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Abstract20

Coastal vegetation provides crucial wave attenuation for shoreline protection,21

yet existing models are either computationally prohibitive or lack transparency22

for educational purposes. This study presents wave-attenuation-1d, an open-23

source Python package implementing linearized shallow water equations with24

vegetation-induced drag to simulate wave propagation through coastal vegeta-25

tion. The governing equations are derived from first principles through systematic26

application of shallow water assumptions, depth-integration, and linearization,27

yielding coupled continuity and momentum equations where vegetation effects28

enter as a dissipative drag term proportional to velocity. The numerical imple-29

mentation employs fourth-order Runge-Kutta time integration with implicit30
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treatment of drag terms on a staggered grid, achieving unconditional stability31

for stiff dissipative terms. Numerical experiments with monochromatic waves32

propagating through a 40-meter vegetation patch demonstrate transmission33

coefficients ranging from 0.799 for sparse vegetation to 0.011 for dense vegeta-34

tion, corresponding to wave height reductions of 20.1% and 98.9%, respectively.35

While the one-dimensional framework necessarily simplifies three-dimensional36

flow structures, turbulence generation, and flexible vegetation dynamics, the37

model provides a transparent, computationally efficient baseline for understand-38

ing fundamental wave-vegetation interactions. The package features standardized39

NetCDF output with CF-compliant metadata, and modular architecture that40

facilitates both educational applications and extensions toward more sophisti-41

cated models. This work bridges the gap between research-grade simulations42

and accessible tools for coastal engineering education, providing a foundation for43

exploring nature-based solutions for coastal protection.44

Keywords: Coastal Protection; Coastal Vegetation; Nature-Based Solutions;45

Numerical Modeling; Shallow Water Equations; Wave Attenuation46

MSC Classification: 35Q35; 65M06; 76B1547

1 Introduction48

Coastal vegetation provides a critical natural defense against wave attack, with field49

observations demonstrating substantial wave height reductions through marsh sys-50

tems and significant attenuation through mangrove forests during tropical cyclones51

[1, 2]. The quantification of wave-vegetation interactions has emerged as a fundamen-52

tal problem in coastal oceanography, requiring mathematical frameworks that bridge53

hydrodynamics, plant biomechanics, and turbulence theory. As global coastal popu-54

lations face increasing storm risk and sea-level rise, understanding and predicting the55

protective capacity of vegetated shorelines has become essential for sustainable coastal56

management.57

The theoretical foundation for wave attenuation by vegetation traces to Dalrymple58

et al. [3], who adapted the Morison equation from offshore engineering to model drag59

forces on rigid cylinders representing plant stems. This pioneering work established60

the mathematical paradigm still employed in contemporary models: vegetation as a61

momentum sink acting on the flow field. Subsequent refinements by Kobayashi et al.62

[4] incorporated probabilistic stem distributions, while Méndez et al. [5] extended the63

framework to random waves using spectral methods. These early studies demonstrated64

that linearization of the drag force enabled analytical solutions predicting exponential65

wave decay through uniform vegetation fields.66

Laboratory experiments have revealed fundamental limitations of the rigid-cylinder67

approximation. Bradley and Houser [6] demonstrated that plant flexibility substan-68

tially reduces drag coefficients compared to rigid analogs, with the effective drag69

depending strongly on the ratio of hydrodynamic to elastic restoring forces. The70
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three-dimensional flow structure around vegetation, characterized by horseshoe vor-71

tices, von Kármán vortex streets, and turbulent wakes, generates momentum transport72

mechanisms absent from depth-averaged formulations [7]. Recent direct numerical73

simulations by Chalmoukis et al. [8] have captured these multiscale interactions,74

revealing that turbulence production accounts for a significant portion of total energy75

dissipation—a process fundamentally inaccessible to one-dimensional models.76

Contemporary studies have advanced along three complementary directions. First,77

the incorporation of flexible vegetation dynamics through coupled fluid-structure inter-78

action models, exemplified by the immersed boundary methods [9] and the modal79

decomposition approaches [10]. These studies show that plant reconfiguration under80

wave loading follows predictable patterns that significantly modify the effective drag.81

Second, the extension to spectral wave environments, where frequency-dependent82

attenuation modifies the wave spectrum [11–13]. Field observations confirm that high-83

frequency components attenuate preferentially, leading to period lengthening and84

spectral narrowing. Third, the integration of vegetation models into phase-resolving85

codes such as SWASH [14], Boussinesq-type models [15, 16], and smoothed particle86

hydrodynamics frameworks [17]. These advances have enabled simulations approach-87

ing field-scale complexity, yet fundamental questions persist regarding the appropriate88

level of physical detail for engineering applications.89

Despite these advances, a significant gap exists between sophisticated research90

models and practical tools accessible to coastal engineers and students. High-fidelity91

simulations remain computationally prohibitive for routine design calculations, while92

commercial software often implements vegetation effects through opaque parameter-93

izations. Furthermore, the proliferation of modeling approaches has made it difficult94

to establish benchmark solutions and compare methodologies. The coastal engineer-95

ing community requires transparent, well-documented implementations that facilitate96

understanding of the underlying physics while acknowledging inherent limitations.97

The principles of open science have become increasingly vital in science and98

engineering studies [18, 19], particularly as communities worldwide seek sustainable99

solutions for coastal protection [20, 21]. Open-source software development enables sci-100

entists and engineers from diverse geographical and economic backgrounds to access,101

validate, and contribute to scientific tools, democratizing the research process [22].102

This is especially critical for coastal vegetation modeling, where local knowledge and103

field observations from various ecosystems can inform model improvements. By mak-104

ing our code freely available and well-documented, we enable scientists and engineers105

in developing nations—often those most vulnerable to coastal hazards—to adapt106

and apply these tools to their specific contexts. Furthermore, open science practices107

enhance reproducibility, a cornerstone of scientific integrity that has gained renewed108

emphasis in computational sciences. The ability to scrutinize, modify, and extend109

numerical models fosters collaborative improvement and helps identify limitations that110

might remain hidden in proprietary implementations.111

The choice of Python as the development language reflects its emergence as the112

lingua franca of scientific computing and engineering analysis. Python’s extensive113

ecosystem, including NumPy for numerical operations [23], SciPy for scientific algo-114

rithms [24], and specialized libraries for oceanographic applications, has transformed115
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how scientists and engineers approach computational problems [25]. The language’s116

emphasis on readability and rapid prototyping enables scientists to focus on physical117

understanding rather than implementation details [26, 27]. Moreover, the availabil-118

ity of just-in-time compilation tools like Numba has addressed Python’s traditional119

performance limitations, enabling execution speeds approaching compiled languages120

while maintaining development flexibility [28]. This combination of accessibility, per-121

formance, and community support makes Python particularly suitable for creating122

educational tools that can also serve research purposes. The language’s gentle learning123

curve particularly benefits students and researchers transitioning from other disci-124

plines, fostering interdisciplinary collaboration essential for addressing complex coastal125

challenges.126

The present work addresses this gap by providing an open-source Python imple-127

mentation of wave attenuation through vegetation using linearized shallow water128

