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Abstract

Coastal wetlands such as salt marshes and mangroves provide important protection against stormy waves.
Accurate assessments of wetlands’ capacity in wave attenuation are required to safely utilize their protection
services. Recent studies have shown that tidal currents have a significant impact on wetlands’ wave attenuation
capacity, but such impact has been rarely considered in numerical models, which may lead to overestimation of
wave attenuation in wetlands. This study modified the SWAN (Simulating Waves Nearshore) model to account for
the effect of accompanying currents on vegetation-induced wave dissipation. Furthermore, this model was
extended to include automatically derived vegetation drag coefficients, spatially varying vegetation height, and
Doppler Effect in combined current-wave flows. Model evaluation against an analytical model and flume data
shows that the modified model can accurately simulate wave height change in combined current-wave flows.
Subsequently, we applied the new model to a mangrove wetland on Hailing Island in China with a special focus
on the effect of currents on wave dissipation. It is found that the currents can either increase or decrease wave
attenuation depending on the ratio of current velocity to the amplitude of the horizontal wave orbital velocity,
which is in good agreement with field observations. Lastly, we used Hailing Island site as an example to simulate
wave attenuation by vegetation under hypothetical storm surge conditions. Model results indicate that when
currents are 0.08–0.15 m/s and the incident wave height is 0.75–0.90 m, wetlands’ wave attenuation capacity can
be reduced by nearly 10% compared with pure wave conditions, which provides implications for critical design
conditions for coastal safety. The obtained results and the developed model are valuable for the design and
implementation of wetland-based coastal defense. The code of the developed model has been made open source,
in the hope to assist further research and coastal management.
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1  Introduction
In the era of global climate change, storm events form a great

threat to the coastal areas (Neumann et al., 2015; Wang et al.,
2018). The ability of coastal wetlands (e.g., mangroves and salt
marshes) in attenuating wave energy under storm surge condi-
tions has been studied (Loder et al., 2009; Sheng et al., 2012;
Möller et al., 2014; Rupprecht et al., 2017; Garzon et al., 2019 ).
They provide valuable services in dissipating wave energy and re-
ducing shoreline erosion (Temmerman et al., 2013; van Loon-
Steensma et al., 2014, 2016). Thus, it is proposed to integrate
these coastal ecosystems into coastal defense systems as nature-
based solutions (Dai and Ge, 2022; Zheng et al., 2023). In the im-
plementation of these solutions, the effectiveness of these sys-
tems in attenuating waves in realistic hydrodynamic conditions is
critical (Möller et al., 2014).

The process of wave attenuation by vegetation in pure wave
conditions has been well studied. Dalrymple et al. (1984) is one of
the first studies that assessed wave dissipation by vegetation ac-
counting for the work done by vegetation drag force. The drag
force is quantified using Morison equation (Morison et al., 1950).
The analytical model of Dalrymple et al. (1984) has been further
extended with consideration of random incident waves and wave
breaking processes (Mendez and Losada, 2004), which was sub-
sequently implemented in a numerical model, i.e. Simulating
Waves Nearshore (SWAN, Suzuki et al., 2012). The SWAN model
has been applied in numerous laboratory and field studies to as-
sess the wave height reduction in vegetated fields (Cao et al.,
2015; Vuik et al., 2016; Wu et al., 2016; Baron-Hyppolite et al., 2019).

Recent efforts have been made to understand the process of
wave dissipation by vegetation in combined current-wave flows,  
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as it is the most common flow condition in natural coastal wet-
lands. Previous studies have shown an important effect of accom-
panying tidal currents on wave dissipation by vegetation (Ota
et al., 2004; Li and Yan, 2007; Paul et al., 2012; Hu et al., 2014;
Losada et al., 2016; Yin et al., 2020; Zhao et al., 2021). It has been
revealed that the following currents (i.e., currents flow in the
same direction as wave propagation) could either increase or de-
crease wave dissipation by vegetation depending on the ratio
between the current velocity and the amplitude of the horizontal
wave orbital velocity (Hu et al., 2014, 2021, 2022; Yin et al., 2020;
Zhao et al., 2021). An analytical model has been proposed to ex-
plain the different wave dissipation patterns, but the change in
wave celerity due to accompanying currents (Doppler Effect) was
not considered in the model. Based on large-scale wave basin ex-
periments (Maza et al., 2015; Lara et al., 2016), a new analytical
formulation has been developed including the Doppler Effect on
wave dissipation in combined current-wave flows (Losada et al.,
2016). However, the contribution of currents to vegetation drag
force was neglected in such a model. Furthermore, there is a lack
of assessable numerical models to estimate wave attenuation by
vegetation in combined current-wave flows.

The widely used SWAN vegetation model provides a suitable
base to quantify wave dissipation by vegetation with accompany-
ing currents. The main reason is that the wave-current interac-
tions can be readily accounted for in the wave action balance
equation, which is the core of the SWAN model. In the current
study, we modified the SWAN model to consider the effect of ac-
companying currents in vegetation-induced wave dissipation, as
SWAN-CWV model (i.e., SWAN current-wave-vegetation model).
Additionally, to provide a refined modeling tool for field condi-

tions, we further equipped the model with an automatic estima-
tion of vegetation drag coefficients and spatially varying vegeta-
tion height to simulate the natural zonation in coastal wetlands
(e.g., see Fig. 1a, for details see Section 2). The implementation of
the numerical model was validated against a newly-developed
analytical model, laboratory data, and field measurements in a
mangrove wetland on Hailing Island in China. Subsequently, the
SWAN-CWV model was applied to simulate wave energy dissipa-
tion under hypothetical storm conditions with coexisting cur-
rents, using our measuring transect on Hailing Island as an ex-
ample. Thus, the current study applied the new SWAN-CWV
model to provide a full assessment of the vegetation-induced
wave dissipation in storm events. Lastly, the code of the model
has been made open source and can be downloaded at https://doi.
org/10.6084/m9.figshare.20060291.v1 to assist further research
and facilitate the utilization of vegetation wetlands in coastal de-
fense.

