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Abstract: Wave damping in vegetation in shallow lakes reduces resuspension and thereby improves the light climate and decreases
nutrient recycling. In this study, wave transformation in reed (Phragmites australis) was measured in a shallow lake. Theoretical models
of wave height decay, based on linear wave theory, and transformation of the probability density function (PDF), using a wave-by-wave
approach, were developed and compared to the collected data. Field data showed an average decrease in wave height of 4-5% m™!
within the first 5-14 m of the vegetation. Incident root-mean-square wave height was 1-8 cm. A species-specific drag coefficient Cp, was
found to be about 9 (most probable range: 3-25). C, showed little correlation with a Reynolds number or a Keulegan-Carpenter number.
The PDF for the wave heights did not change significantly, but for longer distances into the vegetation and higher waves it tended to be
more similar to the developed transformed distribution than to a Rayleigh distribution. Relationships developed in this study can be

employed for management purposes to reduce resuspension and erosion.
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Introduction

Background

Wave energy dissipation in vegetation has several engineering
and ecological applications. Waves at ocean shores are known to
lose energy in kelp beds (Mendez and Losada 2004), seagrass
meadows (Fonseca and Cahalan 1992), saltmarsh vegetation
(Knutson et al. 1982; Moller and Spencer 2002; Moller 2006),
and mangrove forests (Massel et al. 1999; Mazda et al. 2006;
Quartel et al. 2007). These vegetated belts act as buffer zones
protecting nearshore structures and ecosystems [e.g., Asano et al.
(1992)]. In shallow lakes and wetlands, submerged and emergent
vegetation are known to reduce resuspension of bottom sediments
by decreasing the wave energy (Hamilton and Mitchell 1996;
Horppila and Nurminen 2001; Houwing et al. 2002). This reduc-
tion has several ecological effects as light climate is enhanced and
internal loading of sediment-bound nutrients is reduced.

The effect of submerged macrophytes on wave-induced resus-
pension in shallow lakes has been the subject of several investi-
gations [e.g., Blindow et al. (2002) and Houwing et al. (2002)],
whereas the impact from emergent vegetation is less known. One
main advantage for emergent vegetation, like reed, is that it is not
negatively affected by higher turbidity as is the submerged veg-
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etation. A common problem in shallow lakes all over the world is
the loss of submerged vegetation due to lower light availability as
a consequence of increased nutrient loading and subsequent algal
blooms [e.g., Scheffer et al. (1993) Hamilton and Mitchell (1997)
and Rasmussen and Anderson (2005)]. Left to protect the sedi-
ment from resuspension is the emergent vegetation, commonly
growing along the shores of these ecosystems.

Previous Studies

Knowledge on the damping of waves in vegetation has been pro-
vided by theoretical models, laboratory experiments and to a lim-
ited extent by field measurements. Dalrymple et al. (1984) used
linear wave theory to describe the wave energy dissipation in
clusters of cylinders representing the effect of giant kelp or sub-
merged trees in overland flooding during hurricane events. The
same approach may be used for emergent reed vegetation as the
geometry of the reed belt is similar to a cluster of cylinders.
Kobayashi et al. (1993) further developed the model of Dal-
rymple et al. (1984) and showed that it predicted wave decay in
submerged kelp vegetation in laboratory experiments with reason-
able accuracy. They improved the model by including the sway-
ing motion of the vegetation (Asano et al. 1992) and later
combined the wave model with a current model (Ota et al. 2005).
Mendez and Losada (2004) also used the model of Dalrymple et
al. (1984) and added the effect of shoaling and wave breaking to
analyze the transformation of waves over vegetated fields. The
model described the wave transformation over artificial sub-
merged kelp in the laboratory well. Dean and Bender (2006) used
linear wave theory to show that wave damping over vegetated
areas had a significant effect on the static wave setup, where the
vegetation was represented by emergent cylinders. The attenua-
tion of unidirectional flow within vegetation has been well docu-
mented (Mazda et al. 1997; Nepf 1999; Leonard and Reed 2002;
Tanino and Nepf 2008).
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Most modeling studies have focused on the spatial change of
one representative wave height (for example, the significant wave
height), simulating the wave transformation based on a mono-
chromatic description, not taking into account any randomness of
the wave field. Waves in the field display random behavior, where
a Rayleigh distribution typically is a good characterization of the
random variation in wave height for deep-water conditions. The
random properties of the wave field were included in the model
by Mendez and Losada (2004), who assumed that the Rayleigh
distribution was valid throughout their study area, also in the
vegetation belt.

Field data on wave damping in vegetation are rare compared
to laboratory data; however, the attenuation by saltmarsh vegeta-
tion in coastal regions has been investigated in several studies
(Knutson et al. 1982; Moller and Spencer 2002; Moller 2006),
and some experiments have been carried out in mangrove forests
(Massel et al. 1999; Mazda et al. 2006; Quartel et al. 2007) and
over kelp belts (Lgvas 2000). Méller and Spencer (2002) showed
that the reduction in significant wave height H, was largest over
the first 10 m of saltmarsh vegetation (1-2% m™' for waves with
incident H; around 30 cm and water depth of 1-3 m). In a later
study Moller (2006) showed that the reduction in significant wave
height H, over the first 10 m of saltmarsh was about 1% m™!
(with large variability ranging from 0.008 to 3% m™') when inci-
dent H, was about 20 cm and water depth was below 1 m. Fon-
seca and Cahalan (1992) showed that the wave heights over
different types of seagrass were reduced by approximately 40%
over 1.0 m of vegetation in the laboratory when the incident wave
height was 2—4 cm.