equations. Our package, accelerated through just-in-time compilation, achieves compu-129

tational efficiency suitable for parameter studies while maintaining code transparency130

essential for educational purposes. We explicitly position this as a pedagogical tool and131

baseline for more sophisticated approaches rather than a predictive model for field con-132

ditions. The comprehensive documentation of assumptions, numerical methods, and133

limitations facilitates appropriate use and extension by the research community. By134

leveraging Python’s scientific computing capabilities and adhering to modern software135

development practices, including version control, automated testing, and comprehen-136

sive documentation, we aim to bridge the divide between theoretical understanding137

and practical application in coastal vegetation modeling. The package’s distribution138

through standard channels (PyPI) and the provision of all data and analysis scripts139

ensures that our results can be independently verified and built upon, embodying the140

open science ethos that accelerates scientific progress in addressing coastal resilience141

challenges.142

2 Methods143

2.1 Mathematical Formulation144

The wave attenuation model requires derivation from first principles to establish the145

governing equations for wave propagation through coastal vegetation. The derivation146

proceeds from the three-dimensional Navier-Stokes equations through application of147

shallow water assumptions, depth integration, and linearization.148

The motion of an incompressible, viscous fluid obeys the conservation of mass and149

momentum. In an Eulerian framework [29, 30], the three-dimensional Navier-Stokes150

equations in Cartesian coordinates (x, y, z) with velocity components u ≡ (u, v, w) are:151

∇ · u ≡ ∂u

∂x
+

∂v

∂y
+

∂w

∂z
= 0, (1)

152

ρ
Du

Dt
= −∇p+ µ∇2u+ ρf , (2)
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where D/Dt ≡ ∂/∂t + u · ∇ denotes the material derivative, ρ is the fluid density153

(constant for incompressible flow), p is the pressure field, µ is the dynamic viscosity,154

and f represents body forces per unit mass.155

Expanding equation (2) in component form with f = (fx, fy, fz − g) where g is156

gravitational acceleration:157

∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y
+ w

∂u

∂z
= −1

ρ

∂p

∂x
+ ν

(
∂2u

∂x2
+

∂2u

∂y2
+

∂2u

∂z2

)
+ fx,

∂v

∂t
+ u

∂v

∂x
+ v

∂v

∂y
+ w

∂v

∂z
= −1

ρ

∂p

∂y
+ ν

(
∂2v

∂x2
+

∂2v

∂y2
+

∂2v

∂z2

)
+ fy,

∂w

∂t
+ u

∂w

∂x
+ v

∂w

∂y
+ w

∂w

∂z
= −1

ρ

∂p

∂z
+ ν

(
∂2w

∂x2
+

∂2w

∂y2
+

∂2w

∂z2

)
− g + fz,

(3)

where ν ≡ µ/ρ is the kinematic viscosity.158

To derive the shallow water equations, scale analysis determines the relative impor-159

tance of each term. Following Stoker [31] and Peregrine [32], introduce characteristic160

scales:161

Horizontal length: L

Vertical length: h0

Horizontal velocity: U

Vertical velocity: W

Time: T ≡ L/U

Pressure: P ≡ ρgh0

(4)

The dimensionless variables become:162

(x∗, y∗) ≡ (x/L, y/L), z∗ ≡ z/h0, t∗ ≡ t/T,

(u∗, v∗) ≡ (u/U, v/U), w∗ ≡ w/W, p∗ ≡ p/P.
(5)

The aspect ratio ϵ ≡ h0/L characterizes the flow geometry. For shallow water, ϵ ≪ 1.163

From the continuity equation (1), dimensional analysis yields:164

U

L
+

U

L
+

W

h0
= 0, (6)

which requires W = O(ϵU) for consistency.165

Substituting the scalings into the vertical momentum equation:166

ϵU2

L

∂w∗

∂t∗
+

ϵU2

L

(
u∗ ∂w

∗

∂x∗ + v∗
∂w∗

∂y∗
+ w∗ ∂w

∗

∂z∗

)
= −g

ϵ

∂p∗

∂z∗
+

νϵU

h2
0

∇∗2w∗ − g. (7)

Multiplying by ϵ/g and taking the limit ϵ → 0:167

0 = −∂p∗

∂z∗
− 1 +O(ϵ2). (8)
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In dimensional form, this yields the hydrostatic approximation:168

∂p

∂z
= −ρg. (9)

The physical interpretation is that vertical accelerations are negligible compared to169

gravitational forces when horizontal scales greatly exceed vertical scales. This approx-170

imation breaks down near sharp bottom features where ∂h/∂x = O(1) rather than171

O(ϵ).172

Integration of equation (9) from depth z to the free surface z = η(x, y, t) where173

pressure equals atmospheric pressure pa:174

p(x, y, z, t) = pa +

∫ η

z

ρg dz′ = pa + ρg[η(x, y, t)− z]. (10)

The horizontal pressure gradients become:175

∇hp ≡
(
∂p

∂x
,
∂p

∂y

)
= ρg∇hη, (11)

where ∇h denotes the horizontal gradient operator.176

Depth integration transforms the three-dimensional equations into two-dimensional177

form. Define the total water depth:178

H(x, y, t) ≡ h(x, y) + η(x, y, t), (12)

where h(x, y) is the still water depth and η(x, y, t) is the free surface elevation above179

mean water level.180

The depth-averaged velocities are:181

ū(x, y, t) ≡ 1

H

∫ η

−h

u(x, y, z, t) dz,

v̄(x, y, t) ≡ 1

H

∫ η

−h

v(x, y, z, t) dz.

(13)

The kinematic boundary conditions express the impermeability of boundaries. At182

the free surface z = η(x, y, t):183

D

Dt
[z − η(x, y, t)] = 0, (14)

which expands to:184

w =
∂η

∂t
+ u

∂η

∂x
+ v

∂η

∂y
at z = η. (15)
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At the rigid bottom z = −h(x, y):185

w = −u
∂h

∂x
− v

∂h

∂y
at z = −h. (16)

To integrate the continuity equation, apply Leibniz’s integral rule. For a general186

function f(x, y, z, t) with moving boundaries:187

∂

∂x

∫ b(x)

a(x)

f(x, z) dz =

∫ b(x)

a(x)

∂f

∂x
dz + f

∣∣
z=b(x)

∂b

∂x
− f

∣∣
z=a(x)

∂a

∂x
. (17)

Applying this to integrate equation (1):188

0 =

∫ η

−h

(
∂u

∂x
+

∂v

∂y
+

∂w

∂z

)
dz

=
∂

∂x

∫ η

−h

u dz − u
∣∣
z=η

∂η

∂x
+ u

∣∣
z=−h

∂h

∂x

+
∂

∂y

∫ η

−h

v dz − v
∣∣
z=η

∂η

∂y
+ v

∣∣
z=−h

∂h

∂y

+ w
∣∣
z=η

− w
∣∣
z=−h

.