2  SWAN-CWV model

f ′(α)
CD

The original SWAN model was developed at the Delft Uni-
versity of Technology (http://www.swan.tudelft.nl) to solve the
spectral action balance equation. In this study, we developed a
modified version of the original SWAN model as SWAN-CWV
model. The main modifications are: (1) to include the effects of
currents on wave attenuation by vegetation via adding a new
term, i.e.,  (see Eqs (10)–(15) below), (2) an automatic es-
timation of  values using an established relation (see Eq. (16)
below), and (3) spatially varying vegetation height.

N (σ, θ)
The SWAN is a Eulerian model that quantifies the changes of

wave action density spectrum , which is defined as
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Fig. 1.   Wetland ecosystem in combined current-wave flows (a) and wave flume set up (Hu et al., 2014) (b). ADP, RBR, WG, EMF, FT
represent Acoustic Doppler Profiler, pressure sensors (RBR solo3), Wave Gauge, electromagnetic flow meter, and force transducer for
measuring parameters of currents and waves.
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N (σ, θ) =
E (σ, θ)

σ
. (1)

N (σ, θ)
E (σ, θ) σ

θ

The action density  is defined as the ratio of wave en-
ergy density  and relative frequency . N is conserved
during propagation along the wave characteristic in the presence
of currents. Wave direction  is an independent variable. The
spectral action balance equation can be described in Cartesian
co-ordinates as

∂N

∂t
+

∂cxN

∂x
+

∂cyN

∂y
+

∂cσN

∂σ
+

∂cθN

∂θ
=

Stot
σ

, (2)

N (σ, θ)
cx cy

cσ cθ
Stot

Sin Sn
Sn

Sds,w Sds,b
Sds,br Sds,veg

where the first term on the left side represents local change rate
of  over time, as well as the second and third represent
the propagation in a coordinate system with velocity  and .
The fourth term represents the effect of shifting the radian fre-
quency owing to variations in depth and mean currents. The fifth
term represents the variation with direction resulting from refrac-
tion, where  and  are the propagation velocities in spectral
space.  on the right side is the source/sink term including
wind input , waves non-linear interactions, e.g., triads 
and quadruplets , waves energy dissipation due to white cap-
ping , bottom friction , depth-induced wave breaking

 and wave attenuation by vegetation , as

Stot = Sin + Sn + Sn + Sds,w + Sds,b + Sds,br + Sds,veg. (3)

Sds,veg Sds,veg

To include wave attenuation due to vegetation, Eq. (3) will be
extended with  (Suzuki et al., 2012).  can be extended
from a spectral version by considering the property of frequen-
cies and directions (i.e., to have the same form as the other
source/sink terms), as

Sds,veg (σ, θ) =
Dtot

Etot
E (σ, θ) , (4)

with

Dtot = − 
g
√
π
CD_pwbvNv

(
g̃k
σ̃

) sinhk̃hv +  sinhk̃hv

k̃ cosh

k̃h

H
rms, (5)

g CD_pw

hv

bv Nv

h Hrms

σ̃ k̃
Etot

σ̃ k Etot

where  is the acceleration,  is the depth-averaged drag
coefficient in pure wave conditions,  is the height of vegetation
in water,  is the stem diameter of vegetation,  is the number
of vegetation per square meter,  is the water depth,  is the
root-mean-square wave height,  is the mean frequency,  is the
mean wave number, and  is the total wave energy (The WAM-
DI Group, 1988; Suzuki et al., 2012). , ,  can be described as
following:

σ̃ =

(
E−
tot

∫ π



∫ ∞




σ
E(σ, θ)dσdθ

)−

, (6)

k̃ =

(
E−
tot

∫ π



∫ ∞



√
k
E(σ, θ)dσdθ

)−

, (7)

Etot =

∫ π



∫ ∞


E(σ, θ)dσdθ. (8)

H
rms = EtotWith , the final expression of Eq. (4) reads as

Sds,veg (σ, θ) =−
√


π
gCD_pwbvNv

(
k̃
σ̃

)

×

sinhk̃hv +  sinhk̃hv

k̃ cosh

k̃h

√
EtotE (σ, θ) . (9)

f ′(α)

The above-mentioned Eqs (4)–(9) are the formulas used in
original SWAN to account for wave dissipation by vegetation in
pure wave conditions. In this study, we account for the effects of
currents on wave attenuation in the SWAN-CWV model with an
additional term :

S′ds,veg = f ′ (α) Sds,veg (σ, θ) . (10)

f ′(α)
f (α) = εcw/εpw εpw εcw

u (t) Uc +Uwsin (σt) Uc Uw

σwc

σwc = σ −Uck Uw

f (α)

The term  is based on the analytical model in Hu et al.
(2014). It is related to , where  and  are the
time-averaged rate of energy dissipation per unit horizontal area
induced by the vegetation in pure wave and current-wave condi-
tions, respectively (see Eqs (18) and (19) below). In current-wave
conditions, Hu et al. (2014) assumes that the instantaneous velo-
city  equals to , where  and  are the im-
posed steady current velocity and the amplitude of horizontal
wave orbital velocity. The wave-current angular frequency 
( ) is used in the expression of  to consider the
Doppler Effect. Then,  can be derived as following (for de-
tails see Hu et al. (2014)):

f (α) =
εcw
εpw

=



D


arcsin (|α|)