Wave damping due to vegetation in lakes has been even less
investigated than in the ocean, especially with regard to field mea-
surements, although its indirect effects on the light climate are
well known [e.g., Hamilton and Mitchell (1996)]. However, the
damping of waves over submerged vegetation has been analyzed
in the laboratory (Houwing et al. 2002). Also, the indirect effects
have been studied by comparing turbidity in different lakes to the
bottom coverage of submerged vegetation (Hamilton and Mitchell
1996). Thus, there is a need for further knowledge on the direct
coupling between turbidity, resuspension, and wave damping in
vegetation in shallow lakes and wetlands.

The wave damping effects by common reed (Phragmites aus-
tralis) has been investigated together with another emergent spe-
cies (Scripus lacustris) in a tank experiment by Coops et al.
(1996) to analyze the potential for erosion protection from ship-
induced waves at river banks. They showed that Phragmites aus-
tralis reduced the wave height most effectively and this reed was
also most capable to withstand the wave energy while Scripus
lacustris was damaged.

Wave damping in vegetation depends on the geometrical (e.g.,
diameter, branching, and height) and physical characteristics (e.g.,
flexibility and buoyancy) of the plant. Vegetation reaching the
water surface and above is more effective in reducing wave height
than deeply submerged vegetation (Kobayashi et al. 1993). Many
investigations on wave damping in vegetation [e.g., Kobayashi et
al. (1993), Massel et al. (1999), and Quartel et al. (2007)] aimed
to find a drag coefficient to predict the wave energy dissipation
for a specific type of geometry or plant species. This drag coeffi-
cient sometimes includes the geometry of the plant (Quartel et al.
2007), but preferably it should be independent of geometrical
parameters enabling modeling of the same type of vegetation with
varying geometries, for example, spacing and stem diameter.
Mendez and Losada (2004) related the drag coefficient to a
Keulegan-Carpenter number and expressed the need for further

investigation of the dependence on this number for different types
of plants. To achieve a better understanding of the resuspension in
lakes more laboratory and field data on damping due to vegetation
are needed (Teeter et al. 2001), as well as on drag coefficients for
different vegetation types (Kobayashi et al. 1993).

Objectives and Procedure

The damping of wind waves in reed vegetation in a shallow lake
was studied to improve the understanding of emergent vegetation
for the light climate and shore stabilization in such ecosystems.
There is a lack of knowledge on energy dissipation and wave
height distribution changes for natural waves in reed vegetation
(Phragmites australis). Thus, this study aimed at (1) examining
the damping effects to find a species-specific drag coefficient in-
dependent of the density and stem diameter of the vegetation and
(2) analyzing possible changes in the probability density function
(PDF) for waves traveling through the vegetation.

Field experiments were carried out to collect data on wave
heights outside and within the vegetation in a shallow lake.
Thereafter a mathematical model describing the wave height re-
duction within the vegetation was developed based on linear wave
theory. A model for PDF transformation due to vegetation was
also derived using a wave-by-wave approach. Finally, the predic-
tions by the models were compared with the field data.

Theoretical Developments

Transformation of Monochromatic Waves

The transformation of the waves through a reed belt may be de-
scribed by the wave energy flux conservation equation, which is
written for nonbreaking monochromatic, normally incident waves
using linear wave theory

d
—(EC)=-D,~D; (1

where E=wave energy density (=1/8 pgH?; see below); C A
=wave group speed (=nC; n=(1+2kd/sinh 2kd)/2; C=c/k; see
below); D,=energy dissipation due to the reed belt; Dy=energy
dissipation due to the bottom friction; and x=coordinate originat-
ing at the seaward end of the reed belt pointing onshore. The
dissipation caused by the reed belt are expressed as (Dalrymple et
al. 1984)

(2)

gk )* sinh kd(cosh® kd + 2)
20 3k cosh® kd

2 3
D,=—CpNDH’
3

where Cp=depth-averaged drag coefficient; p=water density; N
=reed density (number of vegetation stands per unit horizontal
area); D=diameter of an individual reed stand; H=wave height;
g=acceleration due to gravity; k=wave number; oc=wave fre-
quency; and d=water depth. Eq. (2) is derived by integrating the
total force over the water depth and averaging over a wave pe-
riod, expressing the force on the reed at any particular time and
depth by a Morison-type equation (Chakrabarti 1987). The energy
dissipation due to bottom friction is given by (Nielsen 1992)
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2
D,=—pfpUs 3
f 3_H_PfD b (3)

where fp=wave energy dissipation coefficient and U,
=horizontal bottom orbital velocity amplitude. From linear wave
theory, the velocity U, is obtained as

3
gk 1
Uy = (—) ——H 4

7\ 20/ cosh® kd “
Thus, both D, and Dy depend on H? as well as on some function
of the water depth (or x, if the relationship between A and x is
known).

