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ABSTRACT
Wave attenuation by live marsh vegetation was investigated experimentally in this study. Laboratory experiments were
conducted in a 20.6 m long, 0.69 m wide and 1.22 m deep wave flume under regular and random waves. The vegetation
species used are Spartina alterniflora and Juncus roemerianus, which widely exist along the U.S. coastlines. Field
measurements were conducted under high-energy conditions during a tropical storm at a salt marsh in Terrebonne Bay on the
Louisiana coast of the Gulf of Mexico. The field site was dominated by S. alterniflora. The wave attenuation data were
compared against an analytical model, and the bulk drag coefficient of vegetation was then calibrated in each experiment run.
The drag coefficient of S. alterniflora is found to be a function of the Keulegan-Carpenter number, whereas the drag
coefficient of J. roemerianus is closely related to the Keulegan-Carpenter number and vegetation submergence (ratio of
vegetation height and water depth). The importance of submergence for J. roemerianus is due to that its stem diameter and
density vary along elevation. It is recognized that the data using regular and random waves collapse into single relation for
each species by using significant wave height and peak wave period as the representative parameters in the KeuleganCarpenter number.
KEWORDS: Marsh vegetation, wave attenuation, regular waves, random waves, drag coefficient.
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INTRODUCTION

Surge and waves generated by hurricanes and other severe storms can cause devastating damage of property and loss of
life in coastal areas. Vegetation in wetlands, coastal fringes and stream floodplains can reduce storm surge and waves while
providing ecological benefits and complementing traditional coastal defense approaches such as permanent levees, seawalls
and gates. However, how to quantify surge and wave reduction needs more investigations.
Several theoretical studies were carried out on wave attenuation by vegetation. Dalrymple et al. (1984) presented the first
theoretical model of wave energy dissipation assuming plants as rigid cylinders that exert drag force on monochromatic waves.
The Dalrymple et al. (1984) formulation was extended by Mendez et al. (1999) and Mendez and Losada (2004) for irregular
waves. Kobayashi et al. (1993) presented an approach based on continuity and momentum equations demonstrating
exponential wave height decay. Chen and Zhao (2012) proposed models on random wave energy dissipation based on the
joint probability distribution of wave heights and wave periods. Lowe et al. (2005, 2007) developed a theoretical model of
monochromatic wave flow structure inside a model canopy of rigid cylinders based on momentum balance and extended the
model to random wave conditions. Mullarney and Henderson (2010) investigated the wave-vegetation interaction and derived
an analytical model for the wave-induced movement of single-stem vegetation treated as an Euler-Bernoulli problem for a
cantilevered beam.
Wave propagation through water body with vegetation has been studied in controlled laboratory environments by Dubi
and Tørum (1996), Løvås and Tørum (2001), Augustin et al. (2009), Chakrabarti et al. (2011), and Stratigaki et al. (2011),
among others. Field investigations of waves over vegetation have been carried out for salt marshes (Möller et al., 1999; Möller
and Spencer, 2002; Cooper, 2005; Möller, 2006; Bradley and Houser, 2009; Mullarney and Henderson, 2010), coastal
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mangrove forests (Mazda et al., 2006; Quartel et al., 2007), and vegetated lakeshores (Lövstedt and Larson, 2010). All these
studies show that wave energy can be attenuated by vegetation, and the effectiveness of attenuation depends on vegetation
types and wave environment.
To understand and quantify the attenuation of waves by live marsh vegetation, a series of laboratory experiments and
field observations were conducted in this study. Two marsh vegetation species commonly distributing along the U.S.
coastlines were selected. A large number of data were collected to develop formulas for the drag coefficient of the tested
species.
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LABORATORY EXPERIMENTS

Experiments were conducted in a 20.6 m long, 0.69 m wide and 1.22 m deep wave flume (Figure 1). The bottom of the
wave flume was elevated 0.29 m by a plywood false floor to facilitate the placement of vegetation. A ramp with a slope of
1/7 was built in front of the wave generator to provide a gradual transition up to the false floor. A porous, parabolic wave
absorber was constructed at the downwave end of the flume to minimize wave reflection. The effective length of the flume
from the wave generator to the toe of the absorber was 16.9 m. A 3.6 m long test section was placed 11.5 m away from the
wave generator. Tape water was used in the experiments, and the water temperature varied between 20–24ºC.