(18)

Substituting the boundary conditions (15) and (16):189

∂H

∂t
+

∂

∂x
(Hū) +

∂

∂y
(Hv̄) = 0. (19)

The momentum equations require similar treatment. Integrating the x-momentum190

equation and using the hydrostatic pressure distribution:191 ∫ η

−h

∂u

∂t
dz +

∫ η

−h

(
u
∂u

∂x
+ v

∂u

∂y
+ w

∂u

∂z

)
dz

= −g

ρ

∫ η

−h

ρ
∂η

∂x
dz +

∫ η

−h

(
ν∇2u+ fx

)
dz.

(20)

The pressure term simplifies to:192

−g

ρ

∫ η

−h

ρ
∂η

∂x
dz = −gH

∂η

∂x
. (21)

The nonlinear advection terms require the introduction of dispersion corrections for193

non-uniform velocity profiles [33]. However, for long waves where kh ≪ 1 (with k being194

the wavenumber), the velocity profile is nearly uniform and these corrections are small.195
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After integration and algebraic manipulation, the two-dimensional shallow water196

equations become:197

∂H

∂t
+

∂(Hū)

∂x
+

∂(Hv̄)

∂y
= 0,

∂(Hū)

∂t
+

∂

∂x

(
Hū2 +

gH2

2

)
+

∂(Hūv̄)

∂y
= −gH

∂h

∂x
+ Fx,

∂(Hv̄)

∂t
+

∂(Hūv̄)

∂x
+

∂

∂y

(
Hv̄2 +

gH2

2

)
= −gH

∂h

∂y
+ Fy,

(22)

where Fx and Fy represent depth-integrated external forces including bottom friction198

and vegetation drag.199

For one-dimensional propagation in a prismatic channel of constant depth h, the200

equations reduce to:201

∂η

∂t
+

∂

∂x
[(h+ η)u] = 0,

∂u

∂t
+ u

∂u

∂x
+ g

∂η

∂x
=

Fx

h+ η
,

(23)

where the overbar notation has been dropped.202

Linearization assumes small perturbations from the quiescent state. Let:203

η = εη′, u = εu′, (24)

where ε ≪ 1 measures the wave amplitude relative to depth, and primed variables are204

O(1). Substituting into (23):205

ε
∂η′

∂t
+

∂

∂x
[(h+ εη′)εu′] = 0,

ε
∂u′

∂t
+ ε2u′ ∂u

′

∂x
+ gε

∂η′

∂x
=

Fx

h+ εη′
.

(25)

Expanding (h+ εη′)−1 = h−1[1− εη′/h+O(ε2)] and retaining only O(ε) terms:206

∂η′

∂t
+ h

∂u′

∂x
= 0,

∂u′

∂t
+ g

∂η′

∂x
=

Fx

h
.

(26)

Dropping primes for notational simplicity yields the linearized equations.207

Vegetation effects enter through the drag force. Following Dalrymple et al. [3], the208

drag force per unit volume on a cylindrical stem is:209

fD =
1

2
ρCDD|u|u, (27)

8



where CD is the drag coefficient and D is the cylinder diameter. For N stems per unit210

horizontal area with height hv, the depth-integrated force becomes:211

Fx = −
∫ hv

0

NfD dz = −1

2
ρCDNDhv|u|u. (28)

Recent experiments [7, 34] validated this formulation for both emergent (hv > h) and212

submerged (hv < h) vegetation.213

For oscillatory flow with amplitude u0 and frequency ω, the time-averaged drag214

force is:215

⟨Fx⟩ = − 1

T

∫ T

0

1

2
ρCDNDhv|u0 sin(ωt)|u0 sin(ωt) dt = − 4

3π
ρCDNDhvu

2
0. (29)

Linearization assumes |u|u ≈ ūu where ū = (8/3π)u0 is an equivalent steady216

velocity [4]. The linearized drag coefficient becomes:217

cD ≡ 4

3πh
CDNDhvu0. (30)

Introducing the vegetation indicator function:218

χveg(x) ≡

{
1 if x ∈ vegetation zone,

0 otherwise,
(31)

the final linearized shallow water equations with vegetation become:219

∂η

∂t
+ h

∂u

∂x
= 0,

∂u

∂t
+ g

∂η

∂x
= −cDχveg(x)u.

(32)

These equations describe the propagation and attenuation of small-amplitude waves220

through regions of coastal vegetation, forming the mathematical basis for the221

numerical model.222

2.2 Numerical Implementation223

The linearized shallow water equations with vegetation drag given by (32) require224

careful numerical treatment to accurately capture wave propagation while maintaining225

stability in the presence of dissipative terms. We develop a semi-discrete formula-226

tion using method of lines, where spatial discretization is performed first, followed by227

temporal integration.228

Consider the computational domain Ω = [0, L] discretized into Nx cells of uniform229

width ∆x = L/Nx. Following LeVeque [35], we employ a staggered grid arrangement230
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where the free surface elevation η is defined at cell centers:231

xi = i∆x, i = 0, 1, . . . , Nx, (33)

while the velocity u is defined at cell interfaces:232

xi−1/2 =

(
i− 1

2

)
∆x, i = 1, 2, . . . , Nx. (34)

This staggering preserves the natural coupling between η and u in the continuous233

equations and avoids spurious pressure-velocity decoupling.234

The semi-discrete approximation of equation (32) becomes:235

dηi
dt

= − h

∆x
(ui+1/2 − ui−1/2), i = 1, 2, . . . , Nx − 1, (35)

236

dui−1/2

dt
= − g

∆x
(ηi − ηi−1)− cDχveg(xi−1/2)ui−1/2, i = 1, 2, . . . , Nx. (36)

The discrete vegetation indicator function is defined as:237

χveg(xi−1/2) =

{
1 if xi−1/2 ∈ [xveg,start, xveg,end],

0 otherwise.
(37)

To analyze the spatial discretization error, we expand the continuous variables in238

Taylor series. For the velocity divergence term:239

∂u

∂x

∣∣∣∣
xi

=
u(xi +∆x/2)− u(xi −∆x/2)

∆x
+O(∆x2)

=
ui+1/2 − ui−1/2

∆x
+O(∆x2),

(38)

confirming second-order spatial accuracy. Similarly, for the pressure gradient:240

∂η

∂x

∣∣∣∣
xi−1/2

=
ηi − ηi−1

∆x
+O(∆x2). (39)

The semi-discrete system (35)–(36) can be written in vector form as:241

dψ

dt
= Lψ +N(ψ), (40)

where ψ = [η1, . . . , ηNx−1, u1/2, . . . , uNx−1/2]
T is the state vector, L is the linear242

operator containing spatial derivatives and drag terms, and N represents nonlinear243

boundary conditions.244

For time integration, we employ the classical fourth-order Runge-Kutta method.245

However, the presence of the drag term cDu introduces stiffness when cD∆t ≫ 1.246
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Following Ascher et al. [36], we adopt an implicit-explicit (IMEX) approach where the247

stiff drag term is integrated analytically within each RK4 stage.248

Consider a single RK4 stage for the velocity equation:249

du∗
i−1/2

dt
= − g

∆x
(ηi − ηi−1)− cDχi−1/2u

∗
i−1/2, (41)

where the asterisk denotes an intermediate stage value. This can be rewritten as:250

du∗
i−1/2

dt
+ cDχi−1/2u

∗
i−1/2 = Fi−1/2, (42)

where Fi−1/2 = −g(ηi − ηi−1)/∆x is the pressure gradient forcing. The analytical251

solution over a time interval τ is:252

u∗
i−1/2(τ) = u∗

i−1/2(0)e
−cDχi−1/2τ +

Fi−1/2

cDχi−1/2

(
1− e−cDχi−1/2τ

)
. (43)