(
 |α| α +  |α|

)
+




(
+ α

) (√
− α

)
− π


|α| α, |α| < ,

D
π


|α| , |α| ⩾ ,

(11)

D = CD_cw/CD_pwwhere  is the ratio of drag coefficient in current-
wave flows and pure wave cases, and it is determined using an
empirical relation given in Eq. (16).

f ′(α) f (α)

Umean

εcw/εpw

Subsequently,  is obtained based on  following (Hu et al.,
2014). This modification is necessary as experiments have shown
that the time-mean velocity ( ) is nonzero but in the oppos-
ite direction of the wave propagation in pure wave cases due to
Stokes drift (Hu et al., 2014, 2022; Chen et al., 2018, 2020), which
could affect the quantification of the  ratio. To account for
such effect, Eq. (11) is modified as following:

f ′ (α) =


, α = ,

f (α+ γ)

f (γ)
, α > ,

(12)

γ = Umean/Uw

Umean

Uc γ = Umean/Uw −Uc/Uw

where  is determined by averaging the measured
ratios in all the pure wave cases in the experimental dataset of Hu
et al. (2021). In current-wave cases,  is suppressed by the
wave motion and thus smaller than the imposed current velocity
( ). The value  is determined by aver-
aging the measured ratios in all the current-wave cases in the
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Umean,
above-mentioned dataset. We use the mass transport velocity to
calculate the  as follows:

Umean =
Hk


cosh k (z + h)

sinhkh
c, (13)

cwhere  is the wave celerity.
The layer schematization due to differences in vertical char-

acteristics of vegetation has been included. The contribution of
each vertical segment is calculated individually, and the total en-
ergy dissipation equals to the sum of the dissipation in each layer
up to the still water level. To add the effects of currents based on
Eqs (10)–(13), the final expression of wave attenuation by vegeta-
tion of Eq. (4) therefore becomes

S′ds,veg =
I∑

i=

S′ds,veg,i, (14)

with

S′ds,veg,i =− f ′ (α)i

√

π
gCD_pw,ibv,iNv,i

(
k̃
σ̃

)

×(
sinhk̃hv,i−sinhk̃hv,i−

)
+
(
sinhk̃hv,i−sinhk̃hv,i−

)
k coshk̃h

×
√
EtotE (σ, θ) ,

(15)

I i
i

f ′ (α)i
Sds,veg,i

where  is the number of vegetation layers,  is the layer under
consideration with the energy dissipation for layer . Compared
with the original SWAN model, the flow term  was incor-
porated into the expression of wave attenuation , which
considers the effects of accompanying currents.

CD CD

We further equipped the original SWAN model with an auto-
matic estimation of  values based on an empirical Re-  rela-
tion proposed in Hu et al. (2014) as following:

CD = .+

(

Re

).

,  < Re <  , (16)

Re = Umidbv/ν ν = −

Umid Uw

Umean +Uw

CD_pw

D D = CD_cw/CD_pw

where  is the Reynolds number and  m2/s
is the kinematic viscosity.  equals to  in the middle of
each layer in pure wave conditions or  in current-
wave conditions, respectively. Since this relation is applicable to
both pure wave and current-wave cases, Eq. (16) was incorpor-
ated in Eq. (15) to calculate the  values as well as in Eq. (11)
to calculate the  values ( ). Lastly, spatially
varying vegetation height (vegetation zonation) in coastal wet-
lands (see Fig. 1a and Fig. 5b) has also been included in the
SWAN-CWV model.

3  Model validation

3.1  Model validation against a new analytical model
As a theoretical and numerical validation of the SWAN-CWV

model, we developed a new analytical model modified from pre-
vious studies (Longuet-Higgins and Stewart, 1961; Mendez and
Losada, 2004; Suzuki et al., 2012; Hu et al., 2014; Losada et al.,
2016). The main advantage of this new model is the inclusion of
(1) Doppler Effect and (2) vegetation drag caused by accompany-
ing currents, which are ignored in the model in Hu et al. (2014)

and that in Losada et al. (2016), respectively. This model is de-
veloped based on the following assumptions (Losada et al., 2016).

(1) Currents and waves are colinear.
(2) Linear wave theory is applicable.

Uc(3) Current  is uniform over the water depth and along-
shore the vegetation canopy.

(4) Turbulent velocity fluctuations are neglectable.
(5) The drag coefficient is a depth-averaged coefficient in

space.
(6) Vegetation motion is neglected, and dissipation is only

due to drag force.
(7) Constant water depth.

Uc

Following Longuet-Higgins and Stewart (1961), if wave
propagates with a current (velocity is ), energy balance for
waves along a vegetation meadow can be expressed as

∂E
(
cg +Uc

)
∂x

+ Sx
∂Uc

∂x
= −εcw, (17)

E = (/)ρgH

cg Sx

Uc Sx =
E
(
cg/c− /

)
Uc εcw

where  is the wave energy density, as well as H, c,
 and  are the wave height, wave celerity, wave group velocity

and radiation stress, respectively. The subscript x indicates wave
propagates along x axis. The first term on the left of Eq. (17) rep-
resents the wave energy transfer by the group velocity plus the
uniform velocity. The second term represents the work done
by the mean velocity  against the radiation stress 

 (Longuet-Higgins and Stewart, 1960, 1961), which

is a way of waves and current coupling. This term is zero due to
the assumption of uniform .  is the time-average rate of en-
ergy dissipation per unit horizontal area induced by the vegeta-
tion in combined current-wave flows as

εcw = f ′ (α) εpw, (18)

with

εpw =

π

ρCD_pwbvNv

(
kg
σ

) sinhkhv +  sinhkhv

k coshkh
H, (19)

εpw

ρ

f ′ (α)

where  is the time-averaged rate of energy dissipation per unit
horizontal area induced by the vegetation in pure wave condi-
tions (Mendez and Losada, 2004; Suzuki et al., 2012),  is the wa-
ter density, and  is the additional flow term based on Eqs
(11)–(13).

