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Abstract 

A physical model study investigating the dissipation of wave energy by a 
1:2.1 scale North American red mangrove forest was performed in a large-
scale flume. The objectives were to measure the amount of wave attenua-
tion afforded by mangroves, identify key hydrodynamic parameters influ-
encing wave attenuation, and provide methodologies for application. 
Seventy-two hydrodynamic conditions, comprising irregular and regular 
waves, were tested. The analysis related the dissipation to three formula-
tions that can provide estimates of wave attenuation for flood risk man-
agement projects considering mangroves: damping coefficient β, drag 
coefficient CD, and Manning’s roughness coefficient n.  

The attenuation of the incident wave height through the 15.12 m long, 1:2.1 
scale mangrove forest was exponential in form and varied from 13%–77%. 
Water depth and incident wave height strongly influenced the amount of 
wave attenuation. Accounting for differences in water depth using the sub-
merged volume fraction resulted in a common fit of the damping coeffi-
cient as a function of relative wave height and wave steepness. The drag 
coefficient demonstrated a stronger relationship with the Keulegan–Car-
penter number than the Reynolds number. The linear relationship be-
tween relative depth and Manning’s n was stronger than that between 
Manning’s n and either relative wave height or wave steepness.  

 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. Ci-
tation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 
 
DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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1 Introduction 

1.1 Background 

Given the intensifying risk of coastal flooding, communities are challenged 
to implement sustainable, adaptable solutions that reduce coastal flood 
risk. To that end, Congress directed the US Army Corps of Engineers 
(USACE) to consider natural and nature-based features (NNBFs), alone or 
in conjunction with traditional measures, in their feasibility reports on 
flood risk reduction across the national project portfolio (USACE 2017). 
NNBF solutions are expected to enhance resilience and mitigate the effects 
of coastal storm surge, wave attack, and erosion, all of which may be 
exacerbated by climate and sea-level change and population growth. 
Although consideration has been required since 2016, examples of NNBF 
implementation in USACE projects remain limited due to institutional 
guidance and experience that is less developed than those for traditional 
measures (e.g., unknowns as far as engineering design, performance, 
construction, environmental impacts and benefits, benefit quantification, 
lifecycle performance and asset management, and climate change 
adaptability; Carter and Lipiec 2020; personal communication with 
USACE Jacksonville District).  

To date, most publications investigating NNBF to reduce flood risk have 
focused on wetlands, dunes, and beaches. However, there is growing inter-
est in the application of mangroves to contribute to flood risk reduction 
(Tomiczek et al. 2021). Observations and hindcast modeling of mangrove 
forests suggest they offer significant protection during tsunami and 
shorter-duration surge events by restricting the flow of water (Kathiresan 
and Rajendran 2005; Krauss et al. 2009; Montgomery et al. 2019), and 
field observations have highlighted their capacity to attenuate wave energy 
under low-energy conditions (Horstman et al. 2014). However, the sys-
tematic assessment of wave attenuation by mangroves in controlled set-
tings has been limited to small scale (e.g., 1:6 or smaller) laboratory 
studies; therefore, evaluation at near-prototype scales is critical for charac-
terizing the contribution of effects such as friction for appropriate applica-
tion to real-world systems. 
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1.2 Objectives 

The objectives of this study were to (1) determine the physical attributes 
and (2) quantify the wave attenuation potential of mangrove forests, spe-
cifically North American red mangroves (Rhizophora mangle), at a near-
prototype scale. The measured dissipation was then related to three differ-
ent formulations for implementing mangrove systems into flood risk re-
duction applications: damping coefficient β, drag coefficient CD, and 
Manning’s roughness coefficient n*. 

1.3 Approach 

A 1:2.1 scale mangrove forest, constructed in the Coastal and Hydraulics 
Laboratory’s 3 m flume, was used to evaluate the wave attenuation 
provided by North American red mangroves under a range of 
hydrodynamic conditions. Based on field measurements of red mangroves 
along the Florida Gulf Coast by Novitzky (2010) and the morphological 
model of the Rhizophora spp. by Ohira et al. (2013), a scaled, single 
representative tree model was constructed and duplicated to create a 
15.12 m long mangrove forest. Sixteen wave gauges and six acoustic 
Doppler velocimeters (ADVs) captured changes in water surface elevation 
and velocity along the model. A total of 72 different hydrodynamic 
conditions, including both regular and irregular waves, were simulated to 
measure the hydrodynamics, determine the factors driving wave 
attenuation, and develop formulations that provide estimates of wave 
attenuation for flood risk management project planning. 

 
* For a full list of the spelled-out forms of the units of measure used in this document and their con-

versions, please refer to U.S. Government Publishing Office Style Manual, 31st ed. (Washington, DC: US 
Government Publishing Office, 2016), 245–252, https://www.govinfo.gov/content/pkg/GPO-STYLEMAN-
UAL-2016/pdf/GPO-STYLEMANUAL-2016.pdf. 
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2 Description of Experiments 

2.1 Physical model setup 

The experiments were performed at the US Army Engineer Research and 
Development Center in Vicksburg, Mississippi, in a 63.4 m long, 3.0 m 
wide, and 1.5 m deep concrete flume equipped with an electrohydraulic 
piston wave generator. The wave generator sits in a deeper section of the 
flume, which is 5.4 m long and connects to the 1.5 m deep flat testing area 
by a 19.5 m long, 1:44 slope. The flat testing area is 38.5 m long, with 
12.2 m consisting of viewing glass. A dissipative, sloping beach that re-
duces wave reflection accounts for 9.0 m of the back end of the flume. The 
scaled mangrove model started 39.3 m from the wave generator and meas-
ured 15.12 m long. Figure 1 provides a cross-sectional view of the man-
grove physical model setup. 

Figure 1. Cross section of mangrove physical model (not drawn to scale). 
Measurements are in meters. 

 

2.2 Mangrove forest model 

As in other physical model studies of mangroves (Strusińska-Correia et al. 
2013; Maza et al. 2017, 2019; Chang et al. 2019), a significant effort was 
made to develop a single representative tree model with hydraulic re-
sistance that was similar to the selected mangrove tree species. The struc-
tural and biomechanical properties critical to hydraulic drag include tree 
density (N); tree spacing (Δs); bending stiffness (EI); prop root structure, 
including total number of primary roots (e.g., those originating from the 
trunk, NR); root height above the ground (HR); root length (LR); and root 
diameter (DR). Appendix A: Mangrove Field Methods contains an overview 
of common mangrove field measurements and techniques. The target spe-
cies used to develop the model was the North American red mangrove 
(Rhizophora mangle [R. mangle]), a native species found in Florida 
(Tomiczek et al. 2021).  
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To develop the representative tree model, the tree structure was broken 
into three general parts: the canopy, the trunk, and the root system. The 
canopy only contributes to wave attenuation for very large inundation 
depths that were not considered in this effort and, thus, was neglected. 
However, other studies have suggested the wave attenuation of canopies is 
significant at high water levels (Mazda et al. 2006; He et al. 2019; Zhang et 
al. 2020). A simple cylinder represented the mangrove trunk. Ohira et al.’s 
(2013) stilt root morphology model, which relates the main trunk’s diame-
ter at breast height (DBH) to the root parameters, described the complex 
and dense root morphology of R. mangle. Applying Ohira et al.’s morpho-
logical model with an average DBH of 0.1274 m, which was reported for an 
R. mangle–dominated forest in Rookery Bay, Florida (Novitzky 2010), the 
calculated highest root height (HR_max) was 1.41 m, and the total number of 
primary roots was NR = 14 for the tree model. The diameters (DR) of the 
primary roots ranged from 0.033 to 0.035 m.  

Previous studies of flow and wave attenuation through mangroves have 
generally been performed at small geometric scale (e.g., Hashim and Cath-
erine 2013; Strusińska-Correia et al. 2013; Maza et al. 2017, 2019; Wang et 
al. 2022). However, the scale effects associated with these studies are un-
known, and further testing at near-prototype scales is crucial to evaluating 
the storm-risk benefits derived from mangroves during extreme weather 
events. A 1:2.1 scale was chosen scale for this experiment to allow multiple 
mangroves to span the flume width and simulate a forest, with scaling ac-
cording to Froude similitude law (Chakrabarti 1994). 

The scaled tree models were constructed using PVC and cross-linked poly-
ethylene (PEX) pipe. Scaling the DBH of 0.1274 m resulted in 2 in. nomi-
nal diameter (0.0603 m) PVC pipe serving as the trunk. In addition to 
being relatively inexpensive, based on a structural analysis of R. mangle in 
Key West, Florida (Tomiczek et al. 2019; T. Tomiczek, personal communi-
cation), 2 in. diameter PVC pipe also has a bending stiffness (EI) that is 
similar to that of R. mangle. Scaling the root diameter yielded the closest 
match to 5/8 in. (0.016 m) flexible PEX pipe. These primary roots were 
threaded through the 2 in. PVC trunk in seven pairs and distributed about 
the trunk at eight different angles (i.e., at 45 degrees to each other) to pro-
ject three-dimensional structure. Beginning with the lowest root pair (1) 
and proceeding to the highest root pair (7), the root pair elevations in me-
ters along the trunk for the scaled model were 0.227, 0.291, 0.354, 0.418, 
0.545, 0.608, and 0.672. A parabolic curve assumption like that proposed 
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by Ohira et al. (2013) described the curvature of the root pairs, where the 
curve shape and, thus, the root spread distance from the trunk were de-
pendent on the root height. The root spread distances from the center of 
the trunk, beginning with lowest root pair (1) and proceeding to the high-
est root pair (7), were 0.579, 0.640, 0.792, 0.853, 0.914, and 0.975 m. Fig-
ure 2 contains a single scaled mangrove model. 