Substituting in Egs. (2) and (3) into Eq. (1) yields

d 2 K\ o1
==l )

31Tp 20/ cosh’ kd
sinh kd(cosh® kd +2) R
x| C,ND " +fp|H  (5)

To allow for a closed-form solution in the general case, the
wave energy flux F=EC, is introduced in Eq. (5) together with
the two functions, {; and {s,, which both depend on the water
depth (or x)

d
E(F) == (Cpi, +fD)F3/2 (6)
where
2 (gk) 1 8’
= 3_11'(%) cosh® kd \[pe32C3"2 @)
Vpg Tl
sinh kd(cosh? kd +2)
Y =ND (®)
3k
The solution to Eq. (6) is
1 1 X -2
F=|-=+2[ U(Cpl+[fp)dx )
\Fr) 2 0

where F,=wave energy flux at x=0. For the case of a constant
water depth, Eq. (9) simplifies to

F, 5 (10)

F=
1 —
{1 + 5\‘”Fo¢1(CD¢2 +fD)xJ

Eq. (10) may be expressed in terms of the wave height

H= A, (11)

1 —
I+ EVFn‘hl(CDllfz +fp)x

where H,=wave height just outside the reed belt. If bottom fric-
tion is negligible, Eq. (10) can be further reduced to

Bt (12)

l ”_
1+ E\"Foll’ICD"!"zx
Eq. (12) is identical to the solution presented by Mendez and

Losada (2004) who studied propagation of random waves over
vegetation fields.
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Transformation of PDF

Egs. (9)—(12) were derived for monochromatic waves and such
equations are often employed to field conditions using a represen-
tative wave height [e.g., the root-mean-square (RMS) or signifi-
cant wave height]. In the field, however, waves are random in
their character with varying height, period, and direction. The
assumption is often made that the wave field is narrow-banded in
period and direction and the randomness enters primarily through
the wave height (Dally 1990; Larson 1995), and this assumption
will also be made here. Mainly two approaches exist to model the
transformation of random waves: (1) making an assumption about
the general form of the PDF and integrating the governing equa-
tion using the assumed PDF to arrive at a wave transformation
equation valid for random waves (Battjes and Janssen 1978;
Thornton and Guza 1983) and (2) using a wave-by-wave ap-
proach where the PDF in the offshore is assumed and individual
waves taken to make up this PDF are transformed onshore after
which they are superimposed to obtain the local PDF across the
domain (Dally 1990; Larson 1995). Here the latter approach will
be employed to derive the wave height PDF at any location x in
the reed belt. Mendez and Losada (2004) took the former ap-
proach when they developed their random wave transformation
model.

It is assumed that the wave heights outside the reed belt are
described by a Rayleigh PDF according to

2H, H, \*
-2 (5]
Hgso Hyrwmso
where Hyys,=RMS wave height and subscript o denotes the lo-
cation outside the reed belt. Every individual wave making up the

PDF outside the reed belt is described by Eq. (12) as it propagates
through the reed. The transformation of the PDF is given by

0

dH

p(H)=p(H,) (14)

where p(H)=PDF for the transformed wave height. Expressing
H, as a function of H using Eq. (12) yields (note that F,
=1/8pgH.C,)

Hy=— (15)

1
1 —-—-xBH
2
where the coefficient B was introduced

1 12
B= (gpgcg> dsCp (16)

Taking the derivative of H, with respect to H in Eq. (15) and
substituting it into Eq. (14) together with Eq. (13) yields

o2 { ( 1 H )2]
p(H) = exp| - T
Hyuso (1 - 3xBH)? Hgyis, 1 — SxBH

(17)

Although the Rayleigh PDF has no upper limit on the wave
height, Eq. (15) is only meaningful if xBH <2, implying an upper
limit for the wave height in the PDF given by Eq. (17) according
to H<2/xB. If x—0, Eq. (17) reverts to Eq. (13) with the upper
limit H,— c°.

Fig. 1 illustrates the transformed PDF given by Eq. (17) in
nondimensional form for different values of the parameter
xBHpgys,- Since the dissipation is proportional to H°, the larger
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Fig. 1. Transformed PDFs with regard to energy dissipation in a reed
belt for different values of the parameter xBHyys,. (Rayleigh PDF is
assumed for no dissipation.)

waves experience more dissipation than the smaller waves and the
PDF changes shape with more probability mass being concen-
trated to lower wave heights. The further away the waves propa-
gate from the starting point outside the reed belt, the larger the
dissipation is and the more the PDF becomes skewed toward
lower wave heights.

Field Measurements

Field Site

Wave damping in reed vegetation was measured during July 2006
in the shallow Lake Krankesjon (55°42'N, 13°28’E) in south-
ern Sweden. The lake is classified as a Wetland of International

N
0 500 m
1

Shallow site

Importance according to the Ramsar Convention on Wetlands,
and it is also included in the Natura 2000 ecological network,
established by the European Union to protect rare and endangered
species and habitats. The surface area is 3 km? and the maximum
and mean depths are 3.0 and 0.7 m, respectively. Wind-induced
resuspension of bottom sediments has been found to be the main
mechanism affecting the light availability in the lake (Blindow et
al. 2002). Lake Krankesjon is moderately eutrophic and has a rich
cover of reeds, mainly Phragmites australis, along the entire
shoreline. The growing season of reed is from the beginning of
May until the end of September. Two sites with different density
of vegetation and different depths were chosen for the field mea-
surements; the shallow site and the deep site (Fig. 2). It should be
noted that the names refer to the absolute depth at the site and that
the relative depth concerning wave theory were deep or transi-
tional (close to deep) at both sites.