Hrms

To fit the expression of energy dissipation in Eq. (5) for ran-
dom waves, it is assumed that the waves are narrow-banded in
frequency and have the same direction. Random waves are as-
sumed to have a Rayleigh probability density function that is re-
lated to root-mean-square wave height  (Mendez and
Losada, 2004; Losada et al., 2016) as

p (H) =
H

H
rmsexp

[
−
(

H
Hrms

)
] , (20)

with

H
rms =

∫ ∞


Hp (H)dH. (21)
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Since wave energy is a function of the square mean wave
height, the relationship between E and the root-mean-square
wave height is as

E = (/)ρgH = (/)ρg
∫ ∞


Hp (H)dH. (22)

Therefore, the differential Eq. (17) can be rewritten as

∂(/)ρgH
rms

(
cg +Uc

)
∂x

=

− f ′ (α)



√
π
ρCD_pwbvNv

(
kg
σ

) sinhkhv +  sinhkhv

k coshkh
H

rms.

(23)

Hrms

Due to constant water depth (Assumption (7)), the evolution
of  in combined current-wave flows can be derived as fol-
lows (Dalrymple et al., 1984; Mendez and Losada, 2004):

∂H
rms

∂x
= −BH


rms, (24)

where

B =
f ′(α)CD_pwbvNvkg(sinh

khv +  sinhkhv)


√
π
(
cg +Uc

)
coshkh

. (25)

H (x = ) = Hrms,

x

Solving the differential equation with the boundary condition
that the wave height at the starting edge of vegetation field is

, the wave height along the canopy (at dis-
tance ) can be derived as

Hrms =
Hrms,

+ βwcx
, (26)

with

βwc =
f ′(α)

√
π
CD_pwbvNvHrms,×

kg(sinh

khv +  sinhkhv)sinh(kh)

σcoshkh (σkh+ σsinh (kh) + Uck sinh (kh))
,

(27)

βwc

k
Tp

where  is related to vegetation drag in current-wave flows for
random wave transformation. The other variables are consistent
with those in Eq. (5). It should be noted that the wave number 
corresponds with the peak period . Note that the new analytic-
al model serves as a first validation of the SWAN-CWV model, but
it is not applicable for field conditions, because the measuring
transect at the field site is on a slope, which violates the assump-
tion of a constant water depth (Assumption (7)).

To reveal the wave attenuation process, wave height attenu-
ation induced by a unit length of canopies is defined as following
(Paul et al., 2012; Hu et al., 2014):

ΔH =
H − Hout

L
, (28)

H Hout

L
rw

where  and  are the wave height at the front and the end of
a vegetated area (unit in m), respectively.  is the length of the
vegetated area (unit in m). The relative wave height decay  (ra-

tio between wave attenuation in current-wave flows and that in
pure waves) is defined to assess the effect of accompanying cur-
rents on wave attenuation,

rw =
ΔHcw

ΔHpw
, (29)

pw cwwhere subscript “ ” and “ ” represent pure wave and com-
bined current-wave conditions.

Tp

Hrms

bv

Nv

CD

CD

The SWAN-CWV model was validated against the analytical
model described in Eqs (26) and (27). To investigate the effect of
currents, comparisons with the original SWAN model and an
analytical model from Losada et al. (2016) were also carried out.
Four runs were conducted for each model, with current velocities of
0 m/s, 0.05 m/s, 0.20 m/s, and 0.30 m/s, respectively. The basic
parameters at the input boundary were a constant water depth of
h = 0.25 m, a peak wave period of  = 1.5 s, and a root mean
square wave height of  = 0.1 m for a calculation length of
20 m. The vegetation height was 0.36 m to form emergent canop-
ies, the vegetation area per unit height was  = 0.002 m, the
number of vegetation per unit area was  = 239 units/m2, the
bulk vegetation drag coefficient ( ) was calculated according to
the empirical Re-  relation in Eq. (16), and the vegetation was
present for the entire length for this model validation. A uni-dir-
ectional narrow-banded random wave was achieved by a Bin fre-
quency spectrum in the SWAN-CWV and SWAN models with a
spectrum width of 0.01 and a directional spreading of 2.0°. Wave
breaking and bottom friction were not considered in these tests.
A 1-D grid with a flat bottom was chosen, and the calculation grid
size of the numerical models was set as 1.0 m.

The results of the first validation of the SWAN-CWV model are
shown in Fig. 2. Overall, discrepancies among the four models
are not apparent in pure wave tests and small current (i.e., 0.05 m/s)
tests, except for the analytical model proposed by Losada et al.
(2016) (Figs 2a and b). In the pure wave tests, there is a very small
difference (within 1.6%) between SWAN-CWV model and SWAN
model due to the modification of Eqs (11)–(13). As the current ve-
locity increases to 0.05 m/s, models agree reasonably well with
each other. The small difference between SWAN-CWV model
and SWAN model in pure waves is eliminated due to the offset of
the small currents and the reverse compensation flow. Higher
current velocity (i.e., 0.20 m/s and 0.30 m/s) leads to a great dif-
ference in modeling results. The SWAN-CWV model is in good
agreement with the new analytical model, but the SWAN model
underestimates wave attenuation. Furthermore, SWAN-CWV
model shows that small currents can suppress wave attenuation
by vegetation compared to pure wave case (Fig. 2b), but large
currents can enhance wave attenuation, which is in-line with
previous studies (Hu et al., 2014; Zhao et al., 2021; Zhang and
Nepf, 2021). The analytical model proposed by Losada et al.
(2016) is not sensitive to the currents and the wave height de-
creases linearly while the SWAN-CWV model presents a nonlin-
ear logarithmic decay trend.