Figure 2. Scaled (1:2.1) red mangrove tree model. 

 

In contrast to Maza et al. (2015) and Kelty et al. (2022), who reported sim-
ilar wave attenuation regardless of uniform or random arrangements, both 
Reimann et al. (2009) and Hashim and Catherine (2013) reported a lower 
wave attenuation in model mangroves arranged in tandem, rather than in 
a staggered arrangement. In addition, the staggered arrangement is a bet-
ter simplification of the random spacing between mangroves found in na-
ture and is easily implemented in restoration projects. Consequently, the 
staggered arrangement from Ozeren et al. (2014) served as the layout de-
sign, where vegetation density (N) related to the spacing (Δs) in this way: 

 𝑁𝑁 =
2
√3

∆𝑠𝑠−2. (1) 

Using N = 1.42 trees/m2, as reported by Novitzky (2010), yielded a proto-
type in which ∆𝑠𝑠 = 0.902 m. This spacing was then scaled according to the 
Froude similitude law, resulting in a model in which ∆𝑠𝑠 = 0.427 m or 
N = 6.3 trees/m2. Figure 3 provides a diagram of the model layout and a 
photo of the model installation in the flume. The rotation of the installed 
mangrove models was random. 
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Figure 3. Spacing layout for scaled mangrove model. 

 

2.3 Instrumentation 

A combination of capacitance wave gauges and ADVs collected water sur-
face elevations and water velocity data at multiple locations within the 
mangrove model.  

2.3.1 Water surface elevations 

Sixteen single-wire Akamina AWP-24-3 capacitance wave gauges (WGs) 
measured water surface elevations along the length of the flume. The 
gauges had a wave-staff length of 60 cm. WGs were identified numerically 
in sequence, with WG 16 being most offshore (i.e., closest to the wave pad-
dle) and WG 1 located at the leeward end of the mangrove forest. WGs 14–
16 were positioned in a Goda array (Goda and Suzuki 1976) to determine 
wave reflection. WG 12 measured the conditions incident to the mangrove 
forest, with WGs 1–11 arranged in an exponential decay along the length of 
the mangrove forest. The sampling rate of the WGs was 50 Hz. 

Prior to installation, the WGs were calibrated. A total of nine points, which 
related a voltage to a degree of submergence of the probe, calibrated each 
WG. Appendix B: Wave Gauge Calibration Data provides the results of the 
WG calibration. More information regarding WG calibration can be found 
in the AWP-24-3 Wave Height Gauge User’s Guide (Akamina Technolo-
gies 2018). 
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2.3.2 Velocity measurements 

Fixed-stem Nortek Vectrino ADVs measured water particle velocities at six 
locations along the length of the mangrove forest. These ADVs were paired 
with WGs 2, 4, 6, 8, 10, and 12 and were installed at approximately half the 
water depth (i.e., the height of the ADVs were adjusted for changes in wa-
ter level). The orientation of the ADVs was such that the x-axis was aligned 
with the direction of wave propagation. The sampling rate of the ADVs was 
25 Hz.  

Figure 4 displays the instrumentation locations in the flume, where x = 0 
at WG 12 and coincides with the beginning of the mangrove forest. In Fig-
ure 4, each black staff represents the location of a WG, and each red staff 
represents the location of a WG paired with an ADV.  

Figure 4. Location of instrumentation, where x = 0 at WG 12. Measurements are in 
meters. Each black staff represents the location of a wave gauge (WG), and each red 

staff represents the location of a WG paired with an acoustic Doppler velocimeter (ADV). 

 

2.4 Hydrodynamic conditions 

To quantify the wave dissipation afforded by mangrove systems, the exper-
iments simulated a wide range of hydrodynamic conditions. The hydrody-
namics applied the same Froude similarity scale as the model, with the 
scaling relationships for wave height and wave period as follows: 

 Wave height  HP: 𝜆𝜆HM, (2) 

 Wave period  TP: √𝜆𝜆TM, (3) 

where 
 P =  prototype, 
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 M =  model, and 
 λ =  geometric scale ratio, taken as 2.1 for this study. 

Given the heterogeneous vertical structure of mangroves, four water levels 
were selected to subject the mangrove forest to various degrees of inunda-
tion. The 0.35 and 0.50 m water levels were at the prop root level (i.e., eve-
ryday water levels), whereas the 0.70 and 1.0 m water levels submerged 
the root systems (i.e., elevated water levels). These water levels correspond 
to prototype water levels equal to 0.74, 1.05, 1.47, and 2.10 m, respectively.  

Testing included both irregular and regular waves, resulting in 72 total 
wave conditions (Table 1). Irregular waves were generated using a Texel, 
Marson, and Arsole (TMA) shallow-water spectral form with a peak en-
hancement factor of γ = 3.3 (see Hughes 1984 for a more detailed discus-
sion). Wave periods tested for the regular (T) and irregular (Tp) waves 
were 2.0, 2.5, 3.0, and 4.0 sec at model scale, corresponding to prototype 
values of 2.9, 3.6, 4.3 and 5.8 sec, respectively. Incident wave heights 
ranged from 0.073 to 0.291 m at model scale (0.17 to 0.61 m at prototype 
scale) for the irregular waves (Hm0i) and from 0.106 to 0.381 m at model 
scale (0.22 to 0.80 m at prototype scale) for the regular waves (Hi). By var-
ying a single parameter of interest (e.g., wave height) while holding the 
other hydrodynamics (e.g., wave period and water depth) constant, the ef-
fect of water depth (h), incident wave height, and wave period on wave at-
tenuation through the mangrove forest could be assessed. Incident 
conditions are those imminent to the mangrove forest and were measured 
by WG 12. Each irregular and regular wave signal was 20 min long. This 
signal length ensured the sampling of at least 300 waves when considering 
the longest period. The flume stilled for 15 min between wave signals. 

Table 1. Incident wave conditions (measured at WG 12). 

Irregular Waves Regular Waves 

h [m] Hm0i [cm] TP [sec] h [m] Hi [cm] T [sec] 
0.35 7.9 2.0 0.35 12.3 2.0 
0.35 9.5 2.5 0.35 20.1 2.5 
0.35 9.6 3.0 0.35 16.6 3.0 
0.35 9.6 4.0 0.35 21.1 4.0 
0.35 11.1 2.0 0.50 10.6 2.0 
0.35 13.8 2.5 0.50 16.0 2.5 
0.35 13.8 3.0 0.50 15.0 3.0 
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Table 1 (cont.). Incident wave conditions (measured at WG 12). 

Irregular Waves Regular Waves 

h [m] Hm0i [cm] TP [sec] h [m] Hi [cm] T [sec] 
0.35 13.7 4.0 0.50 15.4 4.0 
0.50 7.3 2.0 0.50 28.2 2.0 
0.50 9.3 2.5 0.50 35.2 2.5 
0.50 9.2 3.0 0.50 33.2 3.0 
0.50 9.1 4.0 0.50 28.5 4.0 
0.50 11.1 2.0 0.70 11.6 2.0 
0.50 14.1 2.5 0.70 15.0 2.5 
0.50 14.1 3.0 0.70 14.0 3.0 
0.50 13.9 4.0 0.70 17.3 4.0 
0.50 14.6 2.0 0.70 31.4 2.0 
0.50 18.5 2.5 0.70 33.8 2.5 
0.50 24.3 3.0 0.70 32.1 3.0 
0.50 24.5 4.0 0.70 38.1 4.0 
0.70 7.5 2.0 1.0 12.1 2.0 
0.70 9.4 2.5 1.0 15.0 2.5 
0.70 9.2 3.0 1.0 14.8 3.0 
0.70 9.2 4.0 1.0 14.4 4.0 
0.70 11.4 2.0 1.0 30.7 2.0 
0.70 14.0 2.5 1.0 28.8 2.5 
0.70 14.0 3.0 1.0 29.2 3.0 
0.70 14.0 4.0 1.0 31.2 4.0 
0.70 14.8 2.0    
0.70 18.7 2.5    
0.70 26.8 3.0    
0.70 27.7 4.0    
1.0 8.2 2.0    
1.0 9.8 2.5    
1.0 9.3 3.0    
1.0 9.0 4.0    
1.0 12.0 2.0    
1.0 14.8 2.5    
1.0 14.3 3.0    
1.0 14.0 4.0    
1.0 15.6 2.0    
1.0 19.6 2.5    
1.0 28.8 3.0    
1.0 29.1 4.0    
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3 Data Analysis 

3.1 Preliminary analysis 

3.1.1 Wave height analysis 

The data analysis performed on each water surface elevation time series 
included a zero up-crossing analysis to obtain the regular wave height (H) 
and root-mean-square wave height (Hrms) and a spectral analysis to calcu-
late the zero-moment wave height (Hm0). 