Average stem diameter and number of stems per unit area were
measured at the two sites. The stem diameter was measured at the
still water level around the transect and the number of stems was
measured using a 0.5X0.5 m frame. All measurements were
made from a small boat except for the vegetation density at the
shallow site where wading was possible, thus minimizing distur-
bance of the reed vegetation. Maps of the vegetation density were
drawn for each site (Fig. 3) from a large number of measurements
(40 at the shallow site and 20 at the deep site) within and around
the transect, ensuring a good characterization of the reed density.
As natural growing reed is highly variable, there is a random
variation in stem diameter and density, thus a complete picture of
the overall conditions in the reed belt cannot be obtained without
significant disturbance of the vegetated belt. Therefore, the maps
should be treated as schematic sketches with an approximate error
of 25%. The transition between the open water and the vegetation
was fairly sharp at the two measurement sites. Six poles, on
which the wave gages were mounted during the measurements,

Fig. 2. (a) Lake Krankesjon, dashed line is the approximate edge of reed vegetation along the shoreline (the depth can change interanually); (b)

reed vegetation at the deep site
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Open water

Fig. 3. Measurement sites including schematic stand density and
position of the poles: (a) shallow site; (b) deep site

were driven down into the bottom following an array at both sites.
The depth was measured at each pole together with its location in
a local coordinate system (Table 1).

At the shallow site the average depth at the poles was 0.41 m.
One pole was placed immediately outside the vegetation as a
reference for the incoming waves (Pole 1); the others were placed
in a line where the innermost pole was 5 m from the edge of the
vegetation (Fig. 3; Table 1). The reed vegetation at the shallow
site was a monoculture of Phragmites australis and the average
stem diameter was 4.1 mm (standard deviation of 1.0 mm; 24
samples). Uprooted macrophytes were found within the vegeta-
tion at this site and these were removed before the measurements
to not affect the waves.

The average depth at the deep site was 1.3 m and the two
outermost poles (1 and 2) were placed outside the vegetation,
Pole 3 was at the boundary between the open water and the veg-
etation, and the innermost pole (6) was almost 4.5 m from the
open water. The transect at the deep site was placed next to an
area of lower density of vegetation so that the disturbance on the
vegetation from the boat was minimized. However, it is possible
that the boat had some effect on the density, i.e., breaking of
individual stalks, although the remainders of the stalks below the
water surface could still affect the waves. Overall, vegetation den-
sity was slightly higher at the deep site and the stems were thicker
with an average diameter of 8.4 mm (standard deviation of 1.4
mm; nine samples). The vegetation was a monoculture of Phrag-
mites australis [Fig. 2(b)].

Field Experiment Techniques

Two magnetostrictive displacement transducers (Santest Co.)
were used as wave gages. These consisted of a metal rod (80 cm)
with a float, surrounding the rod, which could easily move up and

Table 1. Depths and Distances along the Transects at the Measurement
Sites

Shallow site Deep site

Depth  Distance from Pole 1 Depth Distance from Pole 1

(m) (m) (m) (m)
Pole I 045 0 1.37 0
Pole2 043 1.0 1.37 22
Pole 3 042 2.0 1.25 4.1
Pole 4 040 3.0 1.25 5.6
Pole 5 038 4.0 1.25 7.3
Pole 6 036 5.0 1.20 9.0
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down along the rod. An electric signal that was linearly correlated
to the position of the float on the rod, corresponding to the eleva-
tion of the water surface (error of =1 mm), was sent from the
wave gages to a data logger. The float responded immediately to
surface level changes (waves) and was only observed to miss the
top of waves for a few of the highest waves (cutting of approxi-
mately 0.5 cm). Whenever this was observed it was noted as float
overtopping. The advantage of this technique in relation to the
common method of pressure transducers is that the surface eleva-
tion is measured directly, without the need to correct for the pres-
sure induced by the wave dynamics. The technique resembles the
“Swartz poles” used by Young and Verhagen (1996) to measure
waves in a shallow lake. The logger recorded the surface eleva-
tion at 8—10 Hz, which means that waves with short periods,
below 1 s corresponding to wave heights down to a few millime-
ters, were recorded. The wave gages were always mounted at the
side of the pole heading the incident waves so that the poles did
not affect the measured waves, and the float was always free to
move without any interference from the vegetation or floating
debris.

Wave measurements were performed on three occasions at the
shallow site and on five occasions at the deep site. As there were
only two wave gages available, one was always mounted at the
outermost pole (Pole 1), while the other wave gage was moved
between Poles 2 to 6. At each pole the surface elevation was
measured for 3 min, after which the wave gage was moved to the
next pole during a 7-min break between each measurement. At
every occasion, waves were first measured at Poles 1 and 2, then
the wave gage was moved from Pole 2 to Pole 3, from Pole 3 to
Pole 4, and so on until Pole 6 was encountered. Thereafter the
same procedure was performed again but starting with Pole 1 and
Pole 6 and then moving the wave gage from Pole 6 and seawards
to Pole 2. This will be referred to as one measurement cycle.

During each measurement cycle the wind speed was measured
several times with a handheld wind gage (Silva Windwatch). The
incident angle of the waves was estimated using a protractor as it
was not parallel to the transect spanning the poles (approximate
error=10°). Based on the incident wave angle, the distance for the
waves to travel from the edge of the reed belt to the wave gage
was calculated (x). The reed density (N) was estimated from the
maps for each x. Wave breaking was not observed during any of
the wave measurements.