For regions without vegetation (χi−1/2 = 0), equation (43) reduces to:253

u∗
i−1/2(τ) = u∗

i−1/2(0) + Fi−1/2τ, (44)

recovering the standard explicit update.254

The complete RK4 algorithm with implicit drag treatment proceeds as follows.255

Define the operator F that evaluates the right-hand side of the semi-discrete equations:256

F(ψ) =

[
−hDxu
−gGxη

]
, (45)

where Dx and Gx are the discrete divergence and gradient operators, respectively.257

The four RK4 stages are computed as:258

k1 = ∆t · F(ψn),

ψ1 = S(∆t/2) [ψn + k1/2] ,

k2 = ∆t · F(ψ1),

ψ2 = S(∆t/2) [ψn + k2/2] ,

k3 = ∆t · F(ψ2),

ψ3 = S(∆t) [ψn + k3] ,

k4 = ∆t · F(ψ3),

(46)

where S(τ) is the solution operator for the drag term over time τ :259

[S(τ)v]i−1/2 = vi−1/2 ·

{
(1 + cDτ)−1 if χi−1/2 = 1,

1 if χi−1/2 = 0,
(47)
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for the velocity components. The final update is:260

ψn+1 = ψn +
1

6
(k1 + 2k2 + 2k3 + k4). (48)

Stability analysis of the numerical scheme requires examining the eigenvalues of261

the discrete operator. For the linearized system without drag, von Neumann analysis262

yields the dispersion relation:263

ω2
num =

4gh

∆x2
sin2

(
k∆x

2

)
, (49)

where k is the wavenumber. The numerical phase speed is:264

cnum =
ωnum

k
= c0

sin(k∆x/2)

k∆x/2
, (50)

showing that cnum < c0 (numerical dispersion) with relative error O((k∆x)2) for265

well-resolved waves.266

The CFL condition for the explicit RK4 scheme is derived from the stability region267

of the method. For the advection equation ∂u/∂t + c∂u/∂x = 0, the amplification268

factor must satisfy |G| ≤ 1, yielding:269

∆t ≤ 2.8

λmax
=

2.8∆x

c0
, (51)

where λmax = c0/∆x is the maximum eigenvalue magnitude. In practice, a more270

conservative CFL number of 0.4 is used:271

∆t = CFL · ∆x

c0
, CFL = 0.4. (52)

Boundary conditions require special treatment to maintain accuracy and stability.272

At the wave generation boundary (x = 0), we impose:273

ηn0 = A sin(ωtn), un
1/2 =

√
g

h
ηn0 , (53)

where the velocity condition follows from the characteristic relation u =
√

g/hη for274

rightward-propagating shallow water waves.275

At the radiation boundary (x = L), the Sommerfeld condition [37] is discretized276

using characteristics. For a quantity ϕ satisfying the advection equation with speed277

c0, the discrete update is:278

ϕn+1
Nx

= ϕn
Nx

− σ(ϕn
Nx

− ϕn
Nx−1) +

σ(1− σ)

2
(ϕn

Nx
− 2ϕn

Nx−1 + ϕn
Nx−2), (54)
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where σ = c0∆t/∆x is the Courant number. The second term provides second-order279

accuracy through flux limiting.280

Energy conservation properties of the numerical scheme can be analyzed by281

considering the discrete energy:282

En =
1

2

Nx−1∑
i=1

[
gh(ηni )

2 + h
(un

i−1/2)
2 + (un

i+1/2)
2

2

]
∆x. (55)

In the absence of vegetation and with periodic boundaries, the scheme conserves energy283

to machine precision. With vegetation, the energy dissipation rate is:284

dE

dt
= −cDh

Nx∑
i=1

χi−1/2(u
n
i−1/2)

2∆x, (56)

consistent with the physical dissipation mechanism.285

The primary output metric from the numerical solution is the transmission coef-286

ficient Kt, defined as the ratio of transmitted to incident wave heights. Following287

standard practice in coastal engineering [38], we compute wave heights from the vari-288

ance of the surface elevation time series. For a sinusoidal wave η(t) = A sin(ωt + ϕ),289

the root-mean-square elevation is:290

ηrms =

√
η2 =

√
1

T

∫ T

0

A2 sin2(ωt+ ϕ) dt =
A√
2
, (57)

where the overbar denotes time averaging. The significant wave height, defined as four291

times the standard deviation for a Gaussian process, reduces to Hs = 2
√
2ηrms = 2A292

for monochromatic waves.293

In the numerical implementation, we estimate the wave height from discrete294

samples over multiple periods:295

H = 2
√
2ση = 2

√
2

√√√√ 1

N

N∑
i=1

(ηi − η̄)2, (58)

where N is the number of samples and η̄ is the mean elevation (zero for steady-state296

waves). The transmission coefficient becomes:297

Kt =
Hout

Hin
=

ση,out

ση,in
, (59)

where subscripts ”in” and ”out” denote measurement locations upstream and down-298

stream of the vegetation, respectively.299

The measurement locations are chosen following the methodology of Lowe et al.300

[13], positioned at least two wavelengths from the vegetation edges to avoid near-field301
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effects. Specifically:302

xin = xveg,start − 2λ, xout = xveg,end + 2λ, (60)

subject to the constraint that both locations remain within the computational domain.303

This separation ensures that the measured wave field represents the far-field behavior,304

free from local disturbances caused by the abrupt change in drag at the vegetation305

boundaries.306

An alternative energy-based transmission coefficient is computed from the time-307

averaged wave energy:308

Kt,E =

√
Eout

Ein

=

√√√√η2out

η2in
, (61)

where we have used the fact that potential energy dominates for long waves and309

is proportional to η2. This energy-based metric provides an independent verification310

of the wave height-based transmission coefficient and helps identify any numerical311

artifacts in the solution, as discussed by Chiang [39].312

The wave envelope, representing the spatial variation of wave amplitude, is313

computed as:314

Aenv(x) = max
t∈[Tend−5T,Tend]

|η(x, t)|, (62)

where the maximum is taken over the last five wave periods to capture the steady-315

state amplitude while filtering out transient fluctuations. This approach follows the316

recommendations of Zijlema et al. [14] for extracting wave envelopes from time-domain317

simulations.318

The root-mean-square velocity provides a measure of the wave-induced currents:319

urms(x) =

√√√√ 1

NT

NT∑
n=1

u2(x, tn), (63)

where NT represents the number of time samples over the averaging period. This320

quantity is particularly relevant for sediment transport applications, as the bed shear321

stress scales with the square of the near-bed velocity [40].322

Energy dissipation within the vegetation is quantified through the wave energy323

flux divergence. The depth-integrated energy flux for linear waves is:324

FE =
1

T

∫ T

0

[∫ η

−h

(p+ ρgz)u dz

]
dt = ρghηu+

1

2
ρhu3, (64)

where the first term represents pressure work and the second represents kinetic energy325

transport. For linear waves, the cubic velocity term is negligible, and using the linear326

relation u =
√
g/hη for progressive waves:327

FE ≈ ρg
√
ghη2 =

1

2
ρgc0H

2. (65)
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The energy dissipation rate per unit length is then:328

