent canopy; (b) submerged canopy.
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study applies a direct force measurement approach to derive the Cp,
which eliminates the influence of modeling miscalculations. It is noted
that even though Cp is derived from a different method, it stems from
the original Morison equation and has the same definition as that de-
rived from the calibration methods.

Since the measurement errors of the instruments are small (about
1%), the accuracy of this method mainly depends on the synchroniza-
tion of the F and u data. Therefore, in our experiment, the force sensors
and EMF were placed at same wave flume cross-sections. Still, a small
time lag (ca. 0.05 s) exists in our measurements. This time lag may be
induced by small misalignments between the EMF probes and force
transducers and/or intrinsic delays of electronic instruments. As the
time-dependent Cp, is proportional to Fp/u?, a small phase difference
may lead to relatively large errors if u or Fp is close to zero (Fig. 5). In
the major part of a wave period, the influence of this small time lag
(0.05 s) is negligible as it is small compare to the tested wave period T
(1.0 s-2.5 s). It is important to note that the work done by Fj, is propor-
tional to u® (Egs. (12) and (13)). Thus, in a wave period, the work done
by Fp when u equals zero is much less than that when u is near its peak.
Therefore, in this study, the period-averaged Cp is obtained by integrat-
ing the work done by Fp in a wave period (Eq. (7)). This method auto-
matically assigns less weight to the phase when u is near zero because
of its small contribution to the WDV. This way, the obtained Cp, is largely
determined by the relatively high u and strong Fp in a wave period,
which minimizes the influence of the time lag. Moreover, this method
avoids the need for discriminating between Fp and Fy;, which may also
introduce errors in Cp.

The results show that Cp is negatively correlated to the Reynolds
number, which agrees with previous studies (e.g. Augustin et al.,
2009; Koftis et al., 2013). However, the Reynolds number Re is defined
differently in the present study. In Mendez et al. (1999), the Reynolds
number Re* was defined by using U, in front of the canopy as the char-
acteristic velocity (Eq. (5)). However, it is apparent that wave height
decreases along plant canopies and U, decreases accordingly. The Re*
only takes into account the U, in front of the canopy, which is not rep-
resentative of the hydrodynamic conditions inside a canopy, especially
when the WDV is high. This may explain the large scatter when Cp, is
plotted against Re™ (Fig. 6a). In our study, Re is defined using the mea-
sured in-canopy velocity U as the characteristic velocity (Eq. (4)).
Unnax directly interacts with plant mimics, which is more representative
for the hydrodynamic conditions inside a canopy.

When comparing the two different methods of deriving Cp (calibra-
tion approach and direct force measurement, presented in Fig. 6b and c,
respectively), it can be seen that the scatter of Cp is larger between
different mimic stem densities following the calibration method. The
reason for this may be that the calibration approach assumes that u in
a canopy follows the linear wave theory and is not attenuated by the
plant stems. In reality, however, u is reduced due to the presence of
plant stems and this reduction varies with the plant stem density
(Pujol et al., 2013; Stratigaki et al,, 2011). The calibration approach ne-
glects such a variation and attributes it solely to Cp, which leads to
scattered Cp between different densities. The direct measuring method,
on the other hand, collects the in-canopy u data. The variation induced
by vegetation density is inherently considered, which results in less
spreading of Cp (Fig. 6¢). It is worth noticing that the tested Re in our
experiments is 300-4700 and the frontal area per canopy volume is
0.62m~ 1,139 m ' and 5.56 m~ for three different mimic stem den-
sities. The dependence of Cp on the mimic stem density is found to be
weak in such conditions. With a different range of Re or mimic stem
densities, the dependence can be stronger as found in previous studies
(Huang et al., 2011; Tanino and Nepf, 2008).

Notably, the direct force measuring technique enables us to obtain
the Cp in current-wave flows, which is not possible with the calibration
method. To our knowledge, the Cp, of mimic vegetation canopies in cur-
rent-wave flows has not been assessed previously. Our results show
that Cp values in current-wave conditions follow the same decreasing

pattern as in pure wave conditions. In general, the presence of a current
decreases the Cp since the Re is increased. This finding is consistent with
the observation in tests with an isolated cylinder (Sumer and Fredsge,
2006; Zhou and Graham, 2000). Zhou and Graham (2000) explained
that the reduction of Cp was because the vortex formation, shedding
and oscillatory motion in pure wave conditions were altered by the im-
posed steady currents. In pure wave conditions, the vortices act at both
the downstream and upstream sides of a stem. When steady currents
are present, the vortices are shifted to the downstream side. This results
in less obstruction ‘seen’ by water particles, namely less drag of the flow.
To include this phenomenon, we propose an overall empirical relation
of Cp for both pure wave and current-wave conditions (Eq. (18)).
Such a relation can be useful in understanding WDV and predicting it
in numerical modeling studies. For example, if Re > 1000 in a test
case, Cp = 1.31 can be a reasonable first estimate. In detailed spectral
wave models or phase-resolving models, Re in a canopy can be easily
accessed and the value of Cp can be estimated from this relation
subsequently.

