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ARTICLE INFO ABSTRACT

Keywords: Coastal vegetation is efficient in damping incident waves even in storm events, thus providing valuable protections
Wave dissipation to coastal communities. However, large uncertainties lie in determining vegetation drag coefficients (Cp), which
Vegetation are directly related to the wave damping capacity of a certain vegetated area. One major uncertainty is related to

Drag coefficient
Wave-current interaction
Keulegan-Carpenter number
Flume experiment

the different methods used in deriving C;,. Currently, two methods are available, i.e. the conventional calibration
approach and the new direct measurement approach. Comparative studies of these two methods are lacking to
reveal their respective strengths and reduce the uncertainty. Additional uncertainty stems from the dependence
of Cp, on flow conditions (i.e. wave-only or wave-current) and indicative parameters, i.e. Reynolds number (Re)
and Keulegan-Carpenter number (KC). Recent studies have obtained Cj,-Re relations for combined wave-current
flows, whereas Cj,-KC relations in such flow condition remain unexplored. Thus, this study conducts a thorough
comparison between two existing methods and explores the Cj,-KC relations in combined wave-current flows. By a
unique revisiting procedure, we show that C;, derived by the direct measurement approach have a better overall
performance in reproducing both acting force and the resulting wave dissipation. Therefore, a generic C,-KC
relation for both wave-only and wave-current flows is proposed using direct measurement approach. Finally, a
detailed comparison of these two approaches are given. The comprehensive method comparison and the obtained
new Cj-KC relation may lead to improved understanding and modelling of wave-vegetation interaction.

Wave energy dissipation by vegetation (hereafter referred as WDV) is
affected by incident wave height (H, Méndez and Losada, 2004; Bradley

1. Introduction

Upright vegetation in coastal wetlands can significantly attenuate in-
cident wave energy, thus providing protections to coastal habitats and
structures (Anderson et al., 2011; Vuik et al., 2016, 2018). The wave
damping effect is significant even in storm conditions (Moller et al.,
2014). Additionally, natural vegetation ecosystems can adjust their bed
elevation to sea level rise via ecogeomorphological feedbacks, which
enables long-term sustainable coastal defense solutions (Arkema et al.,
2013; D’Alpaos and Marani, 2016; D’Alpaos et al., 2016; Temmerman
and Kirwan, 2015). With increasing storminess in the future (Donnelly
et al., 2004; Young et al., 2011), the protection offered by coastal veg-
etation can be of greater importance.

and Houser, 2009), wave period (T, Augustin et al., 2009; Suzuki et al.,
2012), the ratio of water depth to vegetation height in the water (h/h,,
Ysebaert et al., 2011; Yang et al., 2012), drag coefficient (Cp, Henry
et al., 2015; Losada et al., 2016a,b), stiffness (Bouma et al., 2005; Luhar
et al., 2017; Paul et al., 2016) and stem frontal area of plants per unit
height (i.e. N*b,, N is the number of stems per unit area and b, is the stem
diameter, Augustin et al., 2009; Fonseca and Cahalan, 1992; Nepf, 2012,
1999; Ozeren et al., 2014). This knowledge has also been adapted in
different numerical models (e.g. Augustin et al., 2009; Cao et al., 2015;
Maza et al., 2013; Suzuki et al., 2012). Recent experimental studies have
also identified WDV is affected by co-existing currents (Li and Yan, 2007;
Paul et al., 2012; Hu et al., 2014; Losada et al., 2016a,b).
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A review of Cj, relations in vegetation-wave interaction and their deriving methods.

Cp, relation

Deriving method

Reference Mimic Type Flow condition
Kobayashi et al. (1993) Flexible plastic strips Waves
Méndez et al. (1999) Flexible plastic strips Waves
Mendez and Losada (2004) Flexible real vegetation Waves
Bradley and Houser (2009) Flexible real vegetation =~ Waves
Ranjit S. Jadhav et al. (2013) Flexible real vegetation Waves
Anderson and Smith (2014) Flexible plastic strips Waves
Ozeren et al. (2014)® Rigid wooden cylinders ~ Waves
Flexible plastic strips
Infantes et al. (2011) Flexible real vegetation =~ Waves

Hu et al. (2014) Rigid wooden cylinders Wave + Current

Losada et al. (2016a,b) Flexible real vegetation Wave + Current

Cp=0.08+ (2200/Re)>*

Calibration method

2200 <Re < 18,000

Cp =0.08 + (2200/Re)??