D = −∂FE

∂x
= −1

2
ρgc0

∂H2

∂x
, (66)

which is negative (indicating energy loss) within the vegetation zone. This dissipation329

rate can be integrated over the vegetation patch to obtain the total power dissipated,330

providing insight into the effectiveness of vegetation as a natural coastal defense [41].331

The analytical framework for wave decay through uniform vegetation [3] predicts332

exponential attenuation according to:333

H(x) = H0 exp

(
−
∫ x

0

ki(x
′) dx′

)
, (67)

where ki is the spatial damping coefficient. For the linearized drag model with shallow334

water waves:335

ki =
cD
2c0

=
cD

2
√
gh

. (68)

This theoretical framework provides a baseline for comparison with the numerical336

results, though the analytical solution assumes steady, uniform conditions and neglects337

wave reflection at vegetation interfaces that the numerical model captures.338

The entire algorithm is implemented using just-in-time compilation via Numba [42],339

which translates Python functions decorated with @numba.njit to optimized machine340

code. The parallel directive parallel=True enables automatic loop parallelization341

using OpenMP, achieving near-linear speedup on multi-core processors. Type inference342

and loop vectorization further enhance performance, yielding execution speeds within a343

factor of two of hand-optimized C implementations while maintaining the development344

flexibility of Python.345

The choice of Numba as the acceleration framework is motivated by several factors.346

First, it provides dramatic performance improvements for numerical loops with-347

out requiring code restructuring or explicit memory management. The just-in-time348

compilation automatically optimizes array operations, eliminates Python interpreter349

overhead, and enables CPU-level vectorization. Second, Numba maintains full com-350

patibility with the NumPy array interface, allowing seamless integration with the351

broader scientific Python ecosystem. Third, the parallel=True option automatically352

identifies parallelizable loops and distributes them across available CPU cores using353

OpenMP, crucial for the nested loops in the RK4 time integration. Benchmarks show354

that the Numba-accelerated implementation achieves approximately 100× speedup355

compared to pure Python, enabling simulations with 106 grid points to complete in356

minutes rather than hours.357

The software architecture follows modern Python packaging standards to ensure358

reproducibility and ease of use. The package structure separates the numerical solver359

(solver.py) from the command-line interface (cli.py), promoting modularity and360

enabling both programmatic and command-line usage. The core solver is implemented361

as a class WaveSolver that encapsulates the numerical methods, state variables, and362

analysis routines. This object-oriented design allows multiple simulations with different363

parameters to be run concurrently and facilitates extension to more complex scenarios.364
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Configuration management employs standard INI-format text files parsed by365

Python’s built-in configparser module. This human-readable format allows users366

to specify physical parameters (domain size, water depth, wave characteristics), veg-367

etation properties (location, drag coefficient), and numerical settings (CFL number,368

output frequency) without modifying code. For example:369

[DOMAIN]370

L = ... # Domain length [m]371

d = ... # Water depth [m]372

dx = ... # Grid spacing [m]373

T = ... # Simulation time [s]374

375

[WAVE]376

A = ... # Wave amplitude [m]377

omega = ... # Angular frequency [rad/s]378

379

[VEGETATION]380

start = ... # Vegetation start [m]381

end = ... # Vegetation end [m]382

cD = ... # Drag coefficient [1/s]383

384

[NUMERICAL]385

cfl_target = ... # Target CFL number386

output_dt = ... # Output interval [s]387

This approach enables parameter studies through simple text file modifications and388

facilitates version control of simulation configurations.389

The package is distributed through the Python Package Index (PyPI), the standard390

repository for Python software. Installation via pip install wave-attenuation-1d391

automatically resolves dependencies (NumPy ≥ 1.20.0, Numba ≥ 0.54.0, netCDF4392

≥ 1.5.0, tqdm ≥ 4.62.0) and installs the command-line executable. The use of393

pyproject.toml for package metadata follows PEP 517/518 standards, ensuring com-394

patibility with modern Python packaging tools. Version constraints are specified to395

guarantee numerical reproducibility across different environments.396

Output data is stored in NetCDF-4 format [43], the de facto standard for scien-397

tific data in oceanography and atmospheric sciences. This self-describing, machine-398

independent format offers several advantages: (i) hierarchical data organization with399

unlimited dimensions, (ii) built-in compression reducing file sizes by 50-70%, (iii) stan-400

dardized metadata following CF (Climate and Forecast) conventions, and (iv) support401

across multiple programming languages and analysis tools. The output file structure402

includes:403

Dataset = {Coordinates,Variables,Attributes}, (69)

where coordinates define the spatiotemporal grid (x, xface, t), variables store the state404

fields (η, u) and derived quantities (envelope, energy density), and attributes preserve405

all simulation parameters and results.406
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Each NetCDF variable includes comprehensive standardized metadata following407

CF-1.8 conventions. The primary state variables are annotated as:408

eta:units = "m"409

eta:long_name = "free surface elevation"410

eta:standard_name = "sea_surface_height_above_mean_sea_level"411

eta:coordinates = "time x"412

eta:_FillValue = NaN413

414

u:units = "m/s"415

u:long_name = "depth-averaged horizontal velocity"416

u:standard_name = "sea_water_x_velocity"417

u:coordinates = "time x_face"418

u:_FillValue = NaN419

Derived quantities include similar metadata:420

energy:units = "J/m^3"421

energy:long_name = "wave energy density"422

energy:description = "Total mechanical energy per unit volume"423

energy:coordinates = "time x_face"424

425

envelope:units = "m"426

envelope:long_name = "wave envelope (maximum amplitude)"427

envelope:description = "Maximum absolute surface elevation over last 5 periods"428

envelope:coordinates = "x"429

430

u_rms:units = "m/s"431

u_rms:long_name = "root-mean-square velocity"432

u_rms:description = "Phase-averaged RMS velocity magnitude"433

u_rms:coordinates = "x_face"434

435

vegetation:long_name = "vegetation presence indicator"436

vegetation:flag_values = [0, 1]437

vegetation:flag_meanings = "no_vegetation vegetation_present"438

vegetation:coordinates = "x_face"439

Global attributes store simulation parameters and key results:440

// Model configuration441

:domain_length = ...442

:water_depth = ...443

:wave_amplitude = ...444

:wave_period = ...445

:vegetation_start = ...446
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:vegetation_end = ...447

:drag_coefficient = ...448

449

// Numerical parameters450

:spatial_resolution = ...451

:temporal_resolution = ...452

:cfl_number = ...453

454

// Results455

:transmission_coefficient = ...456

:wave_height_reduction_percent = ...457

:energy_dissipation_rate = ...458

This comprehensive metadata enables automatic unit conversions, proper axis459

labeling, and interoperability with visualization tools like xarray, Panoply, and Par-460

aView. The transmission coefficient and other integrated metrics stored as global461

attributes provide immediate access to key results without parsing the full dataset.462