Figure 1. Definition sketch of the experimental setup.

The studied marsh vegetation species were Spartina alterniflora Loisel. (smooth cordgrass) and Juncus roemerianus
Scheele. (black needlegrass rush) (Figure 2). Both are perennial emergent grasses and widely distribute along the U.S.
coastlines. Pennings et al. (2005) investigated the factors producing zonation patterns of the dominant plants in salt marshes
in south-eastern U.S., and found that J. roemerianus dominates the high marsh and S. alterniflora dominates the middle and
low marsh. We collected samples of S. alterniflora from Terrebonne Bay, Louisiana and Grand Bay, Mississippi, USA and
J. roemerianus from Grand Bay, Mississippi, USA, and measured the geometric properties of these plants to provide initial
data for the design of the experiments.
Green S. alterniflora and J. roemerianus used in the experiments were obtained from an outdoor nursery near Houma,
Louisiana, USA. They were transferred to the laboratory in six custom-built PVC boxes. The boxes were 68 cm wide, 61 cm
long and 21 cm deep. Each box contained sixteen rectangular cells that measured 17 cm by 15 cm. Plugs of vegetation with
an approximately equal number of stems were placed into each cell to provide an even distribution and control the stem
density. The remaining gap around the plugs was filled with native soil. After being installed in the wave flume, the plants
were irradiated by three 750 W growing lights for 10 hours per day for a 30 day period. The wave flume was filled with fresh
water to just above the soil level during this recovery period. For each live vegetation species tested in the flume, vegetation
density (Nv), stem height (hv) and diameter (Dv) were measured (Table 1). The vegetation densities in Table 1 are typical
values observed on the aforementioned sites of the Louisiana and Mississippi coasts (Wu et al., 2011, 2012).
Five capacitance-type wave probes were used to measure water surface displacement. The sampling rate of the wave
probes was 30 Hz, and the spatial resolution was 0.24 mm. The probes were calibrated in the wave flume with a point gauge
to ensure accurate water level measurements, and the calibrations were checked several times during the study. One of the
probes was placed 3 m from the paddle to measure the incident wave height, and the remaining four were distributed along
the test section at 1.5 m intervals starting 0.5 m upwave of the vegetation field (Figure 1).
Wave generation and data collection were controlled by a computer, which enabled automation of multiple experiments.
Regular and random waves were used in the experiments. For each vegetation configuration, a range of combinations of wave
height, period, and water depth was used. The still water level was measured with a point gauge before each set of experiments
and used later for calibration. Regular wave experiments were run for at least 100 wave cycles and each experiment was
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repeated three times. Reference runs without vegetation were also performed for the same wave properties as used with
vegetation. Irregular waves were generated using a set of JONSWAP spectra. Five 100Tp long irregular time series signals
were established for each spectrum to generate approximately 500 waves for each condition, where Tp is the peak wave period.
The five sets of wave spectra corresponding to the recorded wave height time series at each gauge were averaged in the
frequency domain, and the average wave spectrum was used to calculate wave properties.