The surface level data from the recordings were translated into
wave parameters using the zero-down crossing method. Linear
wave theory was assumed to be valid, and the wave height time
series for each 3-min recording was used to determine the RMS

wave height
lw
Hgys = _E H; (18)
m -y

where m=number of recorded waves and H=height of each indi-
vidual wave. Individual wave heights were used to analyze the
PDF transformation. The full equations for transitional water
depth was used for the wave theory (i.e., the simplifications for
shallow or deep water was not used), although deep-water condi-
tions prevailed in almost all cases.

The development of wind waves in Lake Krankesjon has been
shown to be similar to wind waves in the open ocean (Fig. 4),
showing good correlation with the predicted wave heights using
fetch-limited deepwater wave forecasting equations (U.S. Army
Coastal Engineering Research Center 1984). The waves and wind
were measured in the open water in Lake Krankesjon in 2006
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Fig. 4. Estimated significant wave heights H, (U.S. Army Coastal
Engineering Research Center 1984) compared with measured signifi-
cant wave heights from several measurements taken in the open water
for different wind speeds (1.7-8.7 m s7!) and fetches (1.0-1.4 km)
in Lake Krankesjon

Table 2. General Characteristics of Each Measurement Cycle at the Shal-
low Site

Cycle 1 Cycle 2 Cycle 3

Date 2006-07-14 2006-07-18 2006-07-18
Time 10:37-12:10 12:47-14:20 16:07-17:40
Wind speed (m s7!) 6-8 6-9 7-10
Incident wave angle” 110 110 110
x at Pole 6 (m) 53 55 5.5
Overtopping At the At the At the

highest waves highest waves highest waves
Hyys at Pole 1 (cm)” 5.0 55 6.1

90° refers to parallel to the transect.
bAvc-:rage for the whole cycle.

using the same technique as described above. The significant
wave height (H,) was determined as the average height of the 1/3
highest waves. This implies that the predictive equations devel-
oped for wind waves in the ocean are useful also for shallow lake
waves.

Results—Measurements and Comparison
with Modeling

Field Measurements

Average incident RMS wave heights ranged between 5 and 6 cm
at the shallow site (Table 2) and 1 to 5 cm at the deep site (Table

Table 3. General Characteristics of Each Measurement Cycle at the Deep Site

3) for each cycle, which represents medium wave heights for
Lake Krankesjon. Confidence limits (95%) for Hyyg measured at
various locations through the reed belt varied between =6 and
+8%. Maximum Hpys, during all 3-min periods was 8 cm. The
average wave period at the shallow site was 1.0 s (range: 0.9-1.2
s) and 0.8 s (range: 0.5-1.0 s) at the deep site. Wind speeds were
generally higher during the measurements at the shallow site
(6-10 m s7!) than at the deep site (1.5-6 ms~'), which ex-
plains the higher waves at the shallow site. All measurement
cycles showed decreasing wave heights with distance traveled
within vegetation (Figs. 5 and 6). The average decrease was ap-
proximately 5% m™! at the shallow site and 4% m™! at the deep
site over the first 5-14 m of reed vegetation.

Wave Height Decay and Drag Coefficient for Reed

A species-specific drag coefficient, C;, was determined by fitting
Eq. (12) to the observed wave heights using three different ap-
proaches estimating: (1) an individual value of C, for each 3-min
measurement period, resulting in perfect match between calcu-
lated Hyys and measured Hyyg; (2) one value of Cj for each of
the two sites giving the smallest root-mean-square-error (RMSE)
[Eq. (18) with H; replaced by  Hpyys(calculated),
— Hyys(measured); and m replaced by number of Hyys], hereafter
called the site specific Cp; and (3) one single value of Cj, giving
the smallest RMSE for all data. The individual Cj, for each 3-min
period ranged between O and 80 (average 25; the range 5-35
included 74% of the values) for the shallow site, whereas corre-
sponding values for the deep site was 0-164 (average 15; the
range 4-25 included 90% of the values).

The best fit value using Approach 2 [Fig. 7(a)] was 16.4
(RMSE=0.0030 m) for the shallow site and 6.7 (RMSE
=0.0025 m) for the deep site, whereas the overall best fit was 9.0
[Approach 3; Fig. 7(b); RMSE=0.0039 m]. For both sites to-
gether, 81% of the values of C, were within 3-25.

Transformation of PDF

As described earlier, higher waves should in theory be more
damped than lower waves, which means that the PDF of the wave
heights would change from the incident Rayleigh distribution to
the transformed distribution as the waves propagate through the
vegetation [Eq. (17); Fig. 1]. Therefore, the PDF of the waves for
each 3-min measurement period was analyzed and compared to
the incident PDF and evaluated with respect to the distance trav-
eled in the vegetation.