Calibration method

2000 <Re < 15,500 (no swaying)
Cp, =0.40 + (4600/Re)>°
2300 <Re < 20,000 (swaying)

Cp =0.47exp(~0.052KC)
R2=

Calibration method
0.76

3<KC<59

Cp =253.9KC~30
R?=

Calibration method
0.95

0<KC<6
Field data
Calculated using the relative velocity of the seagrass blades

Cp =70KC086
R?=

Calibration method
0.95

25<KC<135

Cp=1.10+(27.4/KC)>%
R?=

Calibration method
0.88

26<KC<112

Cp=0.76 +(744.2/Re)1
R2=0.94

533 <Re <2296

Cp=1.5+(6.785/KC)*22

Calibration method

R2=0.21

N,=156m™2, h,=0.63m
Cp=2.1+(793/Re)>®
Cp=0.683 + (12.07/KC)?25
N, =350m~2, hv=0.48m

1gCp = —0.6653*I1gRe +1.1886 Direct measurement
R%2=0.77 method
Cp=1.04+(730/Re)'¥7 Direct measurement
R2=0.66 method

300 <Re <4700

Cp =0.08+(50,000/Re)*?
R?=

Calibration method
0.60 (regular waves)

Cp =0.25+(75,000/Re)°
(regular waves + currents)
Cp =0.50 + (50,000/Re)°
(regular waves-currents)

WDV is mainly induced by the drag force provided by the vegetation
acting on the water motion, which can be quantified by Morison equa-
tion (Dalrymple et al., 1984; Morison et al., 1950). The drag force (F;)
is proportional to the square of the velocity, vegetation frontal area and
vegetation drag coefficient (Cp). Thus, choosing suitable C, values is of
vital importance to accurate WDV prediction. The parameterization of
Cp is currently one of the major difficulties in modeling the interactions
between vegetation and water motion (Suzuki et al., 2012; Luhar and
Nepf, 2013; Maza et al., 2015a; Cao et al., 2015). Thus, determining Cp,
has been a main subject in numerous existing studies (see Table 1).

Cp is typically determined by experiments, either by calibration or
direct measurement approach (Table 1). The calibration approach is a
conventional method, which determines Cp by calibrating its value in
WDV models to fit the measured wave height reduction (e.g. Mendez
et al., 1999; Augustin et al., 2009). Previously, this method could not
be applied in the cases of vegetation in combined wave-current flows,
as previous models did not take into account the influence of co-existing
current on WDV (Dalrymple et al., 1984). This limitation has recently
been relaxed by a new model proposed by Losada et al. (2016a,b),
which can explicitly account for WDV in combined wave-current flows.
Thus, the calibration method can now be applied to derive Cj, in both
wave-only and combined wave-current conditions. Compared to the cal-
ibration method, the direct measurement method is a new approach
(Hu et al., 2014). This approach is based on the original Morison equa-
tion instead of WDV models, and it requires synchronized impact ve-
locity and force data to derive Cp, by quantifying the work done by the
drag force over one wave period. As the Morison equation holds in both
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wave-only and wave-current flows, this approach can be applied to de-
rive Cp in both flow conditions. Thus, a vegetation drag coefficient Cp in
wave-only and wave-current flows can be obtained by both calibration
and direct measurement methods. However, the merits and drawbacks
of these two methods have not been explored in parallel. A detailed com-
parison of these two methods can be valuable for future experimental
and numerical studies.

Many previous studies have identified that vegetation drag coeffi-
cient Cp, in oscillatory flows (i.e. wave-only or combined wave-current)
varies with Reynolds number (Re) (see Table 1 and Fig. 1a). The ob-
tained Cp-Re relations all show that Cj, decreases with increasing Re.
It is similar to those derived from unidirectional flows conditions, but
Cp values have greater range of variation (0.1 to 100) in oscillatory
flows (Nepf, 2012). Most of the previous Cp-Re relations are obtained
in either wave-only or current-only condition. It is only until recently
that new Cp-Re relations are extended to combined wave-current flow
conditions (Hu et al., 2014; Losada et al., 2016a,b). Such an extension
is of importance as the combined wave-current flows are common in
e.g. natural wetlands. Besides Cp-Re relations, Cj, in oscillatory flows
has been found to be a function of Keuglan-Carpenter (KC) number (see
Table 1 and Fig. 1b). Mendez and Losada, (2004) found that Cp-KC rela-
tions are more suitable for oscillatory flows compared to Cp,-Re relations.
However, Cp-KC relations have only been explored in wave-only condi-
tions so far (see Table 1 and Fig. 1b). Thus, such relations in combined
current-wave flows are yet to be explored.