(a)

(b)

Figure 2. Studied vegetation species: (a) Spartina alterniflora Loisel. (Wikipedia, 2016),
and (b) Juncus roemerianus Scheele. (University of Florida, 2016)

Table 1. Properties of vegetation used in the lab experiments.
Vegetation type

Density
Nv (m-2)

Stem height
hv (m)

Stem diameter
Dv (mm)

S. alterniflora
J. roemerianus

405
2857

0.59± 0.21
1.03±0.27

6.5±0.9
2.4±0.6

The zero down-crossing method was used to evaluate the wave heights and wave periods for regular waves. The
individual wave heights were defined as the difference between the highest and lowest water surface readings between two
zero down-crossing points. For irregular waves, periods were obtained through spectral analysis by using a Fast Fourier
Transform (FFT) routine. The peak wave period, Tp, which is the reciprocal of the spectral frequency at the maximum spectral
density, was used as the wave period. The energy based significant wave height is defined by the square root of zero-th
moment of the energy spectrum (Longuet-Higgins 1952) as follows:
H mo  4.0 m0

(1)

where m0 is the zero-th moment of the wave spectrum. The wave properties used in the laboratory experiments are shown in
Table 2.
Table 2. Wave conditions in the lab experiments.
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Regular waves

Irregular waves

Wave height - Hi (Hmo) (m)

0.02 – 0.15

0.02 – 0.10

Wave period - T (Tp) (s)

0.7 – 2.0

0.7 – 1.8

Water depth - h (m)

0.4 – 0.7

0.5 – 0.7

FIELD MEASUREMENTS

Wave data were collected over a two-day period (September 3-4, 2011) at a salt marsh wetland in Terrebonne Bay on the
Louisiana coast of the Gulf of Mexico during Tropical Storm Lee. Situated in the Mississippi River delta, Terrebonne Bay is
a shallow estuary bounded by the natural levees of Bayou Terrebonne on the east, and the Houma Navigation Canal on the
west. Salt marshes line the upper portion of the bay, where vegetation communities include smooth cordgrass (Spartina
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alterniflora) and salt marsh meadow (Spartina patens). On the south, the bay is bordered by a series of narrow, low-lying
barrier islands. The wave environment in the bay is generally comprised of locally generated seas, but offshore swell waves
also propagate inwards through the gaps in the barrier island chain, or when the barrier islands are flooded by a tropical storm
surge. The region has a micro-tidal environment (tidal range < 0.5 m) and depths in the bay vary from 1 to 3 m. The southern
fetch varies from 10 to 24 km. The region experiences annual winter cold weather fronts, and surge and waves from tropical
cyclones.
The marsh site selected for the field study is a vegetated platform wetland with a shallow bay on the windward (south)
side (Figure 3). On the leeward (north) side the marsh extends for a distance of about 500 m, beyond which lies open water
of the bay. A field topographic survey along a north-south transect shows a very low berm near the southern edge from where
the marsh floor gently slopes inland. The southern marsh edge, where the incident waves first landed, has an approximate
east-west alignment. The shore-normal direction has a bearing of 20°. Five wave gages (pressure transducers W0 through
W4) were deployed along a north-south transect nearly perpendicular to the marsh edge. Gage W0 was located in the open
water on the up-wave (south) side of the marsh about 45 m away at a depth of about 1.4 m below the mean sea level, to
measure incoming wave energy. Gage W1 was the first gage on the marsh that encountered incident waves. This gage was
placed more than 16 m inwards (north) of the marsh edge to avoid the breaking zone created by waves breaking at the marsh
edge. The post-cyclone survey of the site showed vegetation and surface damage within 8 to 10 m of the edge. The remaining
three gages, W2, W3 and W4, were further inland; gage W4 being the farthest north at 43.8 m from the first marsh gage W1.
All gages were self-logging pressure sensors that sampled continuously at 10 Hz over the duration of the storm. The sensors
were encased in a heavy metal base to ensure stability under passing waves.

Figure 3. Study area location (Terrebonne Bay, Louisiana) and the schematic of experimental set up showing wave gages
(W1-W3). Gage elevations relative to gage W1. Not to scale.