Selected representative histograms and theoretical PDFs are
shown in Fig. 8. When comparing only the histograms it is clear
that when the waves traveled through the vegetation (Poles 4-6),
the largest waves decayed and the peak of the histogram was

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5

Date 2006-07-04 2006-07-05 2006-07-05 2006-07-06 2006-07-06
Time 11:07-12:40 11:47-13:20 16:07-17:40 11:47-13:20 15:47-17:20
Wind speed (m s7!) 1.5-3 3-4.5 4-6 4-6 1.5-3
Incident wave angle” 35 30 20 30 40

x at Pole 6 (m) 8.4 9.6 14.1 9.6 7.5
Overtopping Not observed Not observed At Poles 1-3 At Poles 1-3 Not observed
Hpus at Pole 1 (cm)® 1.0 3.4 5.0 44 2.8

90° refers to parallel to the transect.

bAverage for the entire cycle.
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Fig. 5. Wave damping at the shallow site for every 3-min measure-
ment period. Estimated 95% confidence interval for Hyyg in the
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Fig. 6. Wave damping at the deep site for every 3-min measurement
period (Pole 2 is excluded since it was not in the vegetation). Gray-
filled symbols are for Hrps, <2 cm. Estimated 95% confidence in-
terval for Hgyg in the range *+6-8%.

shifting toward smaller waves. Different theoretical distribution
curves were compared to the histograms: a Rayleigh distribution
depending on the measured Hyyg, and the transformed distribu-
tion curve for the waves within the vegetation [Eq. (17); site
specific Cp,] compared with a Rayleigh distribution depending on
the calculated Hgys [using Eq. (12); Eq. (13) (but with H instead
of H,) and the site specific Cp,]. The PDF for the incident waves
at both sites were close to the Rayleigh distribution. Overall, the
distribution in the vegetation at the shallow site was better de-
scribed by the transformed PDF, while for the deep site the Ray-
leigh PDF was slightly better (Fig. 8). The RMSE between the
theoretical distributions and the measured histograms within the
vegetation was analyzed for all 3-min periods. This showed that
the modified distribution was better than the Rayleigh distribution
at the shallow site during 67% of the measurement periods, while
the Rayleigh distribution produced a smaller error for 22% of the
periods (and there was no difference between the distributions for
11% of the periods). For the deep site the situation was the op-
posite: during 70% of the periods the Rayleigh distribution was
better, while the modified distribution was better for 27% of the
periods. The transformed function described the distribution bet-
ter for 83% of the distributions for the 10% highest Hgy5, com-
pared to 0% for the 10% lowest Hyps,-

An important question was whether the shape of the distribu-
tion changed significantly due to the drag in the vegetation. Thus,
PDFs for both incident waves outside the vegetation and waves
within the vegetation for all measurement periods were made
nondimensional and compared (Fig. 9). The comparison revealed
that the difference between the mean distribution for the incident
waves and the waves within the vegetation at both sites was small
and within the standard deviation of the data from both sites. For
the higher waves (Hgys, >3 cm) that had traveled a significant
distance within the vegetation (x>3 m) a tendency can be seen
in Fig. 9(d) for the PDF in the vegetation to be shifted toward the
transformed PDF, with a narrower spectrum consisting of a
smaller number of high waves and a larger number of medium
waves, and with the peak shifted toward smaller waves. However,
this shift in the spectrum was within the standard deviation.
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Fig. 7. Calculated Hgyg inside the reeds compared to measured value. (a) Site specific Cp, (RMSE=0.3 cm); (b) best fit Cp, for both sites

together (RMSE=0.4 cm). Dotted lines are =RMSE.
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Discussion

Field Measurements

Incident wave heights during the measurements were 5-6 cm at
the shallow site and 1-5 cm at the deep site, which are medium
wave heights for lakes of the depth and size of Lake Krankesjon.
The wave gages were easy to use and the obtained data were
directly transferred to wave parameters. However, as natural lake
waves are characterized by great variability, both in space and
time, and the waves in the experiment were small, the data in-
clude a degree of variation and measurement uncertainty. It is not
possible to separate the natural variation from the measurement
uncertainty but the result of these can be seen, for example, in
Figs. 5 and 6, where there are values of Hgys/ Hrvs, > 1. Since
Pole 3 was at the boundary between the open water and the veg-
etation at the deep site there are also Hypys/Hrms, Values at x
=0, referring to the difference between Poles 1 and 3 (no wave
damping). The 95% confidence limits for Hyyg in the range of
6—8% further add information about the uncertainty in the field
data. The spatial variation has a greater effect if the incident angle
deviation from the direction of the transect is larger. Measurement
errors in the incident angle also produces greater errors in x as the
angle increases (if the angle is 20° an error of 10% in the angle
produces an error of about 10% in x, whereas if the angle is 50°
the same error in the angle results in an error of about 20% in x).
A comparison between the wave height at Pole 1 and at Poles 2
and 3 at the deep site, gave a measure of the uncertainty of the
wave measurements as both Poles 2 and 3 were outside the veg-
etation. The overall RMSE was 0.2 cm but depending on incident
wave height. The mean error for Hgyg,<2 cm was 10%,
whereas it was 5% for Hgyg,>>2 cm. Smaller waves are presum-
ably associated with greater errors as the measurement speed
(8—10 Hz) limits the detection and accuracy of waves with very
short wave periods. At the deep site, the incident angle was larger
and the waves were smaller and more varying than at the shallow
site which is probably the reason for the greater scatter in the data
from this site. The lowest waves (Hyyg, <2 cm) are indicated
with the gray-filled symbols in Fig. 6, illustrating the greater
variation for these waves.

The average attenuation of the waves within the first 5-14 m
of reed vegetation was approximately 5% m~! at the shallow site
and 4% m™! at the deep site, which is comparable to 1-2% m™!
that was found over the first 10 m in a coastal saltmarsh, where H
of the incident waves was about 30 cm (Moller and Spencer
2002). Moller and Spencer also showed that the attenuation (in
%I/m) was greatest over the first 10 m of vegetation. Knutson et
al. (1982) also found that the damping in a saltmarsh decreased
with the distance traveled through vegetation (16% m™! over the
first 2.5 m and 3% m™' averaged over 30 m). The damping in
vegetation is thus not linear, and also depend on the incident wave
characteristics [Eq. (2)], which is accounted for in the model used
in this study [Eq. (12)].