3.2  Model validation with flume experiments
To further validate the SWAN-CWV model, we tested it

against the laboratory experiment data from Hu et al. (2014). The
experiment was carried out in a 40-m-long and 0.8-m-wide wave
flume in the Fluid Mechanics Laboratory of Delft University of
Technology. The vegetation canopy was 6 m long and 0.8 m wide,
and the stems were distributed uniformly on the flat bottom. The
height of the mimic vegetation was 0.36 m, and the diameter was
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0.01 m. Water depths of 0.25 m and 0.50 m were chosen to
achieve emergent and submerged canopies. The vegetation bulk
drag coefficient was decided by Reynolds number, as shown in
Eq. (16). A detailed analysis of the flume experiment can be
found in Hu et al. (2014). In total, 238 tests were conducted with
three different vegetation densities (VD0, VD1, VD2), two water
depths, and various wave-current conditions (Table A1 in Ap-
pendix A). Control tests with no vegetation were carried out in
the flume to measure the wave height reduction by bottom fric-
tion of the flume bed and sidewalls (VD0).

CD

CD

CD

CD

To reveal the importance of currents in the modeling, we de-
veloped an additional SWAN-  model as a comparison to the
SWAN-CWV model. The former does not consider the effect of
currents on wave attenuation, but still accounts for changing 
according to Eq. (16). Uni-directional regular waves in SWAN-
CWV and SWAN-  were achieved by setting a spectrum width
of 0.01 and a directional spreading of 2°. The breaking function
and friction function were not used in these cases. A 1-D grid was
used to reproduce the central line of the plant canopy. The calcu-
lation grid size of the SWAN-CWV model and SWAN-  model
was set as 1.0 m. The current velocity at the edge of the canopy
was chosen to represent the flow state in the whole vegetation
area (Maza et al., 2015). Besides, an additional sensitivity analys-
is of different grid sizes (1 m, 2 m and 5 m) on the SWAN-CWV
simulating results were carried out (Fig. B1 in Appendix B).

An example of this model validation shows that the SWAN-
CWV model can well reproduce the wave height attenuation in
combined current-wave flows (Fig. 3). As a contrast, the SWAN-

 

0 5 10 15 20

0.02

0.04

0.06

0.08

0.10

H
rm

s/
m

H
rm

s/
m

H
rm

s/
m

H
rm

s/
m

0 5 10 15 20

0.02

0.04

0.06

0.08

0.10

0 5 10 15 20

0.02

0.04

0.06

0.08

0.10

0 5 10 15 20

0.02

0.04

0.06

0.08

0.10

analytical model (this study) SWAN-CWV model SWAN model analytical model (Losada et al., 2016)

x/m x/m

x/m x/m

d (current velocity = 0.30 m/s)

b (current velocity = 0.05 m/s)a (pure waves)

c (current velocity = 0.20 m/s)

 

Hrms

Hrms

CD

CD
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 model (only considers  variations but does not consider
the effect of current) has a clear underestimation trend for wave
attenuation. In the three cases, the wave height reduction is close
to 45% from the SWAN-CWV model while less than 30% from the
SWAN-  model. Such a difference can systematically reveal the
effect of accompanying currents on wave dissipation by vegeta-
tion.

α α = Uc/Uw

CD

ΔH =

(H − Hout)/L
CD

CD

The SWAN-CWV model was further applied to simulate wave
height changes in various flow and vegetation density conditions
that were tested in Hu et al. (2014) (Fig. 4). The simulations were
classified into two groups according to  ( ). They
show that the SWAN-CWV model performs better than the
SWAN-  model in both groups. When α is less than 1, the coef-
ficient of determination (R2) of the SWAN-CWV model outputs (

) is 0.84, and the bias is 0.05. The R2 simulated by
the SWAN-  model is 0.70, and the bias is 0.15. When α is great-
er than 1, the R2 of the SWAN-CWV model outputs is 0.76, while
the R2 of the SWAN-  model outputs reduces to 0.36.

3.3  Model validation with field observations
An application of the SWAN-CWV model to a field site was

conducted. The field measurements were carried out on Hailing
Island located in the Shenqian Bay, a large coastal embayment in
the south of China (Fig. 5a). The mangrove communities are
dominated by the Aegiceras corniculatum and Kandelia candel,
with a stem diameter of 0.06–0.12 m. The local mean tidal range
is 2.5 m. The maximum tide range can reach 3 m, and the minim-
um tide range is 0.5 m.

Four stations were set up at the field site to measure wave

height and water depth, and two of these stations (S1 and S4 in
Fig. 5b) were also used to measure tidal current velocity. The sta-
tions were deployed along a transect through bare flat, seedling
zone, and mature mangroves, with a length of 70 m. The mature
mangrove vegetation area was 20 m, the seedling area was 35 m,
and the bare land was 15 m. Vegetation height, diameter, and
density were measured and varied between 0.4–2.0 m, 0.02–
0.20 m, and 1–10 stems/m2, respectively (Table 1). The elevation
of the observation profile ranged from 0.05 m to 0.38 m, with the
mean sea level at 0 m. The elevation of Stations S1, S2, S3 and S4
relative to the mean sea level were 0.33 m, 0.32 m, 0.29 m and
0.19 m, respectively.