Prior to computing the wave heights, the full time series was subsampled 
to eliminate still water measurements and unwanted water level fluctua-
tions (e.g., during wave ramp up) from the analysis. A dynamic threshold, 
based on the desired incident wave height, identified the beginning of the 
subsampled time series. Specifically, this threshold was selected as the ini-
tial time when the water surface elevation exceeded 15% of the desired in-
cident wave height. The length of subsampled time series was then 20 min 
from the identified start time. An example of the time series identification 
process for an irregular wave signal is shown in Figure 5, where black is 
the full measured time series, and red is the subsampled portion used for 
wave height analysis. Each subsampled time series was demeaned prior to 
computing the wave heights. 

Figure 5. Detected waves (red) from full time series (black). 

 

The regular wave height (H) and root-mean-square wave height (Hrms) 

were extracted from the regular and irregular time series, respectively, 
with the application of the zero up-crossing method. The zero up-crossing 
method is a standard method for dividing a time series into individual 
waves, from which statistical wave parameters are estimated. In this study, 
the regular wave height (H) is equivalent to the significant wave height, 
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defined as the mean wave height of the highest third of the waves. The cal-
culation of the root-mean-square wave height (Hrms) was as follows: 

 

𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟 = �
1
𝑛𝑛
�𝐻𝐻𝑗𝑗2
𝑛𝑛

𝑗𝑗=1

, (4) 

where 
 Hj =  individual wave height and 
 n =  total number of waves. 

Additionally, a fast Fourier transformation (FFT) estimated the wave spec-
tral energy density, S(f), at each gauge for the irregular wave conditions. A 
filter removed all energy at frequencies lower than 0.05 Hz to eliminate 
low-frequency oscillations from the data. The zero-moment wave height, 
Hm0, was estimated from the wave spectra, S(f), using the following rela-
tionship: 

 
𝐻𝐻𝑚𝑚0 = 4.0��𝑆𝑆(𝑓𝑓)𝑑𝑑𝑑𝑑, (5) 

where df is the frequency resolution. 

The regular wave height (H) and the zero-moment wave height (Hm0) 
measured by WG 12 are the values for incident wave height provided in 
Table 1 for the regular and irregular conditions, respectively. 

Note that the zero-moment wave height (Hm0), which is the statistical 
wave measurement most common in reporting and wave modeling, may 
be related to the Hrms by the following equation, assuming the waves fol-
low a Rayleigh distribution (Sorensen 2006): 

  𝐻𝐻𝑚𝑚0 = √2𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟. (6) 

The largest difference between Hrms computed directly from the irregular 
wave time series and that of Equation (6) was 1.49 cm, or 8.3%, consider-
ing WGs 1–12. 
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3.1.2 Linear dispersion relation 

The wavelength of both the regular and irregular waves was computed us-
ing the linear dispersion relation: 

 𝜔𝜔𝜔𝜔 = 𝑔𝑔𝑔𝑔 tanh(𝑘𝑘ℎ), (7) 

where 

 𝜔𝜔 =
2𝜋𝜋
𝑇𝑇

, (8) 

 𝑘𝑘 =
2𝜋𝜋
𝐿𝐿

, (9) 

and 
 ω =  wave angular frequency, 
 k =  wavenumber, 
 h =  water depth, 
 T =  wave period, and 
 L =  wavelength. 

Iteratively solving Equation (7) using the peak wave period (Tp) and mono-
chromatic wave period (T) for the irregular and regular waves, respec-
tively, yielded the peak wavenumber (kp) and the monochromatic 
wavenumber (k). The peak wavelengths (Lp) for the random waves and the 
monochromatic wavelengths (L) for the regular waves were then com-
puted using Equation (9). 

3.2 Wave height attenuation 

3.2.1 Damping coefficient 

The wave height attenuation afforded by mangrove systems is of great in-
terest in nature-based engineering applications because it relates to their 
ability to reduce coastal flood risk (Gijsman et al. 2021). A damping for-
mulation created by Dalrymple et al. (1984), fitted to the normalized wave 
height evolution in the mangrove model (i.e., WGs 1–12), estimated the 
amount of attenuation: 
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 𝐻𝐻
𝐻𝐻𝑖𝑖

=
1

1 + 𝛽𝛽𝛽𝛽
, (10) 

where 
 H =  local wave height along the mangrove model, 
 Hi =  incident wave height (e.g., x = 0 at WG 12), 
 β =  damping coefficient, and 

 x =  horizontal position along the forest referenced to x = 0. 

The regular wave height, H, serves as the incident wave height in Equation 
(10) for regular waves, whereas Mendez and Losada (2004) suggest substi-
tuting Hrms for irregular waves: 

 𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟
𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

=
1

1 + 𝛽𝛽𝛽𝛽
. (11) 

The damping coefficient (β) was fitted to each wave condition listed in Ta-
ble 1 using the Gauss–Newton method of solving nonlinear least squares. 
Figure 6 shows two examples of fitted damping formulations: the top for 
an irregular wave condition, and the bottom for a regular wave condition. 
Red dots represent the normalized wave height evolution along the man-
grove field (i.e., WGs 1–12), with the corresponding fitted damping formu-
lation shown by the solid black line. The associated damping coefficient 
(β) and standard error of regression (s) are provided. The standard error 
has the same units as the dependent variable, in this case meters, and rep-
resents the average distance the observations fall from the regression line; 
smaller values are indicative of measurements lying closer to the fit.  
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Figure 6. Wave height decay along the mangrove forest for irregular (top) 
and regular (bottom) waves. Fitted damping coefficients (β) and the 

standard error of regression (s) are displayed. 

 

The wave height evolution fluctuated more for the regular waves than for 
the irregular waves, resulting in s values on the order of centimeters in-
stead of millimeters. These modulations may have been due to increased 
wave reflection, wave–wave interaction, or standing wave generation 
within the mangrove model. Maza et al. (2019) also observed increased 
fluctuations in regular waves compared to irregular waves. Appendix C: 
Wave Damping Coefficients provides the normalized wave height evolu-
tion with fitted damping coefficients and standard errors for all tested 
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wave conditions. β values ranged from 0.017–0.125 per meter for irregular 
waves and 0.013–0.184 per meter for regular waves. The wave height de-
cay after entering the mangroves was nonlinear for all hydrodynamic con-
ditions. 

3.2.2 Drag coefficient 

Based on the conservation of wave energy, Dalrymple et al. (1984) formu-
lated one of the earliest and most widely used models for wave dissipation 
by vegetation, where a Morison-type equation describes the wave-induced 
drag force, FD (Morison et al. 1950): 

 𝐹𝐹𝐷𝐷 =
1
2
𝜌𝜌𝐶𝐶𝐷𝐷𝐴𝐴𝑓𝑓𝑢𝑢|𝑢𝑢|, (12) 

where 
 ρ =  water density, 
 CD = drag coefficient, 
 Af =  reference area or cross-sectional area perpendicular to the 

flow, and 
 u =  horizontal velocity due to the wave motion. 

For application to vegetation fields, which are generally approximated as 
numerous circular cylinders, Af = d, where d is the plant diameter, and the 
force is multiplied by the number of plants per square meter (N) to allow 
the total drag force to be a summation of the drag contributed by individ-
ual stems. This results in the equation that follows: 

 𝐹𝐹𝐷𝐷 =
1
2
𝜌𝜌𝐶𝐶𝐷𝐷𝑁𝑁𝑁𝑁𝑁𝑁|𝑢𝑢|. (13) 

Mendez and Losada (2004) extended the Dalrymple et al. (1984) formula-
tion to irregular waves. This extension was implemented in the operational 
phase-averaged wave models of STWAVE (Anderson and Smith 2015), 
SWAN (Suzuki et al. 2012), WAVEWATCHIII (Abdolali et al. 2022), and 
the numerical storm-impact model XBEACH (van Rooijen et al. 2015). De-
tailed derivations of the Dalrymple et al. (1984) and Mendez and Losada 
(2004) formulations can be found in their respective manuscripts. 
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Using the formulations of Dalrymple et al. (1984) and Mendez and Losada 
(2004) for regular and irregular waves, respectively, the bulk drag coeffi-
cient (CD) is obtained analytically as a function of β:  

 𝐶𝐶𝐷𝐷 =
9𝜋𝜋

4𝑁𝑁𝑁𝑁𝐻𝐻𝑖𝑖𝑘𝑘
(sinh 2𝑘𝑘ℎ + 2𝑘𝑘ℎ) sinh 𝑘𝑘ℎ

sinh3 𝑘𝑘𝑘𝑘 + 3 sinh𝑘𝑘𝑘𝑘
𝛽𝛽, (14) 

 
𝐶𝐶𝐷𝐷 =

3√𝜋𝜋
𝑁𝑁𝑁𝑁𝐻𝐻𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑘𝑘𝑝𝑝

�sinh 2𝑘𝑘𝑝𝑝ℎ + 2𝑘𝑘𝑝𝑝ℎ� sinh 𝑘𝑘𝑝𝑝ℎ
sinh3 𝑘𝑘𝑝𝑝𝑙𝑙 + 3 sinh 𝑘𝑘𝑝𝑝𝑙𝑙

𝛽𝛽, (15) 

where 
 d =  plant diameter, 
 N =  plant density per square meter, 

 k =  monochromatic wavenumber for regular waves,  
 kp =  peak wavenumber for irregular waves, 
 h =  water depth, and 
 l =  vegetation height. 