In this study, we aim to provide 1) a thorough comparison between
the calibration and direct measurement methods, and 2) a generic Cp-
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Fig. 1. Selected C-Re (panel a) and Cj-KC (panel b) relations from previous studies that listed in the Table 1.

KC relation for various oscillatory flows, i.e. wave-only and combined
wave-current flows. To our knowledge, the current study is the first
study to provide a detailed comparison between two different methods
in deriving Cp for pure wave and combined current-wave flows. The
obtained insights can be valuable to the understanding and modelling
of the wave-current-vegetation interactions. To achieve these goals, we
re-analyze the data from recent lab experiments that measured WDV in
both wave-only or combined wave-current conditions (Hu et al., 2014;
Jadhav et al., 2013; Losada et al., 2016a,b; Ozeren et al., 2014). Both
calibration and direct measurement methods are applied for compari-
son. To compare the different Cj, deriving methods, we create a unique
re-visiting procedure, which evaluates how well the derived Cj, can re-
produced the measured wave reduction and acting force. Finally, a syn-
thesis of these two methods and a generic Cp-KC relation for both wave-
only and combined wave-current flows is provided.

2. Methods
2.1. Data collection

To derive Cp, via different methods and a Cp,-KC relation in combined
wave-current flow, we collected the published data of a recent experi-
ments (Hu et al., 2014). The data of Hu et al. (2014) are analyzed in
detail because velocity and acting force data were measured simultane-
ously at 1000 Hz, enabling the direct measurement method.

The experiment in Hu et al., (2014) was conducted in a wave flume
with a 6 m long mimicked vegetation patch was placed in the middle of
the wave flume (Fig. 2). The vegetation mimics were wooden cylinders
with a diameter of 10 mm. The built vegetation canopy was 0.36 m tall
and the tested water depths were 0.25m and 0.50 m, respectively. The
submergence ratio (h/h, =1-1.39) is relatively small (Nepf, 2004). Reg-
ular waves are used in this test. The data of wave height, velocity and
acting force in this previous study is collected in the current study to
derive a new Cp-KC relation. The impact velocity data at locations 1-4
were measured by EMFs (electromagnetic flow meters). At locations 1
and 3, the acting force on vegetation mimics was measured by force sen-
sors developed at Deltares (former Delft Hydraulics, The Netherlands).
At locations 2 and 4, the force was measured by load cells (model 300)
developed by UIILCELL. However, the cells at location 2 and 4 were
not functioning properly during the experiment. Thus, only the force
data measured at locations 1 and 3 are included in the current study.
Hu et al. (2014) tested the conditions when steady currents flowed in
the same direction as wave propagation, i.e. following current condi-
tion, while Losada et al. (2016a,b) tested conditions with both following
and opposing currents. Current study is constrained to conditions with
following currents only for parallel comparison.
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Besides the above-mentioned two previous studies on combined
current-wave flows, Cp-KC relations derived previously in Jadhav et al.
(2013) and Ozeren et al. (2014) for wave-only conditions are also col-
lected to be compared with the new relations derived in the current
study. Ozeren et al. (2014) use rigid circular cylinders, with a diam-
eter of 0.0094m, a stem density N=156 stems/m? and a stem height
h,=0.63m, which is comparable to the experimental condition of this
study. Jadhav et al. (2013) collected field data of WDV during a tropical
storm, and the tested vegetation was flexible saltmarsh plants, Spartina
alterniflora. The average stem density was N=422 stems/m? and the stem
height was h,=0.22m, while total plant height is 0.63m and the aver-
aged diameter of circular cylinder is determined as 0.008 m.

2.2. Data analysis

2.2.1. Definition of KC and Re
The Keulegan Carpenter number KC is defined as:

KC=U,T/b, M

where U, is the measured maximum horizontal velocity in the
wave propagation direction at the half water depth in both wave-
only and wave-current flows. This velocity is chosen following
Hu et al. (2014) because velocity at the half of the water depth roughly
equals to the depth-average velocity in the vegetation canopy when the
submergence ratio is small (e.g. h/h, =1-1.39 in Hu et al. 2014). Thus,
it is a good representative of the acting velocity on vegetation stems for
conditions with small submergence ratios, and a suitable characteristic
velocity for KC and Re definition. T is wave period and b, is diameter
of the circular cylinder, which is the common characteristic length for
KC and Re in vegetated flow (Nepf, 2012). For real vegetation cases,
the measured mean diameter of vegetation stems can be used as the
characteristic length (Jadhav et al., 2013). Re is defined as:

Re=U, b,/v @)

v being the kinematic viscosity of the fluid.