Drag Coefficient for Reed

The drag coefficient for the shallow site using Approach 2 was
16.4, with an interval of most probable values from 5-35,
whereas the corresponding value was 6.7 (4-25) for the deep site.
The overall best fit value of Cj, (Approach 3) was found to be 9,
and the most probable interval was 3-25. The obtained drag co-
efficient values can be compared to Cj, values for natural man-
grove vegetation of 0.4-10 (Mazda et al. 2006) and for artificial
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Fig. 10. Drag coefficient Cj, as a function of (a) Reynolds number
Re; (b) Keulegan-Carpenter number K’

kelp in a wave tank of 0.1-12 (Kobayashi et al. 1993). It is im-
portant when comparing different studies on Cp to note whether
monochromatic waves Hyyg or H, is used in the models and also
if the drag coefficient includes the geometry of the vegetation.
Values found in the literature on Cj for steady flow passing an
infinite circular cylinder are around 1 for Reynolds numbers
within the range of this study [e.g., Franzini and Finnemore
(1997)].

The prediction of Hyyg [Eq. (12)] using the two site specific
Cp, values [Fig. 7(a)], or using one Cj, value for both sites [Fig.
7(b)] yield good agreement with the measured Hyys (RMSE for
the site specific values were 0.3 cm for the shallow sites and 0.25
cm for the deep site, whereas RMSE was 0.39 c¢cm for the third
approach).

The higher value of Cj, obtained at the shallow site is most
likely due to the presence of subsurface old roots and straws, as
well as some floating debris (although as much as possible was
cleaned away) affecting the drag coefficient. There could also
have been some impact from the bottom as the ratio d/L, where L
is the wavelength, indicated that the depth was transitional, al-
though it was close to deep-water waves (defined as d/L>0.5).
The relative depth at the deep site was always above 0.5.

Many studies have obtained a relationship between Cp and
Reynolds number Re (Kobayashi et al. 1993; Mazda et al. 2006)
or a Keulegan-Carpenter number K (Mendez and Losada 2004),
where C), decreases with Re or K. The data collected in this study
(from Approach 1) do not indicate a clear correlation between C,
and any of these numbers (Fig. 10), where Re was defined as

Re= —"— (19)

where u,,,,=maximum horizontal water particle velocity at the

water surface (ms~!; estimated from wave theory) and v

=kinematic viscosity of water (1.005 X 10 m? s~! at 20°C), and
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a modified Keulegan-Carpenter number K’ was calculated from

K = T (20)
D

Kobayashi et al. (1993) found a negative correlation between
Cp and Re for 2,200 <Re < 18,000 and Mazda et al. (2006) also
found a negative correlation between Cj and Re for 10*<Re
< 5X 10* The range of Re in the present study was 90—1320, but
it should be noted that the definition of Re is not the same in the
different studies. The uncertainty in the estimated Cj, values (see
below) together with the relatively small range of Re values can
be one reason why little correlation between these parameters was
found in this study. However, the reason that the site specific Cp,
was higher at the shallow site could perhaps be explained by the
overall lower Reynolds numbers at this site and vice versa for the
deep site. The Keulegan-Carpenter number used by Mendez and
Losada (2004) was calculated from Eq. (20) but with the depth-
averaged maximum particle velocity u. which is only useful for
shallow and transitional depths instead of u,,,. They found a
negative correlation between Cp, and K for K<60 and Cjp
<0.55. In this study K’ is not a suitable parameter to compare
with Cp since the data from the two sites form two separate
groups [Fig. 10(b)].

In Fig. 10 all the high values of C;, (>30) for the shallow site
can be identified as drag coefficients calculated for small x values
(<2.3 m). These higher values are probably related to a greater
uncertainty in N and D for short distances from the open water,
since the natural randomness of the vegetation tend to approach
the estimated average values after longer distances. The drag co-
efficient dependence on x can be seen in Fig. 11, most clearly for
the shallow site [Fig. 11(a)]. The scatter in Cj, values at the deep
site was also greater for smaller wave heights (<2 cm).

The uncertainty in the measured D and N and the incident
angle of the waves also affects the estimated drag coefficients. A
25% error in the measured N gives an error of approximately 25%
in Cp, for average N values (greater effect on Cp, for smaller N
values). For the stem diameter, a 25 % error around the average D
results in approximately 20% error in Cj, (greater effect on Cj, for
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Fig. 12. Wave damping in the reed vegetation for different values of
Cp. For all curves: Hpys,=0.07 m, d=1 m, D=0.06 m, N
=45 m™', and T=1.2 s.

smaller D values). Errors in the incident angle also affect the
obtained Cj, values (see above). Furthermore, there is a greater
uncertainty in N and D for larger incident wave angles since most
of the measurements of these parameters were made close to the
transects. Also, Cp is a depth-averaged value and the geometry of
the vegetation is measured at the surface, where the drag will be
the highest since the orbital velocities is the highest. The vegeta-
tion characteristics may vary with depth, possibly by an increase
in diameter and a higher density due to stems not reaching the
surface, which will affect the drag.