In this analysis, N = 6.3 trees/m2 and l = h because the mangroves are al-
ways emergent. In studies of wetland vegetation, such as that by Anderson 
and Smith (2014), the plant diameter (d) in Equations (14) and (15) is 
straightforward because a simple cylinder approximates plant geometry. 
In comparison, the frontal area of mangroves is complex and varies verti-
cally, given the complex prop root geometry. To apply Equations (13) and 
(14) to mangroves, vertical integration of the mangrove frontal area over 
the water depth yields an equivalent diameter, d*:  

 𝑑𝑑∗ =
1
ℎ
� 𝐴𝐴(𝑧𝑧)𝑑𝑑𝑑𝑑
0

−ℎ
, (16) 

where A(z) is the mangrove model frontal area. 

To quantify A(z), a single mangrove model was rotated on a base, and 25 
photographs captured the three-dimensional variability of the root layout. 
Converting each photograph to a binary black and white image made it 
possible to relate pixels to centimeters, using the known diameter of the 
trunk as the basis (i.e., the number of pixels composing the trunk allowed 
for a pixels per centimeter conversion). Each pixel was 0.60302 mm. Ap-
plying this conversion identified the water depth on each of the black and 
white images, and the total frontal area was computed by summing the 
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number of pixels corresponding to the mangrove model below each water 
depth. The average projected area (A) for each water depth was 0.101, 
0.141, 0.173, and 0.191 m2 for water depth h = 0.35, 0.50, 0.70, and 1.0 m, 
respectively. After dividing by the corresponding water depth, the result-
ant d* was equal to 0.290, 0.281, 0.247, and 0.191 m for h = 0.35, 0.50, 
0.70, and 1.0 m, respectively. As shown in Figure 7, the prop roots contrib-
uted a major portion of the frontal area perpendicular to the flow, result-
ing in increasing d* with shallower water. The values for d* were 
substituted into Equations (14) and (15) for regular and irregular waves, 
respectively, to yield estimates of CD.  

Figure 7. Frontal area analysis. Left panel shows the superposition of 25 photos of the 
rotating mangrove model. Right panel shows the frontal area’s vertical distribution. 

 

Figure 8 shows an example of the wave decay predicted by Equations (14) 
and (15) for a regular and an irregular wave condition compared to the 
measurements. The estimated drag coefficient (CD) and standard error of 
regression (s) are given. Appendix D: Drag Coefficients provides the nor-
malized wave height evolution with estimated drag coefficient (CD) and 
standard error (s) for all tested wave conditions. CD values ranged from 
0.95–2.80 for irregular waves and from 0.52–1.85 for regular waves. 
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Figure 8. Wave height decay along the mangrove forest for irregular wave 
condition (top) and regular wave condition (bottom), with estimated drag 

coefficient (CD) and standard of regression (s). 

 

 

3.2.3 Manning’s roughness coefficient n 

While there is a growing consensus that the use of drag coefficients offers 
an improved, more accurate methodology for modeling wave dissipation 
through vegetation (Smith et al. 2016; Baron-Hyppolite et al. 2019), re-
search into these drag coefficients is still in its infancy. Consequently, 
standard practice is to account for energy losses due to vegetation with 
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bottom friction sink terms. One of the formulations most often applied 
makes use of Manning’s roughness coefficient n, which is generally associ-
ated with land cover databases (e.g., Bunya et al. 2010). Unlike applica-
tions of the JONSWAP bottom friction, which has historically varied 
between two values, one for swell conditions and another for wind sea con-
ditions (Holthuijsen 2007), the Manning’s n formulation allows for spatial 
variation tied to local terrain. The spectral wave models SWAN and 
STWAVE have both represented vegetation cover by Manning’s n coeffi-
cients in numerous applications. 

The STWAVE model, set up for the prototype, estimated the Manning’s n 
coefficients for the irregular waves. Regular waves were omitted from this 
analysis because they are idealized and not representative of real-world 
conditions. The STWAVE model consisted of a domain measuring 31.75 m 
long by 84.0 m wide; the domain was widened to eliminate lateral bound-
ary effects. The cell resolution was 0.42 m, resulting in 76 cells in the I-di-
rection (i.e., the direction of wave propagation) and 200 cells in the J-
direction. Monitoring locations, defined at x = 0, 0.609, 1.386, 2.373, 
3.675, 5.334, 7.455, 10.206, 13.755, 18.375, 24.192, and 31.752 m, matched 
those of the WG locations scaled to prototype. The initial water depth of 
the domain was hP = 0.735 m (hM = 0.305 m), where constant water level 
adjustments of 0.315, 0.735, and 1.365 m increased the water level to 
hP = 1.05, 1.47, and 2.1 m (hM = 0.5, 0.7, and 1.0 m, respectively). The com-
putational spectral grids spanned the range of 0.5fp to 2fp (where fp is the 
peak frequency of the prototype), with a frequency resolution of 0.02 Hz. 
The spectral forcing was constructed using a TMA spectrum with the Hm0 
and Tp measured by WG 12 scaled to prototype, and the peak enhancement 
(γ) and directional spreading factors defined as 3.3 and 100, respectively. 
The model was executed iteratively until the percent difference between 
the STWAVE solution and the prototype-scaled wave heights was less than 
3%. Figure 9 shows the STWAVE results compared to prototype-scaled 
measurements for Manning’s n = 0.38. Appendix E: Manning’s n provides 
comparisons of STWAVE results with prototype-scaled measurements, the 
estimated Manning’s n, and the standard error (s) for all tested irregular 
wave conditions. The greatest standard error was 0.016 m, and Manning’s 
n coefficients ranged from 0.25 to 0.97. 



ERDC TR-22-17 20 

Figure 9. STWAVE calibration of Manning’s n for wave dissipation through 
mangroves using prototype-scaled measurements of wave height. 
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4 Results 

4.1 Wave height attenuation 

The attenuation of the incident wave height through the 15.12 m mangrove 
forest varied from 13% to 77% over all conditions, depending on the inci-
dent hydrodynamic conditions. The wave attenuation through the 15.12 m 
forest for the irregular and regular waves ranged from 14% to 65% and 
from 13% to 77%, respectively. Focusing on the irregular wave conditions, 
the wave attenuation range at each water depth (h) was as follows: 48%–
63% at h = 0.35 m, 38%–65% at h = 0.50 m, 26%–53% at h = 0.70 m, and 
14%–38% at h = 1.0 m.  

4.1.1 Damping coefficient 

To determine the influence of water depth, wave height, and wave period 
on wave dissipation, the damping coefficient (β) was related to key nondi-
mensional parameters of relative wave height (H/h), wave steepness 
(H/L), and relative depth (kh). Larger H/L values are indicative of steeper 
waves, and kh <<1 are shallow water waves or long waves. As opposed to 
deep water waves (i.e., kh>>1) that do not interact with the bottom, the 
wave-induced velocity field of shallow water waves extends all the way 
from the top to the bottom of the water column such that their behavior or 
transformation is influenced by the bed. The experimental conditions 
herein ranged from near-shallow to near-deep water waves. 

Figure 10 displays the relationship between β and relative wave height 
(H/h), wave steepness (H/L), and relative depth (kh) for all tested wave 
conditions. The incident zero-moment wave height (Hm0i), peak wave-
length (Lp), and peak wavenumber (kp) defined the nondimensional pa-
rameters for the irregular waves. The incident regular wave height (Hi) and 
the monochromatic wavelength (L) and wavenumber (k) corresponding 
with the monochromatic wave period (T) defined the nondimensional pa-
rameters for the regular waves. β displayed a positive linear relationship 
with H/h and H/L, increasing with larger values of both parameters across 
all water depths. The greater attenuation found with larger wave heights, 
when considering the same depth, agrees with Gijsman et al.’s (2021) re-
view. The positive linear relationship between β and kh was weaker, show-
ing only marginal increases of β with larger values of kh. This preferential 
dissipation of shorter period waves is supported by Maza et al. (2019) and 
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Gijsman et al. (2021). These relationships reveal that, for the wave regimes 
tested in this experiment, wave height, rather than wave period, is a key 
variable driving wave attenuation in mangroves. Maza et al. (2019) re-
ported similar findings. 

All three nondimensional parameters depend on water depth; the highest 
β was obtained for the shallower water depths, for which the frontal area 
of the mangroves was the largest. This dependence on water depth was 
most obvious when considering H/L, although it was apparent for H/h 
and kh to lesser degrees. As in Maza et al. (2019), the difference in the 
frontal projected area at each water depth was accounted for by calculating 
the submerged volume fraction (SVF):  

 
𝑆𝑆𝑆𝑆𝑆𝑆 =

Solid volume 
Water volume

=
𝜋𝜋 �𝑑𝑑

∗

2 �
2
ℎ ∗ 𝑁𝑁

𝐴𝐴ℎ ∗ ℎ
, (17) 

where Ah is the horizontal unit area. 