2.2.2. Velocity data analysis
Considering Doppler Effect, the horizontal flow velocity in combined
waves and current flow is given as:
gk cosh k(z + h)
c coshkh
where U, is unidirectional current velocity, g is the gravitational accel-
eration, o, is the angular frequency associated with combined waves
and currents (6,,. =0 — Upk), o is angular frequency, k is the wave num-
ber, H is wave height and h is water depth. The subscript wc indicates the
case of combined waves and currents. U, is the measured combined ve-
locity at the half water depth, as it roughly equals to the depth-average
velocity in the vegetation canopy, i.e. the acting velocity on vegetation.

Uwc = UO +

cos (kx — ot)

3

wce
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Fig. 2. Experiment set-up of Hu et al. (2014) to measure synchronized flow velocity (U,,.) and acting force (F) on wooden cylinders (mimic vegetation) at locations
1-4. (a) is the top view of the instruments and the mimic vegetation deployment. (b) is a photo of the constructed the mimic vegetation. (c) is a photo of synchronized
force and velocity measurement to obtain in-phase data. The white dash lines indicate two instruments are placed at the same cross-section.

2.2.3. Deriving Cy, ., in combined wave-current flows by calibration
method i

This section describes the derivation of Cj, ., in combined current-
wave flow by calibration method following Losada et al. (20164a,b). It is
only until recently the calibration approach has been extended to com-
bined wave-current flows, as most previous models do not account for
the effect of currents on WDV. Losada et al. (2016a,b) modified the an-
alytical formulation of Dalrymple et al. (1984) to include the effect of
currents on WDV Cp, ., in combined wave-current flows can be derived

I

sinh 2kh
+ 3kU, (—cothkh) ]ﬁ/

[ENh b < ) HO]
3z

where f# is a damping coefficient stemmed from relative wave height
(K,) attenuation in Dalrymple et al. (1984):

K":§=1+1
0 px

where H is the wave height along the vegetation mimic area and H,, is
the initial wave height. When spatial wave height data are available, f
can be obtained by fitting the Eq. (5). Subsequently, the obtained g can
be substituted in Eq. (4) to derive Cp_.4-

2kh
sinh 2kh

g

ztanhkh)l/2+gU0(3+ Ahch )

CD_caI = [g<1 +

gk
20,

sinh®kh,, + 3 sinh kh,

- @)
3kcosh’kh

()

2.2.4. Deriving Cp 4, in combined wave-current flows by direct
measurement method

In both pure wave and combined wave-current flows, force on a sin-
gle stem can be expressed by Morison equation (Morison et al., 1950):

p, 20U
ot

where F is the total inline force on a vegetation stem, Fy, is drag force, F,
is inertia force, p is the density of the fluid, C, 4;, and Cy, are the drag

1 T
F=Fp+Fy= E/’CD_dirhubuUlUl + ZpCMh' (6)
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derived by direct measurement method and inertia coefficients respec-
tively, h, is the height of vegetation in water, b, is the diameter of cir-
cular cylinder and U is horizontal flow velocity.

The direct measurement method derives Cp, 4, from the perspective
of the acting force on the vegetation cylinders. The period-averaged
Cp 4ir is derived by computing the work done by the total force over
one period. It is assumed that the work done by Fy; is zero or close to
zero over a full wave period, and it holds for both wave-only and com-
bined wave-current flows (Hu et al., 2014). Therefore, the work done
by Fp is equal to the work done by the total force (F,,.). Thus, a period-
averaged drag coefficient can be derived from the following equation
(Hu et al., 2014):

2/ FpUgedt
Jo ph,b, U2 |U,.|dt

2 f) FU,,dt
Jo ph,b UL |U,.|dt

(7

CD_dir =

where the total force F and U,,. can be directly obtained from actual
measurements to derive C, 4;,. By applying Eq. (7), it is not necessary to
separate Fj, and F; when deriving period-averaged drag coefficient. Ac-
curately separating these two forces can be difficult because both forces
are related to an unknown coefficient, i.e. Cp, and Cy;, and have dif-
ferent phase relations with the velocity. Additionally, this equation is
applicable in both wave-only and combined wave-current conditions.