The dominant vegetation at the site is Spartina alterniflora. This plant typically has a thick stem, with tapering flexible
narrow blades. Vegetation properties were measured 11 days after the storm. Stem population density Nv, stem height hv, total
plant height hvt, stem diameter Dv, and Young’s Modulus Ev were measured at one location each between gages W1-W2 and
W2-W3. The population density is the number of stems in one meter square area. The stem height is defined as the length
between the plant base and the location of the topmost blade along the stem. The total plant height is defined as the length
between the plant base and the tip of the plant with all blades aligned along the stem. The representative diameter of the plant
was measured at one-fourth the stem height. The Young’s Modulus was determined from measuring force required to bend
the stem in the field from a certain height by a known angle and applying the Euler-Bernoulli beam theory. All above
parameters were measured for 14 plants at each location. The mean and standard deviation of the measurements collected
from the sites between gages W1 and W2 and between gages W2 and W3 are given in Table 3.
Table 3. Properties of vegetation in the field measurements (mean and standard deviation).
Site

Density Nv
(m-2)

Stem height
hv (m)

Total plant height
hvt (m)

Stem diameter
Dv (mm)

Young’s modulus
Ev (MPa)

Between W1 and W2
Between W2 and W3

424
420

0.21±0.04
0.23±0.06

0.62±0.05
0.63±0.11

8.0±1.1
7.5±1.3

80±27
79±32

The wave energy spectra and the integral wave parameters were calculated using standard spectral analysis. The measured
continuous pressure time series was first divided into consecutive segments or bursts of 15 minutes. For each burst, the spectral
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density of pressure, Sp, was calculated using Welch’s periodogram method (e.g., Bendat and Piersol, 2000). The pressure
spectra were transferred to wave energy spectra, Se, using the linear wave theory. The spectral energy above 0.7 Hz is generally
less than 5% of the total energy, so it was excluded. The significant wave height was calculated using Equation (1) and the
root-mean-squared (RMS) wave height, H rms  2 2m0 . The observed wave parameters are given in Table 4.
All measurements recorded when the water depth was less than 0.4 m were eliminated, because the wave energy was
found to be negligible at these levels. Thus, the study represents submerged vegetation conditions only. In the last gage
segment, between W3 and W4, the characteristic exponential energy dissipation due to vegetation was observed during only
5 bursts. Therefore, the entire dataset from gage W4 was not used in this analysis. The wave energy losses due to vegetation
were considered dominant compared to the other source terms. To ascertain the validity of this assumption, the relative
magnitude of source terms of the local wave generation and the losses due to bottom-friction, white-capping, and depthlimited breaking were evaluated. The wave records with significant potential for these source terms were removed. Details of
wave data analysis are reported in Wu et al. (2011, 2012).
Table 4. Range and mean (in parentheses) of wave parameters in the field measurements.
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Parameter

Gage W1

Gage W2

Gage W3

Depth, h (m)
Significant wave height, Hm0 (m)
Peak wave period, Tp (s)
Relative wave height, Hm0/h

0.40-0.82 (0.55)
0.15-0.40 (0.24)
2.5-4.7 (4.0)
0.36-0.49 (0.41)

0.57-1.0 (0.72)
0.07-0.28 (0.14)
1.2-4.5 (2.3)
0.12-0.29 (0.18)

0.57-1.01 (0.72)
0.04-0.21 (0.09)
1.3-4.5 (2.6)
0.08-0.22 (0.12)

ANALYTICAL MODEL OF WAVE ENERGY DISSIPATION BY VEGETATION

As waves travel through a waver body with vegetation, their energy changes due to local wave generation, white-capping,
depth-limited breaking, bed friction and vegetation resistance. Among all these sources/sinks, the vegetation resistance is
usually dominant. Therefore, the energy balance equation of monochromatic (regular) waves can be written as



 Cg E
x

  S

v

(2)

where x is the cross-shore coordinate, E is the wave energy density, Cg is the group wave celerity, and Sv is the time averaged
rate of energy dissipation due to vegetation per unit horizontal area. The energy loss due to vegetation can be approximated
as (e.g., Dalrymple et al., 1984; Mendez and Loasada, 2004)