Hs Tp

The measurements were conducted during December 10–29,
2018. Wave parameters, including the significant wave heights
( ), wave periods ( ), and the water depths were measured us-
ing pressure sensors (RBR solo3, Fig. 5d). Current velocity was
measured using Nortek Acoustic Doppler Profile (ADP) instru-
ments, which were placed in holes on the seabed with upward-
looking measuring heads (Fig. 5c). The measuring interval of the
velocity profile was 10 min (for details about instrument settings
see Hu et al. (2020)). The bathymetry data were collected by an
real-time kinematic (RTK) survey, which were subsequently used
as model inputs. Vegetation characters were obtained by aver-
aging four 5 m × 5 m grids in each zone.

The grid size of the model was set as 5.0 m. The incident wave
spectrum at the seaward boundary has a JONSWAP spectrum
with a spectral peak parameter of 3.3. The frequency range of the
spectrum was 0.1–4.0 Hz and the resolution was 0.1 Hz. The dir-
ection range of the spectrum was −30° to 30°. The friction-in-
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Fig. 4.   Comparisons of wave height attenuation induced by a unit length of canopies (  in Eq. (28)) between numerical models
(SWAN-CWV and SWAN- ) and experiment data (Hu et al., 2014).
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duced wave attenuation at the bottom of the tidal flat was con-
sidered. JONSWAP with a constant friction coefficient 0.038 m2/s3

was activated. Furthermore, to better quantify the effect of cur-
rents in wave attenuation by vegetation, we tested different nu-
merical models, i.e., original SWAN with a constant  = 1.2,
SWAN-  and SWAN-CWV respectively. As described in Section 2,
the vegetation drag coefficient was calculated according to Eq. (16)
in the SWAN-  model. Furthermore, sensitivity analysis of dif-
ferent grid sizes (1 m, 5 m, and 10 m) on the SWAN-CWV simulat-
ing results were also carried out (Fig. B2 in Appendix B).

CD

CD

CD

CD

We compared the wave evolution in SWAN-CWV model,
SWAN-  model with field observations during December
10–29, 2018, in Hailing Island (Fig. 6). Specifically, we designate
currents that flow in the same direction as wave propagation
(e.g., flooding currents) as positive currents, and currents that
flow in the opposite direction as wave propagation (e.g., ebb cur-
rents) as negative currents. The measured incident wave height
was between 0 and 0.32 m, and the current velocity ranged from
–0.52 m/s to 0.21 m/s in Station S1 during this period. Results
show that the observed wave height variation pattern can be well
captured by both SWAN-CWV model and SWAN-  model with
the same (R2 = 0.97). The bias of the SWAN-CWV model is −0.016
m, while the SWAN-  model is 0.045 m (Fig. 6a). When the ab-
solute value of current velocity is greater than 0.20 m/s (i.e., three
shaded parts in Fig. 6c), the SWAN-CWV model captures the
strong wave attenuation to almost zero. However, the SWAN-
model underestimates the wave attenuation.

α α = Uc/Uw

To systematically compare different models, the simulations
of the wave attenuation in field conditions were also classified in-
to different groups according to  ( ). Cases with water
depth greater than 0.15 m and the incident wave height over 0.03 m
at Station S4 were considered valid cases, with a total of 794. Fur-
thermore, the SWAN model with a constant drag coefficient of 1.2

CD

⩽ α ⩽ .

CD

was also carried out to simulate the cases as a reference to ex-
clude the effect of varying . Results show a discrepancy among
the three numerical models is not very apparent when α is smal-
ler than 1, while as the increase of α, their discrepancy becomes
larger (Fig. 7). The R2 values of these three models are the same
as 0.97 when α is smaller than 0.25, i.e., in cases with no currents
or very weak currents. With the increase of α (1 ), the R2

values remain above 0.60 for all the three models. When α is over
1.5, which represents the vegetation is exposed to relatively
strong currents, the SWAN-CWV model performs better than the
SWAN and the SWAN-  models, with the R2 value apparently
higher than the other two models.

4  Modeling wave attenuation by vegetation under hypothetic-
al storm conditions

In this section, we applied the validated SWAN-CWV model
to reveal the impact of currents on wave attenuation by vegeta-
tion during hypothetical storm conditions. The Hailing Island site
in Section 3.3 is considered as an exemplary system. A 1-D recti-
linear computational grid with a constant grid size of 5 m was
generated for the observation transect. The incident waves come
from the seaward boundary, and the landward side was a closed
boundary with no wave reflection. The topography and vegeta-
tion inputs were adapted from Section 3.3. Storm surge scenarios
were set following Möller et al. (2014) with a constant water
depth of 2 m. The wave height was set at 0.50 m to 0.90 m, and the
wave period was 4.0 s with a following (propagating in the same
direction) uniform current velocity of 0 m/s to 0.50 m/s. The
JONSWAP spectrum with a peak parameter of 3.3 was selected for
the incident wave spectrum. In total, the SWAN-CWV model was
applied in 112 tests with different combinations of hydrodynam-
ics, with the aim to reveal the effect of tidal currents.