To check if it is valid to neglect the work done by F), in Eq. (7), we
quantify and compare the work done by Fj, and Fy,. The time-varying
work done is evaluated as following:
€p = F DUwc

®)

ey = Fpy Uy, &)
where the time-varying F, and F,,; are obtained by separating the total
measured force. We assume the inertia coefficient (Cy) is 2 for cylin-
ders (e.g. Dean and Dalrymple, 1991) and calculated the F,; following
Eq. (6). Fp is then derived by subtracting F,, from the total force. Period-
averaged work done by drag force (¢,) and inertia force (£,,) can be
obtained by averaging the Eq. (8) and (9) over a full wave period.
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Fig. 3. The work flow of revisiting (checking) the derived drag coefficients by
different methods. The calibration method derives Cj, ., from the perspective
of wave energy dissipation, whereas the direct measurement method derives
Cp g from the perspective of acting force on vegetation. We examine the de-
rived drag coefficients by revisiting not only their directly linked quantities (i.e.
energy dissipation or acting force, the solid red arrows), but also their counter
parameters (the dash red arrows). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

2.2.5. Revisiting the derived C,

The calibration approach derives Cp_.,; from the perspective of wave
energy dissipation, whereas the direct measurement approach derives
Cp_gir from the perspective of acting force. In order to provide an ob-
jective and quantitative evaluation of the two different methods, we
revisit the derived drag coefficients following the procedure shown in
Fig. 3. The derived drag coefficients by both methods are used to com-
pute both the wave energy dissipation and the acting force. Thus, the
derived drag coefficients were not only examined by their own linked
quantity (energy dissipation or acting force) but also their counter quan-
tity, providing a cross-check of the two different methods.

To check the validity of the derived Cp_., and Cp_g;, in reproducing
WDV, they were used to compute § by reversing Eq. (4). The obtained
p is then used in Eq. (5) to compute K,, and subsequently compared
with the measured K, for evaluation. The reproduced K, is denoted as
K, .a When Cp_.q is used, and K, 4 when Cp_g, is used. Similarly, to
check the validity of Cp_cq and C[_)-dir in reproducing acting force, they
are utilized in Eq. (6) to reproduce both time-varying and the maximum
total force, which are subsequently compared with the measurements.
The reproduced maximum total force is denoted as F g may and Fgip may,
respectively. It is expected that the WDV can be better reproduced by
using Cp_.4 and acting force can be better reproduced by using Cp_g;-
These revisiting procedures are conducted to set a context for the cross-
check: reproducing force with Cp_.,; and reproducing WDV with Cp_g;,.
By combining both checks, we can evaluate which method can derive
drag coefficients that have a better overall performance in reproducing
both force and WDV.

3. Results
3.1. WDV and Cy, derived via calibration method

The calibration method derives C, ., based on spatial wave height
reduction pattern, which can be influenced by co-existing currents. The
wave height data in a recent studies (Hu et al., 2014) are shown in
Fig. 4 to demonstrate the influence of co-existing currents on WDV and
to illustrate how to calibrate Cp ., values from the wave height data.

The experiment of Hu et al. (2014) shows that WDV can be either
promoted or suppressed by a following current, depending on the (rel-
ative) magnitude of the current velocity (Fig. 4b). The WDV variations
lead to different f values, and eventually are reflected in different Cp, .y
values. The tested vegetation density was 139 stems/m?2, and the tested
mimics were 0.36 m tall (with 0.5m water depth). The incident wave
was regular wave with 0.08 m wave height and the wave period was
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Fig. 4. The reduction of relative wave height (K,) along tested vegetation
patches. The data were obtained in Hu et al. (2014). Test COSW means the
wave with 0.05 m/s current velocity.

1.5s. In wave-only conditions, f is fitted to be 0.059. With a small fol-
lowing current (0.05m/s), f (and WDV) is reduced to be 0.041, but with
larger following currents (0.15-0.30 m/s), g (and WDV) increases from
0.067 to 0.132, which is higher than that of the wave-only condition.
The reason for the variation in WDV with different following current
velocity magnitude is illustrated in Hu et al. (2014).

3.2. Cp g4, derived via direct measurement method

The direct measurement method derives Cj, 4;. by calculating the
work done by the total force acting on vegetation including both drag
force (Fp) and inertial force (F),) part (see Eq. 7). It is assumed that the
work done by F, is close to zero over a full wave period or much smaller
comparing to that of F,. Thus, it is not necessary to separate them while
estimating the period-averaged Cj, 4. The relative magnitude of work
done by Fj, and F; is therefore of importance to such assumption.

The work done by Fp and Fy; over two wave period are shown in
Fig. 5. The water level rigid plant mimic density and wave conditions
are the same, and the current velocity increases from Fig. 5a to d. The
temporally varying e and ¢, have clear cyclic behaviors. € is always
positive, but ¢, alternates between positive and negative values. With
the increased following current velocity, ¢, and the period-averaged €,
becomes larger, whereas the net value of period-averaged €,, remains
close to zero. In all 4 cases, £, is sufficiently higher than €,,. Thus, the
work done by the total force in Eq. (7) is dominated by Fj, and the
influence of €,, is limited over a full wave period.