The CF-compliant structure ensures that the data can be seamlessly integrated into463

existing coastal engineering workflows and compared with field observations or other464

numerical models.465

The comprehensive logging system tracks simulation progress and records all466

parameters for reproducibility. Log files capture the complete configuration, numer-467

ical stability metrics, and performance statistics. Real-time progress monitoring via468

tqdm provides estimated completion times, essential for long-running simulations. The469

combination of structured outputs, detailed logging, and standardized configuration470

ensures that simulations can be reproduced, validated, and extended by the broader471

coastal engineering community.472

2.3 Numerical Experiments473

To demonstrate the capabilities of the numerical implementation, we present two ideal-474

ized experiments that explore wave attenuation through vegetation patches of varying475

density. These experiments serve as verification tests for the solver and illustrate476

the package’s functionality, though we emphasize that these are simplified scenar-477

ios designed for academic demonstration rather than real-world coastal engineering478

applications.479

The experiments consider a wave flume of length L = 200 m with constant depth480

h = 2 m, representative of laboratory-scale experiments rather than field conditions.481

Monochromatic waves with amplitude A = 0.3 m and period T = 10 s (ω = 0.628482

rad/s) propagate through a vegetation patch extending from x = 80 m to x = 120483

m. The shallow water approximation yields a wavelength λ = 2πc0/ω = 2π
√
gh/ω ≈484

88.4 m, confirming that kh = 2πh/λ ≈ 0.14 ≪ 1, thus validating our shallow water485

assumption.486

The first experiment models sparse vegetation with a linearized drag coefficient487

cD = 0.14 s−1, corresponding to widely spaced cylindrical stems that minimally488

obstruct the flow. This value falls within the range reported by Méndez and Losada [44]489
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for sparse Spartina maritima canopies under oscillatory flow conditions. The damping490

parameter cDT = 1.4 indicates moderate energy dissipation over one wave period. The491

second experiment increases the drag coefficient by an order of magnitude to cD = 1.4492

s−1, representing densely packed vegetation consistent with measurements in man-493

grove forests [45] where strong dissipation reduces wave energy significantly within a494

single period.495

For both experiments, the numerical parameters remain constant: spatial resolution496

∆x = 0.5 m (yielding approximately 177 points per wavelength), target CFL number497

of 0.4, and simulation duration of 50 wave periods to ensure steady-state conditions498

are reached. The grid resolution exceeds the minimum requirement of 20 points per499

wavelength recommended by Kirby [15] for accurate wave propagation modeling.500

The sparse vegetation experiment is executed with:501

wave-attenuation-1d configs/config_sparse.txt502

Similarly, the dense vegetation experiment runs via:503

wave-attenuation-1d configs/config_dense.txt504

Recent field studies by van Wesenbeeck et al. [46] and laboratory experiments505

by Jacobsen et al. [47] have shown that vegetation-induced wave attenuation is sig-506

nificantly influenced by factors not captured in simplified models. The flexibility of507

vegetation stems leads to complex fluid-structure interactions, with drag coefficients508

varying dynamically with flow conditions. Luhar and Nepf [48] demonstrated that flex-509

ible vegetation undergoes pronation at high velocities, effectively streamlining with510

the flow and reducing drag—a phenomenon absent in rigid vegetation models.511

The spectral transformation of irregular waves through vegetation adds another512

layer of complexity. Anderson and Smith [11] showed that high-frequency components513

attenuate more rapidly than low-frequency waves, leading to a shift in the peak period514

and narrowing of the spectrum. This frequency-dependent attenuation cannot be cap-515

tured by monochromatic wave models, highlighting the need for spectral approaches516

in practical applications.517

Furthermore, the three-dimensional nature of flow through vegetation canopies518

introduces vertical variations in velocity and turbulence that significantly affect the519

overall drag [49]. The presence of stems generates wake turbulence that enhances520

vertical mixing and modifies the velocity profile from the classical logarithmic shape521

observed over smooth beds. These effects become particularly important in the surf522

zone where wave breaking adds another source of turbulence [50].523

It is crucial to emphasize that this implementation represents a pedagogical tool524

and proof-of-concept rather than a predictive model for real coastal environments. The525

model’s assumptions of linear waves, rigid vegetation, and one-dimensional propaga-526

tion significantly simplify the complex physics governing wave-vegetation interactions.527

For engineering applications requiring quantitative predictions, more sophisticated528

models incorporating flexible vegetation dynamics, spectral wave transformation, and529

three-dimensional flow effects would be necessary.530
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The package’s modular design facilitates such extensions, providing a founda-531

tion for more complex implementations while maintaining computational efficiency532

through the Numba-accelerated solver architecture. The standardized NetCDF output533

format ensures compatibility with existing post-processing workflows in the coastal534

engineering community, while the comprehensive metadata preservation enables full535

reproducibility of numerical experiments. Users can build upon these basic experi-536

ments to explore more complex scenarios by modifying the configuration files and537

extending the solver capabilities.538

3 Results539

Figure 1 presents the spatiotemporal evolution of wave energy density E = ρgη2/2 +540

ρhu2/2 for both vegetation configurations. For dense vegetation (Figure 1a), the541

energy density exhibits rapid attenuation within the vegetation zone, with peak542

values decreasing from approximately 1400 J/m3 upstream to near-zero values down-543

stream. The sparse vegetation case (Figure 1b) shows more gradual energy reduction,544

maintaining substantial energy levels of 400–600 J/m3 downstream of the vegetation545

patch.546
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Fig. 1 Spatiotemporal evolution of wave energy density for (a) dense vegetation with cD = 1.4 s−1

and (b) sparse vegetation with cD = 0.14 s−1. The vegetation zone between x = 80 m and x = 120
m is indicated by green dashed lines.
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The free surface elevation dynamics are illustrated in Figure 2. The dense vegeta-547

tion scenario (Figure 2a) demonstrates near-complete wave dissipation, with surface548

elevations reduced from ±0.3 m to less than ±0.01 m after passing through the vege-549

tation. In contrast, the sparse vegetation case (Figure 2b) preserves the wave structure550

throughout the domain, though with reduced amplitude downstream of the vegetation551

patch.552
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Fig. 2 Spatiotemporal evolution of free surface elevation η for (a) dense vegetation with cD = 1.4
s−1 and (b) sparse vegetation with cD = 0.14 s−1. The vegetation zone is marked by green dashed
lines.
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The spatial distribution of root-mean-square velocity urms =
√
u2 is shown in553

Figure 3. For dense vegetation (Figure 3a), the RMS velocity decreases from peak554

values of 0.655 m/s to 0.0004 m/s, with the most significant reduction occurring555

within the first quarter of the vegetation patch. The sparse vegetation case (Figure 3b)556

exhibits oscillatory behavior throughout the domain, with maximum RMS velocity of557

0.767 m/s occurring just upstream of the vegetation and minimum values of 0.042 m/s558

downstream.559

Fig. 3 Spatial distribution of root-mean-square velocity for (a) dense vegetation with cD = 1.4 s−1

and (b) sparse vegetation with cD = 0.14 s−1. The vegetation zone (shaded green) extends from
x = 80 m to x = 120 m.