Both pure wave and combined wave-current cases were
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Table 1.   Input parameters of vegetation characters

Region
Vegetation character

Length (x)/m hvHeight ( )/m bvDiameter ( )/m NvDensity ( )/(stem·m−2) CDDrag coefficient ( )
Mudflat 15 0 0 0 0

Seedling zone 35 0.6 0.05 6 CDRe-

Mature mangrove 20 1.8 0.15 2 CDRe-
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tested (Fig. 8). It is shown that the currents can increase or de-
crease the wave attenuation by vegetation with different wave-
current combinations. With the same incident significant wave
height of 0.8 m and wave period of 4.0 s, when the current velo-
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city is small (i.e., 0.10 m/s), the wave attenuation ( ) is sup-
pressed by 8.4% compared to the pure wave cases ( ) (Fig. 8a).
However, when the current velocity is higher (i.e., 0.45 m/s), the
wave attenuation ( ) is promoted compared to the pure wave
cases ( ).
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With the changing stormy waves and the accompanying tidal
currents, the relative wave height decay ( ) varies greatly from
0.9 to 2.5 (Fig. 9). For the cases with relatively small currents (i.e.,
0.08–0.15 m/s) and the incident wave height of 0.80 m, the
amount of vegetation-induced wave height reduction is de-
creased by nearly 10% compared to pure wave conditions (Area I
in Fig. 9). However, with the same wave conditions, the wave at-
tenuation by vegetation is increased when the currents become
stronger. The cases with stronger currents velocity (i.e., 0.40–
0.50 m/s) have nearly 1.5 times higher  than pure wave condi-
tions (Area II in Fig. 9). Therefore, the currents can either in-
crease or decrease the wave attenuation by vegetation depend-
ing on the different wave and current combinations.

5  Discussion and conclusions

5.1  Towards accurate modeling of wave dissipation by vegetation
with accompanying currents
Previous studies have revealed large variability in vegetation-

induced wave attenuation with the impact of accompanying cur-
rents (Li and Yan, 2007; Paul et al., 2012; Hu et al., 2014, 2022;
Losada et al., 2016; Zhao et al., 2021; Zhang and Nepf, 2021). An
accurate modeling tool is needed to precisely assess wave attenu-
ation in various flow conditions. Two new models have been suc-
cessfully developed in the current study, i.e., a new numerical
model (i.e., SWAN-CWV model) and a new analytical model.
These two models were in good agreement with each other as
they are developed based on the same core process, although the
applied equations were in different forms. The main differences
between these two models and the model of Losada et al. (2016)
are: (1) the contribution of the current velocity to the drag force,
(2) the attribution of Stokes drift, i.e., non-zero mean velocity in

pure wave conditions and suppressed current due to wave mo-
tion in current-wave conditions (Hudspeth and Sulisz, 1991; Hu
et al., 2014; Chen et al., 2020). Compared to the model of Hu et al.
(2014), the main advantage of the two new models is the inclu-
sion of the Doppler Effect.

CD CD

In addition, we equipped the SWAN-CWV model with an
automatic estimation of  values based on an empirical Re-
relation in Eq. (16). The possibility of horizontal variation of the
vegetation height has also been included to reflect the natural
zonation in coastal wetlands. The good agreement between the
model simulated results and the observation from both laborat-
ory and field shows that the SWAN-CWV model is reliable for
wave field simulation of coastal wetlands under combined cur-
rent-wave conditions. We have made the SWAN-CWV model
code open-source at https://doi.org/10.6084/m9.figshare.
20060291.v1, in the hope that this numerical tool can assess the
research and utilization of the coastal wetlands’ defense values.

The SWAN-CWV model still has some limitations and needs
further improvements. Firstly, due to the assumption that cur-
rents and waves are colinear, the model is not applicable under
the conditions of wave-current with an angle. Secondly, it cannot
assess current-induced wave breaking in a vegetation field,
which is likely to occur with opposing currents (Hu et al., 2022).
Lastly, our model regards the vegetation as rigid cylinders, but its
flexibility is not considered. If flexible vegetation is under consid-
eration (i.e., marshes and seagrass meadows), this model might
not accurately reproduce the wave decay since vegetation stiff-
ness is reduced and the buoyancy is high (Mendez and Losada,
2004; Lara et al., 2016; Losada et al., 2016; Zhang et al., 2021).

5.2  The effect of vegetation species and discontinuousness on wave
attenuation
Previous studies have revealed that the zonation of the

coastal vegetation plays an important role during extreme natur-
al events (Tanaka, 2009; Tanaka et al., 2011; Vandenbruwaene
et al., 2011; Yang et al., 2015; Yang and Irish, 2018; Zainali et al.,
2018; Zhang et al., 2022). A combination of different tree species
is recommended in a buffer forest. Active forest management for
the forest age, density, diameter, and stand structure of trees is
required to enhance the potential for coastal defense (Tanaka,
2009; Zhao et al., 2020; Zhou et al., 2022). Furthermore, the distri-
bution of the coastal wetlands is also significant in affecting the
flow patterns. The wave-induced flow in wetlands has complex
circulation characteristics because of the interaction between
waves and vegetation, especially in areas with discontinuous
patches (Yang et al., 2015).

In the current study, the buffering behavior of mangroves has
been examined in the application in Hailing Island. The man-
groves are dominated by Aegiceras corniculatum and Kandelia
candel species. Due to different afforestation times, the spatial
distribution of vegetation shows different wave dissipating abilit-
ies. Our modeling results show that the mature mangrove forests’
wave dissipation capacity is nearly three times that of young
seedlings in the site, which fit well with the observations. This
shows our model is competent in providing wave field assess-
ment, provided that the information on the morphology of man-
grove forests is available.