In other words, the SVF defines the percent of the water volume occupied 
by the mangroves model per unit meter squared. As expected, the SVF in-
creased with shallower water depths. The calculated SVFs were 0.4145, 
0.3913, 0.3029, and 0.1811 per square meter for h=0.35, 0.50, 0.70, and 
1.0 m, respectively. The panels on the right side of Figure 10 show the rela-
tionship between the nondimensional parameters with the inclusion of the 
SVF. The dependence of β on water depth is captured for both H/h and 
H/L as the data collapse to a common fit. The linear regression for H/h 
yields a higher coefficient of determination (R2 = 0.89) than H/L 
(R2 = 0.77). A common fit is not found for β as a function of kh*SVF, re-
sulting in a poor R2 value of 0.094. 
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Figure 10. Damping coefficient (β) as a function of relative wave height (H/h), wave 
steepness (H/L), and relative depth (kh) for all wave conditions. The right panels 

display results when nondimensional parameters were multiplied by the submerged 
volume fraction (SVF) at each water depth. Irregular wave conditions are represented 

by circles, and regular wave conditions are represented by triangles. 

 

The same analysis was repeated for only the irregular wave conditions be-
cause these waves are representative of real nearshore environments. 
Again, the incident zero-moment wave height (Hm0i), peak wavelength 
(Lp), and peak wavenumber (kp) defined the nondimensional parameters 
for the irregular waves. Figure 11 displays the relationship between β and 
H/h, H/L, and kh for all irregular wave conditions. Again, positive rela-
tionships between β and H/h and β and H/L are seen, whereas there is a 
weak linear relationship between β and kh. Unlike the regular waves, 
which had similar scatter in both parameters, the linear relationship with 
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H/L is slightly stronger than the one for H/h but is clearly also dependent 
on water depth. Multiplying the nondimensional parameters by the SVF of 
each water depth collapsed β for both H/h and H/L, yielding linear regres-
sions with identical R2 values of 0.88. Again, the linear regression of kh ac-
counting for the SVF is poor, with R2 = 0.14, indicating that wave height, 
rather than wave period, is the dominant driver of wave attenuation. 

Figure 11. Damping coefficient (β) as a function of relative wave height (H/h), 
wave steepness (H/L), and relative depth (kh) for all irregular wave conditions. 

The right panels display results when nondimensional parameters were 
multiplied by the SVF at each water depth. 

 

4.1.2 Drag coefficient 

The capability of the Dalrymple et al. (1984) and Mendez and Losada 
(2004) formulations to successfully predict wave attenuation through veg-
etation is directly related to the value of the drag coefficient (CD), which is 
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the only unknown and is specific to the vegetation. CD is a function of both 
the hydrodynamic and biomechanical properties of the vegetation, and 
thus, its value should be determined by calibration using measurements at 
the project site. However, as measurements are not always available, it is 
common to relate CD to nondimensional flow parameters like the Reynolds 
number (Re) or the Keulegan–Carpenter number (KC) to expand its pre-
diction via empirical parameterizations (e.g., Kelty et al. 2022; Anderson 
and Smith 2014).  

The Reynolds number (Re) and Keulegan–Carpenter number (KC) were 
defined as follows: 

 Re =
𝑈𝑈𝑑𝑑∗

𝜈𝜈
, (18) 

 𝐾𝐾𝐾𝐾 =
𝑈𝑈𝑈𝑈
𝑑𝑑∗

, (19) 

where 
 U =  depth-averaged horizontal velocity, 
 ν =  kinematic viscosity (10−6 m2/s), and 
 T =  peak wave period (Tp) for irregular waves and the 

monochromatic wave period (T) for the regular waves. 

The depth-averaged velocity (U) was computed as follows: 

 𝑈𝑈 =
1
ℎ
�

𝐻𝐻
2
𝜔𝜔

cosh 𝑘𝑘(ℎ + 𝑧𝑧)
sinh 𝑘𝑘ℎ

𝑑𝑑𝑑𝑑,
0

−ℎ
 (20) 

where 
 ω =  wave angular frequency and 
 z =  0 at the still water line and −h at the bottom.  

The depth-averaged velocity (U) was computed using the incident root-
mean-square wave height (Hrmsi), peak wave period (Tp), and peak wave-
number (kp) for the irregular wave conditions and using the incident wave 
height (Hi), monochromatic wave period (T), and monochromatic wave-
number (k) for the regular waves. The dz value was 0.01 m.  
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Figure 12 shows the drag coefficient (CD) as a function of Re and KC for all 
wave conditions using a form common in literature (Kobayashi et al. 1993; 
Kelty et al. 2022). CD decreases with larger values of both nondimensional 
numbers, a behavior that was observed in many recent studies of wave at-
tenuation through mangroves (Kelty et al. 2022; Wang et al. 2022; Chang 
et al. 2019) and other wave–vegetation literature (e.g., Anderson and 
Smith 2014). However, this trend was not observed in Maza et al. (2019), 
albeit the range of Re was much smaller and narrower. CD demonstrated a 
better fit with KC (R2 = 0.60) than Re (R2 = 0.21). Unlike β, CD did not 
show significant differences between water depths. This may, in part, be 
due to the equivalent diameter (d*) serving as the length scales in both the 
Reynolds and Keulegan–Carpenter number. 

Figure 12. Drag coefficient (CD) as a function of Reynolds number (Re; top panel) and 
Keulegan–Carpenter number (KC; bottom panel), along with associated fits and R2 values 
for all wave conditions. The dotted red line is the drag coefficient associated with a single 
cylinder (CD = 1.0). Irregular wave conditions are represented by circles, and regular wave 

conditions are represented by triangles. 

 

Like with β, the same analysis was repeated for only the irregular waves. 
Figure 13 shows CD as a function of Re and KC, fitted for only the irregular 
waves. There is still significant scatter for CD as a function of Re 
(R2 = 0.07) compared to KC (R2 = 0.70). Removing the regular waves 
slightly improved the fit with respect to KC, likely because the increased 
fluctuation in the wave evolution (Figure 8) ultimately affected the calibra-
tion of the CD values. 
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Figure 13. Drag coefficient (CD) as a function of Reynolds number (Re; top panel) and 
Keulegan–Carpenter number (KC; bottom panel), along with associated fits and R2 values 

for only irregular wave conditions. The dotted red line is the drag coefficient associated with 
a single cylinder (CD = 1.0). 

 

Traditionally, drag coefficients for flow around cylinders and other bodies 
are parameterized by the Reynolds number. However, this study found a 
greater degree of agreement between CD and KC. Existing literature, which 
is largely focused on small-diameter wetland and submerged vegetation, 
shared this conflicting finding, with some reporting better parameteriza-
tions with Re (Bradley and Houser 2009; Anderson and Smith 2014; Hu et 
al. 2014; Wu and Cox 2015) and some with KC (Ozeren et al. 2014; Jadhav 
et al. 2013). Future parameterizations of CD should report both nondimen-
sional parameters to draw connections between the statistically higher fit 
and underlying physics. Furthermore, the assumption that inertia effects 
can be ignored may be incorrect because mangroves may be large enough 
that inertia effects are nonnegligible (i.e., inertia forces dominate for 
KC < 5, and both drag and inertia dominate for 5 < KC < 25; Chang et al. 
2019). Ultimately, neglecting inertial effects could result in overestima-
tions of CD at smaller KC when inertial effects dominate or are comparable 
to drag.  

4.1.3 Manning’s roughness coefficient n 

Manning’s n coefficients calibrated using the STWAVE model ranged from 
0.25–0.97; these were significantly higher than the Manning’s n values 
typically associated with standard hydraulic literature (Chow 1959) and 
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applied for nearshore hydrodynamic modeling based on land cover (Bunya 
et al. 2010). The Manning’s n coefficient assigned to mangroves for flow 
and storm surge inundation is approximately 0.14–0.20 for most studies 
(Wolanski 1992; Zhang et al. 2012; Liu et al. 2013; McIvor et al. 2015).  

To better understand how this wide range of Manning’s n affects wave at-
tenuation, a single wave condition (Hm0 = 0.5 m, Tp = 5.0 s) was trans-
formed with different Manning’s n coefficients for three water depths, 
h = 1.0, 2.0, and 3.0 m, using STWAVE (Figure 14). The Manning’s n coef-
ficients considered for mangroves were n = 0.15, 0.40, and 0.90 over a 
propagation distance of 5,000 m (approximately 3.1 mi). The model reso-
lution was 25 m. The computational spectral grids spanned the range of 
0.5fp to 2fp, with a frequency resolution of 0.015 Hz. The spectral forcing 
was a TMA spectrum with the peak enhancement and directional spread-
ing factors defined as 3.3 and 4.0, respectively.  