Figure 4 displays the wave envelope Aenv(x) = maxt |η(x, t)| computed over the560

final five wave periods. The dense vegetation configuration (Figure 4a) shows exponen-561

tial decay within the vegetation zone, with maximum amplitude of 0.368 m occurring562

at x = 62.0 m and decreasing to 0.001 m at x = 144.5 m. The sparse vegetation case563

(Figure 4b) maintains oscillatory envelope behavior with maximum amplitude of 0.482564

m at x = 44.5 m and minimum of 0.025 m at x = 144.5 m.565
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Fig. 4 Spatial distribution of wave envelope for (a) dense vegetation with cD = 1.4 s−1 and (b)
sparse vegetation with cD = 0.14 s−1. The vegetation zone is indicated by green shading.

The transmission coefficients calculated from wave height measurements yielded566

Kt = 0.799 for sparse vegetation and Kt = 0.011 for dense vegetation, corresponding567

to wave height reductions of 20.1% and 98.9%, respectively. The energy-based trans-568

mission coefficients were Kt,E = 0.800 for sparse vegetation and Kt,E = 0.013 for569

dense vegetation, confirming consistency between the two metrics. The incident wave570

heights were Hin = 0.678 m for sparse vegetation and Hin = 0.411 m for dense vege-571

tation, while the transmitted wave heights were Hout = 0.542 m and Hout = 0.005 m,572

respectively.573

Energy conservation analysis yielded estimated reflection coefficients ofKr = 0.601574

for sparse vegetation and Kr = 1.000 for dense vegetation, with the energy budget575

check confirming K2
t + K2

r = 1.000 for both cases. Peak energy densities reached576

910.9 J/m3 for dense vegetation and 1479.0 J/m3 for sparse vegetation. Time-averaged577

energy density within the vegetation zone was 47.4 J/m3 for dense vegetation and578

491.5 J/m3 for sparse vegetation, decreasing to 0.1 J/m3 and 363.5 J/m3 downstream,579

respectively.580
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Wave energy flux decreased from 2012.8 W/m to 0.2 W/m through dense veg-581

etation (100.0% reduction) and from 3264.4 W/m to 1610.0 W/m through sparse582

vegetation (50.7% reduction). Power dissipation within the vegetation zone was 50.3583

W/m2 for dense vegetation and 41.4 W/m2 for sparse vegetation, yielding a dissipation584

effectiveness ratio of 1.22.585

The mean wave envelope amplitude decreased by 98.9% (from 0.274 m to 0.003 m)586

for dense vegetation and by 34.4% (from 0.369 m to 0.242 m) for sparse vegetation,587

resulting in an amplitude reduction ratio of 2.87. Similarly, mean RMS velocities588

decreased by 99.4% (from 0.493 m/s to 0.003 m/s) for dense vegetation and by 35.4%589

(from 0.606 m/s to 0.391 m/s) for sparse vegetation, yielding a velocity reduction ratio590

of 2.81.591

The numerical stability metrics confirmed successful simulation completion with592

the actual CFL number of 0.400 remaining below the theoretical limit throughout593

both experiments. The implicit treatment of the drag term maintained unconditional594

stability despite the stiff nature of the dissipative terms in the dense vegetation case.595

4 Discussion596

The transmission coefficients obtained from our numerical experiments align well with597

the range of values reported in recent literature for wave-vegetation interactions. The598

sparse vegetation configuration yielding Kt = 0.799 falls within the typical range doc-599

umented in recent experimental studies [51, 52], while the dense vegetation value of600

Kt = 0.011 represents an extreme case rarely observed in laboratory or field conditions.601

Abdolali et al. [53] analyzed numerous experiments with varying vegetation densi-602

ties and reported that achieving near-complete wave dissipation as observed in our603

dense vegetation case requires exceptional conditions beyond typical coastal vegetation604

characteristics.605

The linearized shallow water equations with vegetation drag employed in this606

study follow the theoretical framework established by Dalrymple et al. [3] and sub-607

sequently refined by numerous scientists and engineers. While this approach captures608

the fundamental physics of wave attenuation, recent advances highlight important609

limitations of the underlying assumptions. van Veelen et al. [54] demonstrated that610

flexible vegetation can substantially reduce wave attenuation compared to rigid cylin-611

der assumptions, fundamentally challenging the rigid vegetation model adopted here.612

The linearized drag coefficient cD used in our formulation represents a bulk parame-613

terization that aggregates complex fluid-structure interactions into a single parameter,614

whereas Liu et al. [55] showed that drag coefficients vary dynamically with flow615

conditions in predictable but complex ways.616

Our one-dimensional linearized approach contrasts with recent two-dimensional617

nonlinear formulations that capture more complex wave-vegetation interactions. Mag-618

dalena et al. [56] employed two-dimensional nonlinear shallow water equations to619

investigate tsunami-induced mangrove wave attenuation in Manila Bay, incorporat-620

ing spatial variations in both horizontal directions and nonlinear effects that become621

significant for larger amplitude waves. Their finite volume method on a staggered622
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grid achieved mean average errors around 0.35% when compared to experimen-623

tal data, demonstrating the accuracy achievable with higher-dimensional models.624

However, their approach requires substantially more computational resources, with625

simulation times scaling quadratically with the number of spatial dimensions. Our626

one-dimensional model, while more limited in scope, provides computational efficiency627

suitable for rapid parameter studies and educational applications where the primary628

wave propagation direction is well-defined.629

The treatment of combined coastal protection systems represents another area630

where model sophistication varies significantly. Magdalena et al. [57] investigated631

wave damping by both submerged breakwaters and mangroves, developing analyti-632

cal solutions using separation of variables alongside numerical implementations. Their633

analysis revealed that while vegetation parameters strongly influence wave attenu-634

ation, breakwater dimensions showed minimal effect on transmission coefficients—a635

finding that challenges conventional coastal engineering assumptions. Our simplified636

approach, focusing solely on vegetation effects, provides clearer insights into the funda-637

mental attenuation mechanisms but cannot capture the complex interactions between638

multiple coastal protection elements. This limitation becomes particularly relevant639

for practical engineering applications where hybrid solutions combining hard and soft640

coastal defenses are increasingly common.641

The exponential wave decay predicted by our model, particularly evident in the642

dense vegetation case, follows the classical solution H(x) = H0 exp(−kix) where643

ki = cD/(2
√
gh) as derived analytically by Méndez and Losada [44]. However, this644

formulation assumes uniform flow conditions and neglects the three-dimensional flow645

structures that develop around vegetation stems. Tang et al. [58] demonstrated that646

stem-generated turbulence significantly modifies the near-bed wave-orbital veloci-647

ties, creating complex vortex shedding patterns under certain flow conditions—effects648

entirely absent from one-dimensional models. The turbulent kinetic energy production649

and dissipation mechanisms identified by Tang et al. [59] suggest that our energy dis-650

sipation calculations, while capturing the bulk behavior, miss important small-scale651

processes that contribute to momentum transfer.652

The numerical implementation using Numba-accelerated Python represents a653

significant advancement in accessibility and computational efficiency for coastal engi-654

neering applications. The achieved speedup compared to pure Python implementations655

enables parameter studies and uncertainty quantification that would be computation-656

ally prohibitive with traditional approaches. This performance gain aligns with recent657

trends in scientific computing where just-in-time compilation bridges the gap between658

high-level languages and compiled code performance [42]. The choice of fourth-order659