Fig. 6 summarizes all the cases tested in Hu et al. (2014), and shows
£p is in general much larger compared to &,,. It is clear that with the
increase of KC, £, increases, whereas E; remains close to zero. The ratio
between the absolute £}, and €,, is smaller with small KC values (around
10). The smallest ratio between them is about 3, implying that the €,
is always the bulk part of the work done by the total force. Thus, it is
considered acceptable to derive Cp, 4;,. via Eq. (7) without separating the
respective contribution of Fj, and Fy,.

3.3. Cp-KC relations in wave-only condition

We first derive drag coefficients in wave-only flows that are tested
in Hu et al. (2014), as it is the condition investigated by most previous
studies. It is clear that Cp-KC relation derived by the direct measure-
ment method shares the same general pattern as those derived by the
calibration method, i.e. Cp, decreases with the increased KC (Fig. 7).
Comparing to the calibration method, the C-KC relation from the di-
rect measurement method leads to less scattering among different mimic
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densities and submergence conditions (Fig. 7c and d). Following the di-
rect measurement approach, the C,-KC relation for pure wave cases is:

Cp =694 KCO™ 4+ 0.87(R* = 0.79) (10)

It is noted that the above relation has much higher R? value com-
paring to that derived by the calibration method (R?=0.21). Further-
more, the above relation is similar to the Cp-KC relation proposed in
Ozeren et al. (2014) (Fig. 7a), but different from that in Jadhav et al.
(2013) (Fig. 7b). It is noted that the relation in Ozeren et al. (2014) is ap-
plicable when KC is in the range between 5 and 35, whereas the relation
in Jadhav et al. (2013) is applicable when KC is in the range between
25 and 135.
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3.4. Cp-KC relation in combined wave-current flows

By using the new model of Losada et al. (2016a,b), drag coefficients
in combined current-wave flows can also be derived by the calibration
method. Previously, they could only be derived by the direct measure-
ment method. In Fig. 8, we compare the C-KC relations derived by
both methods. Both relations for combined wave-current flow have the
general reduction trend similar to that in wave-only conditions. Because
of the superimposed current U, the combined wave-current conditions
were inherently associated with higher KC. As KC varies in the range
between 7 and 120, the Cj, .,,, from the calibrated method reduces from
10.59 to 0.25. It is clear that C}, ., has a substantial degree of scatter-
ing among different mimic stem densities and water depths. The degree
of scattering is much reduced in the relation between Cj, ;;, and KC
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(Fig. 8). The obtained Cp, 4;, is within the range of 1 to 2. No appar-
ent difference between different densities and submergence ratio can be
observed.

To obtain a generic relation for both wave-only conditions and
combined wave-current conditions, we summarize all the Cy, 4;, from
Hu et al. (2014) in Fig. 9. The Cp-KC relation for both flows can be
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expressed as:

Cp =12.89 % KCT12 4+ 1.17(R* = 0.66) an

The above relation shows that in both wave-only conditions and
combined wave-current conditions, Cp- KC relation has a similar trend,
i.e., with the increasing KC, Cj, gradually decreases and approaches to
a constant value (i.e. 1.2). Furthermore, this empirical Cp- KC relation
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is similar to that in Ozeren et al. (2014), but different to that in Jadhav
et al. (2013).

3.5. Revisiting the validity of the derived Cp, g;; and Cp o

To further test the applicability of the two different methods, the
derived drag coefficients were revisited by using them to compute F as
well the WDV. The computed force and wave decay are subsequently
compared with the measurements. The computed (using Eq. (4)) and
measured instantaneous total acting force is plotted in Fig. 10. With no
or small following currents (PW and CWOS5 cases), the total force oscil-
lates in between positive and negative directions. When the following
currents becomes larger (CW15 and CW20), the total force stays in the
positive directions for a full period. It is clear that the temporal vari-
ation of the total force calculated using Cp_g, (Fy) agrees well with
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the measured total force, while as the total force calculated using Cp_.4
(F,q) overestimates the total force when the following currents is strong.
The shown data is from the test case with 6 cm wave height and 1.2
wave period in Hu et al. (2014). The Cp_g, for the PW, CWO05, CW10
and CW20 condition are 2.51, 1.76, 1.33 and 1.37, respectively. How-
ever, the Cp_.y for the same conditions are 3.94, 3.82, 3.53 and 4.46,
which are considerably larger than Cp_g;. The maximum reproduced
force over a wave period (Fy,qx ct a0d Fpqx gir) Shown in Fig. 10 are fur-
ther analyzed in the following-section. )