Sv 

1
T

t T hv  h

 
t

Fx udzdt

(3)

h

where u is the wave velocity acting on the vegetation, and Fx is the drag force by the vegetation elements:
Fx 

1
CD  Dv N v u u
2

(4)

where CD is the drag coefficient, and ρ is the water density. The drag coefficient for a single cylinder is related to the Reynolds
number. For an array of vegetation elements, the bulk drag coefficient CD is also related to other factors, such as geometrical
and mechanic properties of vegetation.
For rigid vegetation over a flat bed, assuming linear wave theory and constant quantities over the depth, the regular wave
height evolution can be written as (Dalrymple et al., 1984)

H
1

H i 1  x

(5)

where Hi and H are the incident wave height and wave height in the vegetation zone, and  is a damping factor defined by



4
sinh 3 kah  3sinh kah
H i CD Dv N v k
9
(sinh 2kh  2kh) sinh kh

5

(6)

where a  hv / h for submerged vegetation and unity for emergent vegetation. A similar relation can be established for
irregular waves (Mendez and Loasada, 2004), which can be written as Equation (5) with H being replaced by the RMS wave
height Hrms and the damping factor



1
3 

H rmsi CD Dv N v k p

sinh 3 k p ah  3sinh k p ah
(sinh 2k p h  2k p h)sinh k p h

(7)

where kp is the wave number associated with the peak period k p  2 Lp .
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DATA ANALYSES AND RESULTS

By using the profiles of wave height measured in each run of the lab experiments and field measurements, we can
determine the decay rate coefficient  in Equation (6) or (7), and in turn the drag coefficient CD. CD is then related to the
Reynolds number and Keulegan-Carpenter number. In this study, the Keulegan-Carpenter number is found to have good
correlation with drag coefficient. It is defined as

Kc 

uc T
Dv

(8)

where T is the wave period,, and uc is the characteristic velocity defined as the maximum horizontal velocity just before the
vegetation zone at the height of the submerged portion of vegetation:

H cosh  kah 
T sinh  kh 

uc 

(9)

For the cases of regular waves, the wave height H and wave period T are used in Equation (9). For the cases of irregular
waves, H may be replaced by the significant wave height Hmo or the RMS wave height Hrms, and T may be the peak wave
period Tp or the mean wave period Tz. In this study, the significant wave height Hmo and the peak wave period Tp are used for
H and T in Equation (9). Through this arrangement, the data of random and regular waves can collapse into single relation of
CD and KC, as explained below for the two vegetation species S. alterniflora and J. reomarianus.
5.1 Spartina Alterniflora
Figure 4 shows the relation of CD and KC derived from all the laboratory and field data for live (green) S. alterniflora.
The waves encountered in the field measurement are random waves, whereas the waves used in the laboratory experiments
are both regular and random. One can see that the data from regular and random waves closely distribute along a single strip.
Because the waves in the field measurements have higher wave heights and longer wave periods, the field data have larger
KC than the laboratory experiment data. The general trend of all the laboratory and field data (3.6<KC<250) can be represented
by the following regression equation:

CD  0.825 

665
KC1.4

(10)

The coefficient of correlation, R2, is 0.906 for Equation (10). The other performance statistics used include the rootmean-square error and bias defined as

log  Erms  

1 N   CD,predicted
 log 
N i 1   CD,measured

log  bias  

1
N

N

 CD ,predicted 

 D ,measured 

 log  C
i 1





2

(11)

(12)

The log(bias) and log(Erms) are -0.00009 and 0.108, respectively, for Equation (10). These statistics indicate that the drag
coefficient is highly related to the Keulegan-Carpenter number, and Equation (10) represents well the relationship of CD and
KC for live S. alterniflora.

6

Figure 4. Relationship of drag coefficient and Keulegan-Carpenter number for S. alterniflora.