Runge-Kutta time integration with implicit treatment of drag terms follows estab-660

lished best practices for stiff systems [36], ensuring numerical stability even for the661

high drag coefficients encountered in dense vegetation scenarios. This contrasts with662

the explicit time-stepping schemes often employed in two-dimensional models, where663

stability constraints become more restrictive due to the additional spatial dimension.664

The extreme attenuation observed in our dense vegetation case (cD = 1.4 s−1)665

warrants careful interpretation. While Mazda et al. [45] reported substantial wave666

height reduction through mangrove forests, such extreme dissipation typically occurs667
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over much longer propagation distances than the 40 m vegetation patch simulated668

here. Recent field measurements by Montgomery et al. [60] during hurricanes showed669

significant but more moderate wave height reductions through mature salt marshes,670

suggesting our dense vegetation results may overestimate attenuation for realistic field671

conditions. The linearization assumption becomes increasingly questionable for such672

high drag coefficients, as nonlinear effects including wave breaking, flow separation,673

and plant motion become dominant [61]. The nonlinear formulations employed by674

Magdalena et al. [56] become essential when modeling extreme events like tsunamis675

where wave amplitudes relative to water depth violate the small-amplitude assumption676

underlying our linearized approach.677

The one-dimensional modeling framework, while computationally efficient and suit-678

able for preliminary design calculations, inherently cannot capture several critical679

processes identified in recent three-dimensional studies. Wang et al. [62] employed680

large-eddy simulation with immersed boundary methods to resolve individual vegeta-681

tion elements, revealing coherent waving motion (”monami”) and Kelvin-Helmholtz682

instabilities at the canopy-flow interface. These instabilities generate additional tur-683

bulence and modify the vertical distribution of horizontal velocities in ways that684

fundamentally alter the drag experienced by the vegetation. Furthermore, El Rahi685

et al. [63] showed that lateral flow diversion around vegetation patches can sub-686

stantially reduce effective wave attenuation compared to one-dimensional predictions,687

particularly for sparse vegetation configurations. The two-dimensional approach of688

Magdalena et al. [56] partially addresses these limitations by capturing lateral vari-689

ations, though vertical flow structures remain unresolved in their depth-averaged690

formulation.691

The staggered grid discretization employed in our solver follows the approach692

advocated by LeVeque [35] for hyperbolic conservation laws, ensuring proper coupling693

between pressure and velocity fields while avoiding spurious oscillations. The second-694

order spatial accuracy achieved through centered differences represents a reasonable695

compromise between accuracy and computational cost for engineering applications.696

However, recent advances in high-resolution schemes for wave propagation, includ-697

ing WENO reconstructions and discontinuous Galerkin methods [64], offer potential698

improvements for capturing sharp gradients at vegetation interfaces where rapid699

changes in wave properties occur. The momentum-conservative staggered scheme700

implemented by Magdalena et al. [56] demonstrates superior performance for nonlinear701

wave propagation, suggesting potential enhancements to our numerical framework.702

From an applied coastal engineering perspective, our results provide useful bounds703

for preliminary assessment of vegetation-based coastal protection measures. The sparse704

vegetation case demonstrates moderate effectiveness consistent with typical salt marsh705

installations, while the dense vegetation scenario represents an upper limit of attenu-706

ation achievable through vegetation alone. Marino et al. [65] emphasized that hybrid707

solutions combining vegetation with engineered structures often provide optimal pro-708

tection, suggesting that extremely dense vegetation configurations may be neither709

economically feasible nor ecologically sustainable. The cost-benefit analyses by Duvat710

et al. [66] indicate that achieving very low transmission coefficients through vege-711

tation alone requires investment levels that may approach those of traditional hard712
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structures, potentially negating the economic advantages of nature-based solutions.713

The analytical framework developed by Magdalena et al. [57] for combined systems714

provides valuable insights for optimizing such hybrid approaches.715

Future development of the modeling framework should prioritize several key716

enhancements identified through this study and recent literature. Integration of flex-717

ible vegetation models following Luhar and Nepf [48] would provide more realistic718

predictions for coastal marshes where plant flexibility significantly modifies flow fields.719

Implementation of wave-current interaction capabilities would enable application to720

tidal environments where current-induced modifications to wave propagation are sig-721

nificant [55]. Extension to irregular wave spectra using phase-averaged approaches722

would better represent realistic sea states, as Anderson and Smith [11] demonstrated723

that spectral transformation through vegetation leads to preferential attenuation of724

high-frequency components. The modular architecture of our implementation facili-725

tates such extensions while maintaining the computational efficiency that makes the726

model suitable for educational and preliminary design applications.727

The open-source distribution of the wave-attenuation-1d package through PyPI728

facilitates reproducibility and enables the broader coastal engineering community729

to build upon this foundation. The standardized NetCDF output format with CF-730

compliant metadata ensures interoperability with existing analysis workflows and731

model coupling frameworks. As computational resources continue to expand and732

machine learning techniques mature, hybrid approaches combining physics-based mod-733

els like ours with data-driven corrections offer promising pathways for operational734

coastal management applications [67]. The modular architecture implemented here735

provides a scaffold for such extensions while maintaining the interpretability essential736

for engineering design. The educational value of our simplified approach complements737

more sophisticated models like those of Magdalena et al. [56] and Magdalena et al.738

[57], providing a hierarchical modeling framework where complexity can be added739

incrementally based on specific application requirements.740

5 Conclusion741

This study presents a computationally efficient numerical framework for simulating742

wave attenuation through coastal vegetation using linearized shallow water equations743

with vegetation-induced drag. The open-source Python implementation, accelerated744

through Numba just-in-time compilation, achieves performance comparable to com-745

piled languages while maintaining the accessibility and flexibility essential for research746

applications. The numerical experiments demonstrate that transmission coefficients747

range from 0.799 for sparse vegetation to 0.011 for dense vegetation, spanning the748

full spectrum from moderate attenuation to near-complete wave dissipation. While749

the one-dimensional framework necessarily simplifies complex three-dimensional flow750

structures, turbulence generation, and flexible vegetation dynamics, it provides a751

valuable tool for preliminary design calculations and educational purposes in coastal752

engineering. The standardized NetCDF output format with CF-compliant meta-753

data ensures interoperability with existing analysis workflows, while the modular754

architecture facilitates extensions to incorporate more sophisticated physics. Future755
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enhancements should prioritize the integration of flexible vegetation models, irregu-756

lar wave spectra, and wave-current interactions to better represent realistic coastal757

environments. The public availability of the wave-attenuation-1d package through758

PyPI, enables the broader coastal engineering community to explore nature-based759

solutions for coastal protection while contributing to the ongoing development of more760

sophisticated modeling capabilities.761
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