Fig. 11 shows the results of the cross-check process as demonstrated
in Fig. 3. It is not surprising that good agreement can be obtained when
check the derived Cp_g and Cp_.4 with their own linked quantities.
The R? value is 0.98 between F; 1.« (i-€. the maximum total force over
one wave period computed using Cp_gir) and the measured maximum
total force (Fyeq may) (data not show). Similarly, the R? value is 0.99 be-
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tween K, . and K, ., (data not show). The cross-check process, how-
ever, provides us with future insights. It is clear that F.q ., (i.e. the
maximum total force over one wave period computed using Cp_.,;) does
not match with F,y may- The corresponding R? value is only 0.26. Simi-
larly, the agreement between the K,, 4. (i.e. WDV computed using Cp_g;)
and K, ., is also not ideal. The resulting R? value is 0.58. In summary,
it is clear that the total force and WDV derived using Cp_.,; have better

overall agreement with measurements.

—cal

4. Discussion
4.1. Cp-KC relations in wave-only and combined wave-current conditions

In natural coastal wetlands, combined wave-current flows are com-
mon flow conditions. To our knowledge, existing Cj,-KC relations are all
for vegetation in wave-only conditions, such relations whereas in com-
bined wave-current conditions have not yet been derived. By reanalyz-
ing the data of Hu et al. (2014), we derived a new overall Cp,- KC relation
for both wave-only and combined wave-current flow conditions in the
present study. This new relation retains the same general form as previ-
ous studies listed in Table 1. With increasing KC number, the Cj, values
decrease regardless of the flow conditions and gradually approach 1. The
derived relation is of value to the understanding and modelling WDV.

Cp has generally been expressed as functions of Re, and previous
studies have derived Cp-Re relations for pure current, wave-only and
combined wave-current conditions (Hu et al., 2014). Previous stud-
ies have suggested that Cp-KC relations are more suitable for oscilla-
tory flows (Augustin et al., 2009; Mendez and Losada, 2004; Ozeren
et al., 2014). Compared to Re that depends solely on maximum veloc-
ity, KC numbers contain additional information of wave period. Thus,
they are expected to result in more suitable functions in describing Cp,
dynamics. However, the new Cp,-KC relation obtained here show other-
wise. The R? value of the derived new Cp-KC relation (including both
pure-wave and combined current-wave) is 0.66, which is lower com-
pared to the R? value (0.89) of the derived overall Cp-Re relation in
Hu et al. (2014). This may be attributed to the test vegetation mim-
ics in Hu et al. (2014) were rigid sticks, whereas previous studies that
obtained better Cp-KC correlations generally tested flexible vegetation
mimics (e.g. Augustin et al., 2009; Mendez and Losada, 2004; Ozeren
et al.,, 2014). This indicates that the dependence of C;, on KC (wave
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period) is stronger with flexible vegetation. Nonetheless, the derived
Cp-KC relation is of value to interpreting the WDV process. Our results
confirm that in both wave-only and combined wave-current conditions,
the variation of Cp, with KC follows the same trend, which has not been
reported before.

4.2. Comparing two different methods in deriving Cp

The current study derives the drag coefficients by two different ap-
proaches, aiming to compare them and provide guidelines for future
experimental studies. Such a comparison was not possible until the re-
cent model development that includes the effect of current into WDV
modelling (Losada et al., 2016a,b). A detailed comparison of these two
methods is included in the Table 2.

These two methods are compared in terms of their main equations,
required data, flow conditions, applicable environments, the perfor-
mances in reproducing force and WDV, as well as the R? value of the
Cp-KC relations (Table. 2). The calibration approach makes use of the
energy dissipation equation and wave height data, whereas the direct
measurement approach relies on Morrison equation and synchronized
velocity and force data. Clearly, the Cp-KC relation derived by the direct
measurement method have considerably higher R? value than that de-
rived by the calibration method (Figs. 7 and 8). However, the calibration
approach has a wider range of application, as it can be applied in both
lab and field environments. With the current instrumentation, the direct
measurement method is only applicable in lab conditions, as it requires
synchronized force and velocity data with high accuracy, which are not
feasible to obtain in field conditions. Additionally, the calibration meth-
ods can be readily used in flexible vegetation cases (Maza et al., 2015b;
Lara et al., 2016; I.J. Losada et al., 2016a,b), whereas the direct mea-
surement method is not yet able to do so. It is because such method re-
quires measurement of acting velocity on vegetation stem, i.e. relative
velocity between water motion and vegetation stem motion, which is
difficult to measure with the current setup. However, it is possible if the
video analysis technique is included for relative velocity measurements
(Luhar and Nepf, 2016).