The Manning’s n coefficient required to obtain a similar degree of dissipa-
tion also depends on the peak enhancement factor (γ), which controls the 
magnitude of the peak wave energy and modifies the peakedness of the 
spectral shape. The peak enhancement factor (γ) is commonly assigned a 
value of 3.3, with a lower and upper limit generally regarded as 1 to 10. As 
γ increases, the spectra shape becomes narrower and more peaked, with 
energy focused near the spectral peak (i.e., the total energy is distributed 
amongst a narrower band of frequencies, so the peak magnitude is larger). 
These narrower spectra require a smaller Manning’s n to obtain the same 
amount of attenuation as compared to those with larger γ values.  

The largest differences in wave height occurred at the beginning of the 
mangrove transect. This was especially evident for h = 2.0 m and 
h = 3.0 m. For h = 2.0 m, the wave height reduction at x = 175 m was 26% 
for n = 0.15, 72% for n = 0.40, and 93% for n = 0.9. For h= 3.0 m, the wave 
height reduction was 10%, 44%, and 78% for n = 0.15, 0.4, and 0.9, 
respectively. The reduction in wave height was similar for h = 1.0 m 
because the wave height is quickly dissipated for all Manning’s n values. 
The wave height reduction becomes increasingly similar as the 
propagation distance increases. At x = 5,000 m, the wave height reduction 
for n = 0.15, 0.40, and 0.90 was 90%, 98%, and 99% for h = 2.0 m and was 
74%, 90%, and 94% for h = 3.0 m. These results show that the amount of 
wave dissipation over increasingly long distances is not directly 
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proportional to the Manning’s n coefficient (i.e., doubling the value does 
not double the dissipation). 

Figure 14. Sensitivity of wave dissipation to Manning’s n for three different water 
depths. The water depths are as follows: (top left) h = 1.0 m, (top right) h = 2.0 m, 

and (bottom) h = 3.0 m. 

 

An analysis similar to that for the damping coefficient (β) was repeated to 
determine the relationships between Manning’s n for the mangrove proto-
type and the nondimensional parameters of relative wave height (H/h), 
wave steepness (H/L), and relative depth (kh; Figure 15). Again, the inci-
dent zero-moment wave height (Hm0i), peak wavelength (Lp), and peak 
wavenumber (kp) defined these nondimensional parameters. The cali-
brated Manning’s n displayed a negative relationship with H/h (R2 = 
0.45), with Manning’s n generally decreasing with larger H/h. There was 
no apparent correlation between Manning’s n and H/L. The strongest lin-
ear relationship was found for Manning’s n and kh (R2 = 0.91). This was 
not surprising given that Manning’s n formulation has an inverse depend-
ence on water depth and given that the degree of interaction of waves with 
the bottom is determined by kh. 
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Figure 15. Manning’s n as a function of relative wave height (H/h), 
wave steepness (H/L), and relative depth (kh) for all irregular wave 

conditions, scaled to prototype. 
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5 Conclusions 

5.1 Review of findings 

This report quantified the wave attenuation afforded by a 1:2.1 scale North 
American red mangrove forest. The representative tree model, constructed 
from PVC and PEX tubing, mimicked the trunk and complex prop root 
system of this mangrove species. These tree models were installed with a 
random rotation in a staggered arrangement to create a 15.12 m long for-
est. The conclusions that follow may be drawn from this study: 

• The modeled mangrove forests were effective at reducing wave energy 
for all tested wave conditions. Wave attenuation through the 15.12 m 
long forest varied from a minimum of 13% to a maximum of 77%, de-
pending on the hydrodynamic conditions. Wave attenuation increased 
with shallower water depths. 

• The nonlinear damping formulation proposed by Dalrymple (1984) 
and extended to random waves by Mendez and Losada (2004) captures 
the wave evolution through the mangrove forest well. 

• The damping coefficient (β) showed a strong positive relationship with 
relative wave height (H/h) and wave steepness (H/L), but it showed a 
weaker correlation with relative depth (kh). A common fit with H/h 
and H/L was achieved by using the SVF to account for the additional 
dependence of β on water depth.  

• Wave height has more influence on the degree of wave attenuation 
than wavelength. 

• The drag coefficient (CD) demonstrated a better fit with the Keulegan–
Carpenter number than the Reynolds number. Although ignored in 
most previous and existing works, including this one, inertia effects 
may dominate (KC < 5) or be comparable to drag effects (5 < KC < 25), 
and both should be considered for mangroves in future research. 

• Calibrated Manning’s n coefficients for mangroves were significantly 
higher than those reported in standard hydraulic literature and imple-
mented in storm surge modeling. 

• A sensitivity study of Manning’s n showed the greatest difference in 
wave attenuation occurs at the beginning of the mangrove forest, with 
differences decreasing with longer propagating distances. Ultimately, 
the amount of wave dissipation over increasingly longer distances is 
not directly proportional to the Manning’s n coefficient (i.e., doubling 
the value does not double the dissipation). 
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• Manning’s n coefficients displayed a negative relationship with relative 
wave height (H/h). There was no apparent relationship between Man-
ning’s n and wave steepness (H/L). The strongest linear relationship 
was found for Manning’s n and relative depth (kh). 

5.2 Implications for using mangroves as part of coastal storm risk 
management solutions 

The measured wave attenuation of mangroves was related to three differ-
ent formulations: damping coefficient (β), drag coefficient (CD), and Man-
ning’s roughness coefficient (n). Suggested applications for each of these 
follow. 

The simplest application of the three, the damping coefficient (β), may be 
used for fast estimates of wave dissipation across a one-dimensional tran-
sect of mangrove forests where other wave transformation physics, such as 
wave growth, shoaling, and breaking, are neglected and plant properties 
are unknown. 

The application of the drag coefficient (CD) is limited to instances in which 
measurements of plant density, stem length, and stem diameter are 
known. Although operational wave models support its use, research into 
CD for mangroves in wave environments is ongoing, so its practical appli-
cation remains limited and largely theoretical or exploratory. Applications 
of these sophisticated drag formulations for predicting wave attenuation 
across marshes are now gaining traction, even though there are growing 
concerns regarding CD and its assumptions and derivation (Tempest et al. 
2015; Garzon et al. 2019). 

Standard practice in nearshore wave modeling is to account for energy 
losses due to vegetation using bottom friction source terms, like Manning’s 
roughness coefficient, n. These models, like STWAVE and SWAN, can rep-
licate waves through vegetation fields over large spatial scales. However, 
more research is needed into the discrepancy between the Manning’s n co-
efficients calibrated herein and those presently applied in nearshore mod-
eling based on hydraulic literature and land cover. 

The mangrove characteristics and hydrodynamics tested herein were ex-
tremely limited given the natural environment, and the presented formu-
lations are likely specific to North American red mangrove populations 
with properties (i.e., stem density, size, frontal area, forest heterogeneity, 
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and survivability) similar to those tested. Thus, these formulations should 
serve as first estimates of wave attenuation, with calibration to data from 
the area of interest serving as the primary methodology. If measured data 
are unavailable, engineering judgment should be exercised when applying 
these formulations to extrapolated hydrodynamic and mangrove condi-
tions. 
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Appendix A: Mangrove Field Methods 

There are several important vegetative characteristic measurements that 
can be included in engineering models to help assess the potential for 
wave attenuation by mangrove forests. The entire mangrove plant, from its 
complex aerial root system to its well-developed trunk and canopy, is in-
volved in the deflection of wave energy and should be included in models 
evaluating the effect of mangrove forests on coastal protection (Wu and 
Cox 2016). The specific mangrove species and their density, coverage, and 
biomass all influence the coastal protection abilities of a mangrove forest. 
Because the ability to mitigate wave impacts depends on where the wave 
interacts with mangrove vegetation characteristics, field measurements 
are often divided into three categories, as defined by Suzuki et al. (2012): 
the roots, trunk, and canopy. The subsections that follow describe the best 
monitoring practices to measure mangrove components that can affect 
their potential for wave attenuation. 

A.1 Mangrove forest vegetative characteristics 

A.1.1 Mangrove study plots 

Before initiating a field study, sampling plots should be established for the 
assessment of mangrove characteristics. Establishing plots perpendicular 
to the shoreline along the length of the intertidal zone, study site, or area 
of influence will help describe the representative mangrove community 
used to study wave attenuation. Plot size can vary based on the needs of 
the investigation, and several studies describe the considerations needed 
to successfully establish forest plots (Kauffman and Donato 2012; Horst-
man et al. 2014). 

A.1.2 Species dominance 

Documentation of the correct mangrove species in each plot is imperative 
for assessing the mangrove vegetative community and ensuring the correct 
allometric equation for biomass is utilized (Section A.2.5) for each species.  
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A.2 Trunk and canopy 

A.2.1 Tree diameter at breast height (DBH) 

DBH measurements assess the biomass of individual trees and are neces-
sary for estimating mangrove basal area and aboveground biomass. DBH 
measurements are collected using diameter tape (i.e., fabric measuring 
tape) at 1.3 m above the soil surface (Tomiczek et al. 2020; Mori et al. 
2022; Figure A-1). If recording the diameter of smaller trees and shrubs, 
calipers can be used. In the case of mangroves with aerial roots or but-
tressing, DBH is typically measured immediately above the highest prop 
root or at the point where the tree buttressing ends (Kauffman and Donato 
2012). Some studies have measured DBH at 0.3–0.5 m above the tallest 
prop root (Stringer et al. 2015; DES 2018). Either method is sufficient if 
the measurements are consistent throughout the study. Several studies 
provide detailed guidance on DBH measurements for irregular trees (e.g., 
trees with forked stems or exceedingly high prop roots; Fourqurean et al. 
2014; DES 2018). The DBH is calculated as follows:  

 𝐷𝐷𝐷𝐷𝐷𝐷 =  
𝑐𝑐
𝜋𝜋

, (A-1) 

where c is the trunk circumference. 