5.3  Changes in vegetation wave dissipation capacity in storm con-
ditions
Several studies have already demonstrated the ability of

coastal wetlands to efficiently attenuate wave energy during
storm surges (Loder et al., 2009; Sheng et al., 2012; Zhao and
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Chen, 2014; Rupprecht et al., 2017; Hoque et al., 2018; Garzon et
al., 2019). The vegetation flexibility and height, wave conditions
and water depth, play an important role in vegetation-waves in-
teraction (Rupprecht et al., 2017). Recent research indicates that
the local attenuation of extreme water levels within wetland areas
is more effective when the vegetation patches are wider and ve-
getation resistance is higher (De Dominicis et al., 2023).

This study demonstrates that considering vegetation-in-
duced wave attenuation, the accompanying currents are import-
ant factors to be considered in coastal wetlands’ wave attenu-
ation capacity. For a specific setup in Hailing Island, modeling
results indicate that the currents can increase wave attenuation
by vegetation in most cases, but a more alarming note is that
when the currents are 0.08–0.15 m/s and the incident wave
height is 0.75–0.90 m, the amount of vegetation-induced wave
height reduction is decreased by nearly 10% compared with pure
wave conditions. In contrast, the previous wave models may
overestimate vegetation-induced wave attenuation due to the ex-
clusion of tidal currents. Although this reduction in vegetation-
induced wave height reduction may vary at different sites, our
modeling results provide a key reference to coastal managers in
determining the size of coastal wetlands to sufficiently protect the
coasts from storms.
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Appendix A: A summary of laboratory tests used in SWAN-CWV model valida-
tion

The data from the flume experiments conducted by Hu et al. (2014) was utilized for validating the SWAN-CWV model. A total of
314 tests were carried out, considering three different mimic stem densities, two water depths, and various current-wave conditions
(Table A1).

Appendix B: Sensitivity analysis of SWAN-CWV model grid size
Sensitivity analysis was performed to investigate the impact of different grid sizes on the simulation results for both the modeling of

flume experiments (Fig. B1) and field observations (Fig. B2).

 

Table A1.   Test conditions with different combinations of hydrodynamic conditions (Hu et al., 2014)
Water depth (h)/ vegetation height/m Wave height (H) /m Wave period (T)/s Wave case name UcCurrent velocity ( ) /(m·s−1)

0.25/0.36 0.04 1.0 wave04101) 0/0.05/0.15/0.20

0.04 1.2 wave0412 0/0.05/0.15/0.20

0.06 1.0 wave0610 0/0.05/0.15/0.20

0.06 1.2 wave0612 0/0.05/0.15/0.20

0.08 1.2 wave0812 0/0.05/0.15/0.20

0.08 1.5 wave0815 0/0.05/0.15/0.20

0.10 1.5 wave1015 0/0.05/0.15/0.20

0.50/0.36 0.04 1.0 wave0410 0/0.05/0.15/0.20/0.30

0.06 1.2 wave0612 0/0.05/0.15/0.20/0.30

0.08 1.4 wave0814 0/0.05/0.15/0.20/0.30

0.10 1.6 wave1016 0/0.05/0.15/0.20/0.30

0.12 1.6 wave1216 0/0.05/0.15/0.20/0.30

0.12 1.8 wave1218 0/0.05/0.15/0.20/0.30

0.15 1.6 wave1516 0/0.05/0.15/0.20/0.30

0.15 1.8 wave1518 0/0.05/0.15/0.20/0.30

0.15 2.0 wave1520 0/0.05/0.15/0.20/0.30

0.18 2.2 wave1822 0/0.05/0.15/0.20/0.30

0.20 2.5 Wave2025 0/0.05/0.15/0.20/0.30

     Note: 1)The case name represents the combination of incident wave height 0.04 m and wave period 1.0 s, namely wave0410.
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Fig. B1.   Sensitivity analysis of the different grid sizes (1 m, 2 m and 5 m) on the SWAN-CWV modeled wave height attenuation by ve-
getation in the current-wave flows (  = 0.20 m/s). All cases are in non-submerged canopies with medium mimic stem densities (139
stems/m2). The case name stands for the combination of incident wave height 0.04 m and wave period 1.2 s, namely wave0412.
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We preformed sensitivity analyses to show how the grid resolution influences the model outputs (Fig. B1). We chose 1 m, 2 m and
5 m as the model resolution respectively due to the 6-m long vegetation patch in the flume setup. The simulation results of 1 m and
2 m grid sizes are almost the same in all cases (wave 0412, wave 0612, and wave 0812), which are in-line with the measured data (Hu
et al., 2014). When the grid size was increased by 5 m, the attenuation of wave height is reduced by nearly 18% compared with other
tests with different resolutions. This is because the length of the vegetation area was 5 m, which was inconsistent with the flume set-
tings (the length of the vegetation area was 6 m). Overall, the results show that the grid size does not affect the modeling results
provided that the grid size is not too coarse for the flume experiments.

Hs Tp Uc Hs Tp

Uc

Since the transect in the Hailing Island was 70-m long, we set the sizes of the model grid as 1 m, 5 m, and 10 m respectively. The
comparisons of wave evolution in SWAN-CWV model with different resolutions and the field experiment results were shown in
Fig. B2. Two cases of the field observations were simulated (  = 0.42 m,  = 3.3 s,  = 0.052 m/s, Fig. B2a;  = 0.29 m,  = 2.7 s,

 = 0.065 m/s, Fig. B2b). Overall, the field simulation reaches the same conclusion with the flume simulation results, which is that the
grid resolution has little effects on the model outputs.
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Fig. B2.   Sensitivity analysis of the different grid sizes (1 m, 5 m, and 10 m) on the SWAN-CWV modeled wave height attenuation by
vegetation in the current-wave flows in Hailing Island: a. = 0.052 m/s, b. = 0.065 m/s.
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