The calibration method derives Cj, from the perspective of wave en-
ergy dissipation, whereas the direct measurement method is from the
perspective of vegetation-induced force. In order to evaluate these two
methods objectively, we used the derived Cy, from the different methods
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Table 2
Comparison of two approaches in determining Cp,.
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Calibration approach

Direct measurement approach

References Dalrymple et al., 1984; Kobayashi et al., 1993; Losada et al., Hu et al., 2014; Infantes et al., 2011
2016a,b; Mendez and Losada, 2004; Moller et al., 2014

Main Wave height reduction by vegetﬂation a Morrison equation: Cj, = %

equation c, = [g(l + )(\g tanh ki)' + gU, (3 + ) + 3kU, (£ coth kh)'/?
B[ v iy,

Required Wave height spatial distribution Synchronized impact flow velocity (U,,.)

data and acting force (F) on vegetation

cylinders

Flow Wave-only and combined wave-current flow Wave-only, pure current and combined

conditions wave-current flow

Applicable Laboratory and field Laboratory

environ-

ment

Applicable Rigid and flexible vegetation Rigid vegetation

vegetation

R? value 0.26 0.98

when

revisiting

acting

Force”

R? value 0.99 0.58

when

revisiting

K,©

R? value of 0.19 (Cp =-0.024*KC1-%5 + 3.26) 0.66 (Cp, =12.89*KC™ 1% +1.17)

Cp-KC

relations?

2 The listed equation is the recent formulations derived in Losada et al. (2016a,b) for combined current and wave flows. It should be noted
that a variety of equations exist in calibrating C;,, depending on the applied wave decay model.

b¢,d The comparison is based on the data in Hu et al. (2014).

to compute both the acting force and the WDV. Thus, providing a cross-
examination of these two methods (Fig. 3). We show that the Cj, values
derived from the perspective of force can better reproduce the measured
force (R?=0.98) compared to Cp_.y (R?=0.26). However, the Cp, val-
ues of the direct measurement method perform poorer in reproducing
WDV (R? =0.58) compared to that of Cp_.,; (R%=0.99). Therefore, the
Cp derived from either energy or force perspective can fit better with
their own respective quantity but not the counter quantity as shown in
Fig. 11.

The reason that different methods leads to different Cj, values is per-
haps that the work done by the drag force is not the only process lead-
ing to WDV. Other processes like turbulence as well as surface friction
of vegetation mimics and flume walls also contribute to energy dissipa-
tion, but they are not accounted in the current WDV models. Thus, the
derived Cp_ is actually a synthesis for a number of processes, whereas
Cp_gir is only responsible for acting force. Because of the involvement of
the additional processes, the Cp_. and Cp_g; do not provide the same
performance in the cross-check as the check with their own respective
measurements (see Fig. 3). Overall, the check of Cj_g. obtains better
agreement with measured acting force (R? = 0.98) and WDV (R? = 0.58).
The revisiting procedure also imply that numerical models that are built
upon momentum conservation equations should seek to use the Cp_g,
whereas other models that rely on energy conservation (and do not ex-
plicitly account for turbulence and friction effects) should use Cy,_., for
better simulations of WDV process.

5. Conclusions

By re-analyzing the previous data of Hu et al. (2014), this study aims
to reduce the uncertainties in the different C, deriving methods and
the dependence of Cp on hydrodynamic parameters (i.e. Re and KC).
The two available methods in deriving Cp, i.e. the direct measurement
method and the calibration method, are compared in terms of their main
equations, required data, flow conditions, applicable environments, and
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the resulting Cp-KC relations (Table 2). Furthermore, we create a unique
re-visiting procedure, which evaluates how well the derived drag coef-
ficients can be used to reproduce the measured wave reduction and act-
ing force. To our knowledge, current study is the first study providing
a thorough comparison between these two methods, which may assist
experiment design for further investigation of Cp.

Additionally, we formulate a new empirical relation between Cj, and
KC as an extension to the Cp-Re relation in Hu et al. (2014). The Cp-
KC relation is based on the direct measurement method, and it is a
generic relation for both wave-only and combined wave-current con-
ditions. The derived Cp-KC relation for both wave-only and combined
wave-current conditions have a similar decreasing trend as previous re-
lations for wave-only cases, which has not been reported previously.
The obtained generic Cp,-KC relation is expected to be useful to future
numerical modeling studies.
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