Figure A-1. Example of tree diameter at breast height (DBH) measurements. 
(Photo by Daniel Murdiyarso, Center for International Forestry Research; 

https://flic.kr/p/WKu6fY.) 
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A.2.2 Tree density (individual trees/square meter) 

Tree density measures the number of trees per square meter in a man-
grove stand. Tree density is calculated by counting the number of individ-
ual trees in a plot and dividing by plot area. The density of trees in a 
mangrove forest has a significant influence on wave attenuation models 
(Novitzky 2010; Ohira et al. 2013; Tomiczek et al. 2021). Tree density (N) 
is calculated as follows: 

 𝑁𝑁 =  
# of trees
plot area

.  (A-2) 

A.2.3 Stand Basal Area (square meter/hectare) 

Basal area describes stand density and measures the size of the mangrove 
community by determining the average amount of land occupied by man-
groves within a known area, usually a hectare. To calculate stand basal 
area, the basal area (BA) of individual trees within the area must first be 
calculated. The basal area (in square meters) for an individual tree is cal-
culated as follows: 

 𝐵𝐵𝐵𝐵 =  𝜋𝜋𝑟𝑟2, (A-3) 

where r is the tree radius (i.e., half of DBH). 

Basal area for a mangrove stand (in square meters/hectare) is calculated 
as the sum of the basal areas of all trees in a known area divided by that 
area: 

 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝐵𝐵𝐵𝐵 =  
∑𝐵𝐵𝐵𝐵

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
, (A-4) 

where ΣBA is the sum of all tree basal areas in a plot. 

A.2.4 Tree height (meters) 

The height of mangrove trees is measured to document the relation of 
mangrove component characteristics as they relate to the wave height. 
Tree height is also used in allometric equations to estimate tree biomass. 
Tree height is divided into three segments for evaluation: (1) total tree 
height, which measures from the soil surface to the top of the canopy 
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crown; (2) trunk height, which measures the trunk from the top of the tall-
est prop root (if applicable) or the soil surface to the bottom of the tree 
canopy; and (3) root layer height, which measures from the soil surface to 
the tallest prop root (if applicable; Figure A-2). Canopy height, which ac-
counts for the length of the canopy from the lowest branch to the apex of 
the main stem, can also be derived from these measurements. There are 
several options available for measuring tree height. Altimeters and laser 
range finders both use trigonometry to calculate tree height and are espe-
cially useful for large trees (Larjavaara and Muller-Landau 2013). Depend-
ing on the height of the tree, the simplest method for measuring tree 
height is to use a height pole, meter stick, or measuring tape (DES 2018).  

Figure A-2. Schematic of tree height measurements where (1) total height measures the 
entire length of the tree from the soil surface to the top of the canopy, (2) the trunk layer 

measures the length of the tree from the tallest prop root (if applicable) or the soil surface 
to the bottom of the tree canopy, and (3) the aerial root layer (if applicable) is measured 

from the soil surface to the top of the tallest prop root. (Unannotated photo by Big Cypress 
National Preserve; https://flic.kr/p/P9dnST.) 
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A.2.5 Aboveground biomass (kilogram/square meter) 

Aboveground biomass calculates the total density of mangrove stems, 
roots, and canopies in a mangrove forest (Ellison and Farnsworth 1997). 
Measuring biomass can be an intensive field effort, but allometric equa-
tions are often used to estimate biomass using only tree height and DBH 
measurements. Allometric equations must be calibrated by ground-truth-
ing field efforts and should be regional or site specific. Several studies have 
developed allometric equations for biomass calculations (Chave et al. 
2005; Smith and Whelan 2006; Komiyama et al. 2008; Novitzky 2010; 
Suwa et al. 2021).  

The stilt roots of Rhizophora spp. are usually included in the allometric 
equations that estimate mangrove biomass, whereas the pneumatophores 
of Avicennia spp. generally are not. If biomass estimates are desired for 
pneumatophores, destructive sampling of roots would be required (Kauff-
man and Donato 2012). 

A.3 Roots 

Ohira et al. (2013) provide an example of regional allometric equation de-
velopment to estimate root number, height, diameter, and spread distance 
for trees using only DBH measurements, which can be useful when field 
measurements are not feasible.  

A.3.1 Root density (roots/square meter) 

Root density measures the total number of roots in a known area, usually 
within a square meter or larger quadrat plot (Figure A-3). The number of 
roots per individual tree can also be recorded.  
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Figure A-3. An example of pneumatophore (root) density counting 
measurements for an Avicennia spp. within a quadrat. (Photo by Boone 

Kauffman and reproduced from Fourqurean et al. 2014, 85.) 

 

A.3.2 Root height (centimeter) 

For stilt roots, root height is determined by the height of the tallest pri-
mary root on each tree (Ohira et al. 2013; Horstman et al. 2014). For other 
aerial roots, such as pneumatophores, the heights of individual roots are 
measured and averaged across the plot (Figure A-4). Root height is often 
measured using a measuring tape or a meter stick.  

Figure A-4. Root height measurement of an Avicennia spp. 
pneumatophore. (Photo by Boone Kauffman and reproduced 

from Fourqurean et al. 2014, 85). 
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A.3.3 Root Diameter (centimeter) 

Root diameter is measured to the nearest centimeter using calipers at a 
predetermined height or distance from the mangrove tree trunk (Ohira et 
al. 2013; Horstman et al. 2014; Mori et al. 2022; Figure A-5). Although it 
can vary for a specific project and research goals, previous studies have 
measured root diameter at a height of 20 cm (Mori et al. 2022) or at a dis-
tance of 15 cm away from the trunk (Ohira et al. 2013).  

Figure A-5. Root diameter measurements using a caliper. (Photo by 
Tori Tomiczek and reproduced from Tomiczek et al. 2019, 1000.). 

 

A.3.4 Root spread distance (meters) 

Root spread distance measures the distance from the base of the tree trunk 
to the edge of outermost primary root, which can be measured using a 
measuring tape, a ruler, or a meter stick (Ohira et al. 2013; Mori et al. 
2022; Figure A-6).  
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Figure A-6. A schematic of a Rhizophora mangle trunk and root 
structure and associated measurements. (Image reproduced from 

Tomiczek et al. 2021, 10.) 
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Appendix B: Wave Gauge Calibration Data 
Table B-1. Detailed calibration information for WGs 1–16. 

Gauge 1   Gauge 2   Gauge 3   Gauge 4   
Position 

(cm)  
Voltage 

(V)  
Position 

(cm)  
Voltage 

(V)  
Position 
 (cm) 

Voltage 
(V)  

Position 
 (cm) 

Voltage 
 (V) 

0  −4.552  0  −4.534  0  −4.543  0  −4.539  
15  −1.818  15  −1.813  15  −1.802  15  −1.814  
30  0.925  30  0.923  30  0.929  30  0.91  
45  3.654  45  3.636  45  3.656  45  3.632  
50  4.56  50  4.545  50  4.579  50  4.535  
45  3.661  45  3.639  45  3.654  45  3.632  
30  0.925  30  0.927  30  0.929  30  0.908  
15  −1.814  15  −1.807  15  −1.804  15  −1.814  
0  −4.551  0  −4.534  0  −4.539  0  −4.541  

Slope 
cm/V  

5.484  Slope 
cm/V  

5.506  Slope 
cm/V  

5.488  Slope 
cm/V  

5.508  

Intercept  24.952  Intercept  24.95  Intercept  24.91  Intercept  25.00  
R2  1.00  R2  1.00  R2  1.00  R2  1.00  

Gauge 5  Gauge 6  Gauge 7  Gauge 8  
Position  Voltage  Position  Voltage  Position  Voltage  Position  Voltage  

0  −4.551  0  −4.574  0  −4.55  0  −4.564  
15  −1.794  15  −1.848  15  −1.82  15  −1.836  
30  0.921  30  0.903  30  0.91  30  0.909  
45  3.654  45  3.676  45  3.639  45  3.667  
50  4.578  50  4.582  50  4.555  50  4.571  
45  3.663  45  3.681  45  3.641  45  3.664  
30  0.939  30  0.921  30  0.915  30  0.909  
15  −1.779  15  −1.832  15  −1.821  15  −1.835  
0  −4.532  0  −4.567  0  −4.548  0  −4.572  

Slope 
cm/V  

5.490  Slope 
cm/V  

5.456  Slope 
cm/V  

5.493  Slope 
cm/V  

5.466  

Intercept  24.89  Intercept  24.98  Intercept  24.99  Intercept  25.00  
R2  1.00  R2  1.00  R2  1.00  R2  1.00  
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Table B-1 (cont.). Detailed calibration information for WGs 1–16. 