4.2. Wave dissipation in pure wave and current-wave flows

Test results obtained in pure wave conditions show that WDV is
higher when the mimic canopies have a higher N and a lower sub-
mergence ratio (Fig. 3a), which is consistent with previous studies
(e.g. Mendez and Losada, 2004; Paul et al., 2012; Stratigaki et al.,
2011). The main objective of this study, however, is to understand
the effect of following currents on WDV, on which the previous
two studies have drawn contradicting conclusions (Li and Yan,
2007; Paul et al., 2012). Our study shows that when « is small,
following currents generally reduce the WDV. However, when « is
sufficiently large, currents can also promote the WDV (Fig. 4).
Hence, it depends on o whether following currents suppress or in-
tensify WDV. The two previous studies investigated WDV in different
ranges of ¢, which caused the seeming inconsistency.

Liand Yan (2007) predicted WDV to increase linearly with the veloc-
ity of following currents and such a rise was attributed to wave-current
interactions. However, our measured data shows that WDV is only en-
hanced when « is larger than the corresponding transition points,
which are in the range 0.65-1.25 depending on the tested canopy
(Fig. 4). The « tested in the physical experiments of Li and Yan (2007)
were all above 1.5. Therefore, WDV reduction by following currents
(i.e.ry < 1) in low a was not observed by them. On the other hand,
Paul et al. (2012) measured WDV with low « (<0.5) and concluded
that WDV was reduced in current-wave flow. In our experiment,
WDV is only reduced when « is less than its value at the transition
points (Fig. 4).

The variation of Up,eq, With «cis also important in understanding the
tendencies of WDV. In pure wave conditions, a negative Uyeq, €Xists in
pure wave conditions, which can be explained by the Stokes wave the-
ory (Pujol et al., 2013). Above the wave trough level, the Uyeqn is in the
positive direction. In a wave flume with closed boundaries, there must
be zero net transport. Hence, below the wave trough level a net negative
Unmean Must exist to compensate for the positive flux above. In pure wave
conditions, the non-zero Upeq, leads to a higher WDV compared to that
with idealized velocity symmetry because of the current-wave interac-
tion (Eq. (14)). When a small positive U, is imposed, it counteracts the
negative U, and forces the overall velocity to be symmetric
(Fig. 5a). The magnitude of Up,eqy is then reduced to zero, which results
inalower WDV (Eq. (14)). As the imposed U, increases, Upeqn Shifts into
the positive direction and starts increasing its magnitude again, which
promotes WDV and eventually leads to a higher WDV than that in the
pure wave conditions.

The variation of Cp is also closely related to the tendencies of WDV
with a. In Fig. 8b, Uyeqn reaches zero when « is around 0.35. When
0.35 <@ < 0.5, Upeqn is in the positive direction and its magnitude is in-
creasing with . However, WDV (i.e. r, in Fig. 4f) does not reach its
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minimum when Uypeq, reaches zero (i.e. « = 0.35). It keeps decreasing
until it reaches its minimum when « =~ 0.50. The further reduction of
WDV is induced by the continuous decline of Cp (Fig. 6d). Hence, the
tendencies of WDV are influenced by the combined effects of Upeqn
and Cp variation. By adapting the variation of Uy;eq, and Cp with ¢, the
modified model is capable of describing the non-monotonic dynamics
of WDV (Fig. 4f).

Paul et al. (2012) explained the reduction of WDV in current-wave
flows by the bending of the non-rigid mimics, which reduces the
drag-forming area of the canopy. However, our study used rigid wooden
rods as plant mimics, which deform negligibly with the water motion.
Nevertheless, the reduction in WDV can still be found when « is small.
Hence, such a reduction is not necessarily induced by canopy deforma-
tion. The decrease of WDV can also be induced by the reduction of Cp
and the magnitude of Upeq, (Figs. 6 and 8). It is possible that these
two factors also played a role in the observed WDV decline in flexible
canopies.

Natural salt marsh and mangrove wetlands are often bounded by sea
dikes on their landward side. The dikes are closed boundaries similar to
those in confined flumes. Thus, the above-motioned interactions be-
tween the wave-induced velocities and tidal currents may also take
place in real coastal wetlands. This study shows that the wave dissipa-
tion capacity of a certain plant canopy can be reduced as much as 50%
when a is around 0.5. During storm events, U, can be significantly larg-
er than current velocities during a regular flood, which leads to very low
avalues. As a consequence, the WDV can be significantly reduced in
such a scenario. It is important to take into account the possible negative
effect of flooding currents on WDV when integrating natural wetlands
into coastal protection schemes.

5. Conclusions

This study primarily evaluated the effect of following currents on
WDV by flume experiments. An analytic model was built to understand
such effect. It was observed that following currents can affect WDV in all
the tested canopies with different mimic stem density and submer-
gence ratio. The effect of following currents on WDV can be either
suppressing or promoting, which depends on the ratio between cur-
rent velocity and the amplitude of horizontal orbital velocity («).
When « is small, WDV is reduced owing to the reduction of Cp and
Unean magnitude. When «cis sufficiently high, WDV can be strength-
ened due to current-wave interaction. These observations can ex-
plain the contradictive conclusions in the previous studies that
investigated WDV in different ranges of « (Li and Yan, 2007; Paul
et al,, 2012). Our findings suggest that the flooding tide during
storm events could be a critical scenario for coastal protection
schemes that utilize coastal wetlands to attenuate wave energy. In
order to understand WDV, a direct force measurement approach
was applied to derive drag coefficient Cp. This method can be ap-
plied to obtain the Cp in current-wave flows, which has not been
assessed previously. An empirical relation between drag coefficient
and Re has been formulated based on the measured data. This rela-
tion can be useful for future studies on wave-current-vegetation
interaction.
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