5.2 Juncus Roemerianus
Figure 5 shows the relation of CD and KC for live (green) J. roemerianus based on the data collected in the lab
experiments. No field data are obtained for this vegetation species. Unlike the case of S. alterniflora, the measured data of J.
roemerianus scatter widely and do not support a single relation between CD and KC. After carefully checking the data, it is
found that the drag coefficient of J. roemerianus is also related to the relative vegetation height hv/h. The reason is that stem
diameter and density of J. roemerianus vary along elevation (Ozeren et al., 2015). Therefore, the data are reanalyzed by
changing the independent variable as KC(hv/h)-2. Figure 6 shows the relation of CD and KC(hv/h)-2, including the data of regular
and random waves. All the data collapse to a single relation which is represented by the following regression equation:

CD 

33.7
 K C  hv h 2 



0.915

(13)

Equation (13) has a R2 of 0.903, log(bias) of -0.0017, and log(Erms) of 0.080. The data in Figure 6 covers 1.47<hv/h<2.58
and 4.5<KC<280.

Figure 5. Relationship of drag coefficient and Keulegan-Carpenter number for J. roemerianus.
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Figure 6. Drag coefficient as function of Keulegan-Carpenter number and relative vegetation height for J. roemerianus.

5.3 Comparison of Drag Coefficients of S. alterniflora and J. roemerianus
The drag coefficients of S. alterniflora and J. roemerianus are compared in Figure 7. For more clear view, only the CDKC regression relation of S. alterniflora shown in Figure 4 is used in Figure 7. One can see that the drag coefficient of S.
alterniflora is close to that of J. roemerianus with high hv/h values, and larger than that of J. roemerianus with low hv/h values.
Overall, S. alterniflora has larger drag coefficient than J. roemerianus. This is due to different properties of these two
vegetation species. One reason is that the cordgrass S. alterniflora has larger leaves than the needlegrass J. roemerianus.
Another reason is that the stem diameter and population density of J. roemerianus vary more significantly along elevation.

Figure 7. Comparison of drag coefficients of S. alterniflora and J. roemerianus.
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CONCLUSIONS

Wave attenuation by live marsh vegetation was investigated in laboratory and field experiments. The laboratory
experiments were conducted in a 20.6 m long, 0.69 m wide and 1.22 m deep wave flume under regular and random wave
conditions. The vegetation species used in the laboratory experiments are Spartina alterniflora and Juncus roemerianus. S.
alterniflora widely exists along the eastern, western and southern U.S. coastlines, while J. roemerianus is popular along coast
of the Gulf of Mexico. The field measurements were conducted under high-energy conditions during the Tropical Storm Lee
(September 3-4, 2011) at a salt marsh wetland in Terrebonne Bay on the Louisiana coast of the Gulf of Mexico, USA. The
dominant vegetation on the field site was S. alterniflora.
The wave attenuation data were compared against the analytical models of Dalrymple et al. (1984) and Mendez and
Loasada (2004). The bulk drag coefficient of vegetation was calibrated in each experiment run. The drag coefficient of S.
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alterniflora is related to the Keulegan-Carpenter number, whereas the drag coefficient of J. roemerianus is related to the
Keulegan-Carpenter number and vegetation submergence (ratio of vegetation height and water depth). The importance of
vegetation submergence for J. roemerianus is due to that its stem diameter and density vary along the elevation. Regression
equation is obtained for the drag coefficient of each tested vegetation species, and found to have good accuracy compared
with the measured data.
It is recognized that Ozeren et al. (2015) obtained different relations for the drag coefficient of each vegetation species
under regular and random waves in the laboratory experiments. In the present study, the data using regular and random waves
collapse into single relation for each species by using the significant wave height and peak wave period as the representative
parameters of random waves in the calculation of the Keulegan-Carpenter number. The newly derived relations of drag
coefficient cover a wider range of wave conditions and combined regular and random wave data.
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