Gauge 9  Gauge 10  Gauge 11  Gauge 12  
Position  

(cm) 
Voltage 

(V)  
Position 

(cm)  
Voltage  

(V)  
Position 

(cm)  
Voltage 

(V)  
Position 

(cm)  
Voltage 

(V)  
0  −4.547  0  −4.589  0  −4.592  0  −4.549  

15  −1.804  15  −1.863  15  −1.844  15  −1.807  
30  0.954  30  0.892  30  0.889  30  0.922  
45  3.66  45  3.654  45  3.588  45  3.652  
50  4.567  50  4.579  50  4.513  50  4.547  
45  3.669  45  3.653  45  3.289  45  3.651  
30  0.954  30  0.895  30  0.851  30  0.924  
15  −1.806  15  −1.858  15  −1.882  15  −1.808  
0  −4.541  0  −4.602  0  −4.593  0  −4.552  

Slope 
cm/V  

5.483  Slope 
cm/V  

5.451  Slope 
cm/V  

5.553  Slope 
cm/V  

5.492  

Intercept  24.88  Intercept  25.09  Intercept  25.42  Intercept  24.96  
R2  1.00  R2  1.00  R2  1.00  R2  1.00  

Gauge 13  Gauge 14  Gauge 15  Gauge 16  
Position  Voltage  Position  Voltage  Position  Voltage  Position  Voltage  

0  −4.583  0  −4.566  0  −4.57  0  −4.589  
15  −1.845  15  −1.805  15  −1.827  15  −1.865  
30  0.885  30  0.928  30  0.922  30  0.904  
45  3.609  45  3.66  45  3.669  45  3.659  
50  4.508  50  4.564  50  4.57  50  4.593  
45  3.613  45  3.661  45  3.665  45  3.671  
30  0.891  30  0.927  30  0.925  30  0.949  
15  −1.831  15  −1.806  15  −1.828  15  −1.854  
0  −4.554  0  −4.56  0  −4.567  0  −4.590  

Slope 
cm/V  

5.505  Slope 
cm/V  

5.477  Slope 
cm/V  

5.466  Slope 
cm/V  

5.443  

Intercept  25.132  Intercept  24.95  Intercept  24.97  Intercept  25.02  
R2  1.00  R2  1.00  R2  1.00  R2  1.00  
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Appendix C: Wave Damping Coefficients 

Appendix C: Wave Damping Coefficients shows the normalized wave 
height evolution with fitted damping coefficients (β) and standard error (s) 
for all tested wave conditions, both irregular (C.1) and regular (C.2). The 
label at the top of each figure corresponds with a wave condition in Table 
1.  

C.1 Irregular Waves 
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C.2 Regular waves 
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Appendix D: Drag Coefficients 

Appendix D: Drag Coefficients shows the normalized wave height evolu-
tion with fitted drag coefficients (CD) and standard error (s) for all tested 
wave conditions, both irregular (D.1) and regular (D.2). The label at the 
top of each figure corresponds with a wave condition listed in Table 1. 

D.1 Irregular waves 
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D.2 Regular waves 
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Appendix E: Manning’s n 

Appendix E: Manning’s n shows the normalized wave height evolution 
with fitted Manning’s n and standard error (s) for all irregular wave condi-
tions. The label at the top of each figure corresponds with a wave condition 
listed in Table 1. 
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Abbreviations 

ADV Acoustic doppler velocimeter 

ERDC Engineer Research and Development Center 

DBH Diameter at breast height 

FFT Fast Fourier transformation 

NNBF Natural and nature-based feature 

PEX Cross-linked polyethylene 

SVF Submerged volume fraction 

TMA Texel, Marson, and Arsole 

USACE US Army Corps of Engineers 

WG Wave gauge 

 



 

 

REPORT DOCUMENTATION PAGE 
Form Approved 

OMB No. 0704-0188 
Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the 
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing 
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302. 
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid 
OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 
1. REPORT DATE (DD-MM-YYYY) 

September 2022 
2. REPORT TYPE 

Final 
3. DATES COVERED (From - To) 

 
4. TITLE AND SUBTITLE 
Wave Attenuation of Coastal Mangroves at a Near-Prototype Scale 

5a. CONTRACT NUMBER 
 

5b. GRANT NUMBER 
 

5c. PROGRAM ELEMENT 
 

6. AUTHOR(S) 
Mary Anderson Bryant, Duncan B. Bryant, Leigh A. Provost, Nia Hurst, Maya McHugh, Anna Wargula, 
Tori Tomiczek 

5d. PROJECT NUMBER 
 

5e. TASK NUMBER 
 

5f. WORK UNIT NUMBER 
 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
US Army Engineer Research and Development Center (ERDC) 
3909 Halls Ferry Road,  
Vicksburg, MS 39180-6199 

8. PERFORMING ORGANIZATION REPORT 
NUMBER 

ERDC TR-22-17 
 

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S) 
USACE US Army Corps of Engineers 

441 G St. NW 
Washington, DC 20314 

 

11. SPONSOR/MONITOR’S REPORT 
NUMBER(S) 

 

12. DISTRIBUTION / AVAILABILITY STATEMENT 
Approved for public release; distribution is unlimited. 

13. SUPPLEMENTARY NOTES 
This study conducted under project 20-05 and 19-04, “Wave Attenuation of Coastal Mangroves during Extreme Water Levels at Near-Prototype Scales,” fund-
ing account U4381627, AMSCO 089500. 

14. ABSTRACT 
A physical model study investigating the dissipation of wave energy by a 1:2.1 scale North American red mangrove forest was performed in a large-scale 
flume. The objectives were to measure the amount of wave attenuation afforded by mangroves, identify key hydrodynamic parameters influencing wave 
attenuation, and provide methodologies for application. Seventy-two hydrodynamic conditions, comprising irregular and regular waves, were tested. The 
analysis related the dissipation to three formulations that can provide estimates of wave attenuation for flood risk management projects considering 
mangroves: damping coefficient β, drag co-efficient CD, and Manning’s roughness coefficient n.  
 
The attenuation of the incident wave height through the 15.12 m long, 1:2.1 scale mangrove forest was exponential in form and varied from 13%–77%. 
Water depth and incident wave height strongly influenced the amount of wave attenuation. Accounting for differences in water depth using the sub-
merged volume fraction resulted in a common fit of the damping coefficient as a function of relative wave height and wave steepness. The drag coefficient 
demonstrated a stronger relationship with the Keulegan–Carpenter number than the Reynolds number. The linear relationship between relative depth 
and Manning’s n was stronger than that between Manning’s n and either relative wave height or wave steepness. 

15. SUBJECT TERMS 
Flood control; Hydrodynamics; Mangrove plants; Shore protection; Water waves—Attenuation 

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 
OF ABSTRACT 

18. NUMBER 
OF PAGES 

19a. NAME OF RESPONSIBLE PERSON 
 

a. REPORT 
Unclassified 

b. ABSTRACT 
Unclassified 

c. THIS PAGE 
Unclassified SAR 126 

19b. TELEPHONE NUMBER 
(include area code) 

 
NSN 7540-01-280-5500 Standard Form 298 (Rev. 8-98) 

Prescribed by ANSI Std. 239.1 


	Abstract
	Contents
	Figures and Tables
	Preface
	1 Introduction
	1.1 Background
	1.2 Objectives
	1.3 Approach

	2 Description of Experiments
	2.1 Physical model setup
	2.2 Mangrove forest model
	2.3 Instrumentation
	2.3.1 Water surface elevations
	2.3.2 Velocity measurements

	2.4 Hydrodynamic conditions

	3 Data Analysis
	3.1 Preliminary analysis
	3.1.1 Wave height analysis
	3.1.2 Linear dispersion relation

	3.2 Wave height attenuation
	3.2.1 Damping coefficient
	3.2.2 Drag coefficient
	3.2.3 Manning’s roughness coefficient n


	4 Results
	4.1 Wave height attenuation
	4.1.1 Damping coefficient
	4.1.2 Drag coefficient
	4.1.3 Manning’s roughness coefficient n


	5 Conclusions
	5.1 Review of findings
	5.2 Implications for using mangroves as part of coastal storm risk management solutions

	References
	Appendix A : Mangrove Field Methods
	A.1 Mangrove forest vegetative characteristics
	A.1.1 Mangrove study plots
	A.1.2 Species dominance

	A.2 Trunk and canopy
	A.2.1 Tree diameter at breast height (DBH)
	A.2.2 Tree density (individual trees/square meter)
	A.2.3 Stand Basal Area (square meter/hectare)
	A.2.4 Tree height (meters)
	A.2.5 Aboveground biomass (kilogram/square meter)

	A.3 Roots
	A.3.1 Root density (roots/square meter)
	A.3.2 Root height (centimeter)
	A.3.3 Root Diameter (centimeter)
	A.3.4 Root spread distance (meters)


	Appendix B : Wave Gauge Calibration Data
	Appendix C : Wave Damping Coefficients
	C.1 Irregular Waves
	C.2 Regular waves

	Appendix D : Drag Coefficients
	D.1 Irregular waves
	D.2 Regular waves

	Appendix E : Manning’s n

	Abbreviations
	REPORT DOCUMENTATION PAGE