The calculated wave height decays for different Cj values,
with all other parameters held constant (chosen as the average
values of all measurements at both sites) is presented in Fig. 12,
showing that the difference in decay for a relatively large range of
Cp, values is comparable to the variation in the field data (Figs. 5
and 6). However, the field data also include the variation in in-
coming wave parameters. Despite the uncertainty in the field
measurements and the natural variation in both waves and veg-
etation, it has been shown that using an average value of Cp=9,
the wave height decay in reed vegetation can be predicted with an
accuracy of 0.39 cm (RMSE) for varying diameter and density of
the vegetation within the range of wave parameters studied
(Fig. 7).

Transformation of PDF

The results of the PDF analysis indicated that the distribution is
relatively unchanged if the waves are damped by the vegetation,
implying that the assumption made by Mendez and Losada (2004)
that the PDF does not change is reasonable, at least in an average
sense. The PDFs within the vegetation at the shallow site, how-
ever, tended to follow the transformed PDF (Fig. 8), which prob-
ably is a result of the higher incident waves being more affected
by the vegetation. For some periods at the deep site, xBH was
close to the upper limit for Eq. (17) to be valid (xBH <2) which
could also explain why this PDF did not yield as good agreement
as the Rayleigh distribution. Furthermore, there was a tendency
that the distributions for higher Hgyg, and larger x deviated from
the incident distribution [Fig. 9(d)], although within a standard
deviation. This standard deviation was relatively large which can
be related to the variability in wave heights with time but also that
the measurement periods (3 min) could have been too short to
establish an accurate PDF. More data on distributions including
higher waves is needed to provide reliable conclusions.
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Conclusions

The wave measurements in this study showed that there was a
significant damping of wave heights due to drag against reed
vegetation (average value of 4-5% m™' over the first 4-15 m for
Hgys, of 1-6 cm). The analysis of the wave height decay showed
that C), for reed vegetation (Phragmites australis) can be approxi-
mated to 9 (most probable range: 3-25) for Hgys, Within the
range of the wave heights studied. There was a significant varia-
tion in Cp between the single 3-min measurement periods. How-
ever, since the wave heights within the vegetation was well
predicted using Eq. (12), with an average drag coefficient for both
sites (Fig. 7), Cp=9 could probably be used for management
purposes with a reasonable accuracy. Since Cp, did not show any
correlation with Re for the data investigated, this coefficient can
be taken as a constant for similar conditions.

The applicability of the transformation of the wave height
probability distribution within the vegetation derived in this study
was not conclusively proven, even though it cannot be excluded
as the waves were relatively small. The data from measurement
periods with higher Hyyg, tended to show a greater similarity
with the transformed distribution than with the Rayleigh distribu-
tion.

This study quantitatively identified the damping of waves in
reed vegetation, and relationships were developed that can be
used for management purposes to stabilize shores and nearshore
bottoms of shallow lakes and wetlands. The reduction in resus-
pension in nearshore areas of lakes by emergent vegetation can,
for example, be determined using Eq. (12), linear wave theory,
and knowing the critical bottom conditions for suspension. The
minimum vegetation cover needed for shore/nearshore bottom
stabilization can thus be calculated. The wave decay model could
probably also be used for other types of water bodies where
waves and vegetation of similar properties as in this study occur.

Since the measured waves were rather small, their erosional
effect may be questioned. However, the maximum wave height
observed in the studied lake is not considerably higher (around
Hyus=15 cm; Fig. 4; H,> Hyys) and the resuspension of bottom
sediments due to waves is well documented in Lake Krankesjon
[e.g., Blindow et al. (2002)]. From aerial photographs it is clear
that the shores located at the few openings in the reed vegetation
are eroding. This further proves the importance of nearshore
emergent vegetation for shore protection in such ecosystems.

The wave measurement method was applicable and the only
limitations are that the gages have to be mounted on a pole and
that the length of the rod (in this case 80 cm) limits the upper
wave heights that can be measured, whereas the speed of the data
logging sets the lower wavelength (and thereby indirectly wave
height) limitation. For the highest and steepest waves, the top was
sometimes missed (about 0.5 cm). More data could have been
generated if one logger was mounted simultaneously on each
pole. The method used in this study, where one gage was always
measuring the incident wave heights, assured that the variation in
Hyyms, With time was recorded so that the Hyyg and Hyyg, COM-
pared were always measured at the same time.
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Notation

The following symbols are used in this paper:
B = coefficient;
C = wave speed;
depth-averaged drag coefficient;
C, = wave group speed,;
D = diameter of an individual reed stand;
D, = energy dissipation due to bottom friction;
D, = energy dissipation due to reed belt;
d = water depth;
E = wave energy density;
F = wave energy flux;
fp = wave energy dissipation coefficient;
8
H

<
Il

= acceleration due to gravity;
= wave height;
Hpys = RMS wave height;
H, = significant wave height;
K = Keulegan-Carpenter number;
K' = modified Keulegan-Carpenter number;
k = wave number;
L = wavelength;
N = reed density (number of vegetation stands per
unit horizontal area);
m = number of waves;
p = probability;
Re = Reynolds number;
u. = depth-averaged maximum particle velocity;
= maximum horizontal water particle velocity at
the water surface;
U, = horizontal bottom orbital velocity amplitude;
x = coordinate originating at the seaward end of
the reed belt pointing onshore;
v = kinematic viscosity;
p = water density;
o = wave frequency; and
s, P, = functions.

umax

Subscripts

o = location just outside the reed belt.
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