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Common reed is found in near-shore areas of many European
lakes, where it forms dense stands. As waves are influenced by
obstacles along the wave path, water and sediment motions
caused by waves are affected by these stands.

This study aims to evaluate the effect of common reed stands
on waves, evaluate the effect of common reed stands on wave
induced sediment resuspension, test a model for wave
attenuation by vegetation and discuss extensive common reed
stands consequences to sediment induced turbidity in lakes.

In order to evaluate the effects of common reed stands on
waves and sediments, a field experiment was conducted in the
common reed stands of a southern Swedish lake. The water
surface displacement was measured simultaneously both within
and outside these stands.

In order to test the model, it was adjusted to the prevailing
wave regime with the drag coefficient.

A general decrease in significant wave height was observed
along the wave path in the common reed stand. The average
period on the other hand tended to increase along the wave path
in the common reed stand.

Based on the applied analysis of the wave measurements, it
was impossible to tell whether or not stands of common reed
reduce the resuspension potential of wave regimes. This was
not due to the wave measurements, but to a flaw in the analysis
of the wave measurements. Visual observations indicated
however that stands of common reed reduce wave breaking and
thereby the resuspension potential of waves.
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The modelled wave damping showed quite good agreement
with the recorded wave damping and the drag coefficient seem
to be dependent on Reynolds number.

Phragmites australis, Stands of common reed, Wave damping,
Sediment resuspension, Shallow lakes, Alternative stable
states.
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Horizontal water particle acceleration (m/s°)

Wave celerity (m/s)

Drag coefficient (dimensionless)

Group velocity (m/s)

Group velocity at the beginning of the wave path (m/s)

Group velocity at the end of the wave path (m/s)

Inertia coefficient (dimensionless)

Depth (m)

Grain diameter (m)

Wave energy loss per unit length of a cylinder caused by the drag force (V/s)
Grain diameter at the fifty cumulative weight percent point (1)

Time average wave energy loss per unit length of a cylinder caused by the drag

force (N/ms)
Cylinder diameter (m)
Wave energy loss per unit surface area (N/ms)
Wave energy loss per unit surface area caused by bottom friction (N/ms)
Wave energy loss per unit surface area caused by vegetation (N/ms)
Dimensionless grain size (dimensionless)
Time average wave energy loss per unit area caused by the drag force acting on
an array of cylinders (Nm/s)
Time average wave energy loss per cylinder caused by the drag
force (Nm/s)
Wave energy per unit crest width (V)
Kinetic wave energy per unit crest width (V)
Potential wave energy per unit crest width (V)
Wave energy per unit surface area (N/m)
Wave energy per unit surface area at the beginning of the wave path (N/m)
Wave energy per unit surface area at the end of the wave path (N/m)
Wave force acting on a cylinder per unit length (N/m)
Inertia force per unit length of cylinder (N/m)
Drag force per unit length of cylinder (N/m)
Wave friction factor (dimensionless)
Wave energy flux per unit crest width (V/s)
Acceleration of gravity (m/s”)
Wave height (m)
Wave height at the beginning of the wave path (m)
Wave height at the end of the wave path (m)
Significant wave height (m)
Significant wave height at movable station (m)
Root mean-square wave height (m)
Significant wave height at fixed station (m)
Wave number (m™)
Wave length (m)
Number of recordings of the water surface elevation within a measurement
cycle (dimensionless)
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Rank of wave (dimensionless)

Dimensionless factor related to the group velocity (dimensionless)
Total number of waves within a wave record (dimensionless)
Number of cylinders per unit area (m™)

Reynolds Number related to the bottom (dimensionless)

Reynolds number related to the reed (dimensionless)

Time elapsed from a set time (s)

Wave period (s)

Horizontal water particle velocity (m/s)

Peak horizontal velocity just above the bottom boundary layer (m/s)
Critical orbital velocity just above the bottom boundary layer (m/s)
Peak horizontal water particle velocity at the still water level (m/s)
Distance from a fixed location (m)

Distance from the still water level (m)

Vertical water particle displacement (m)

Water surface elevation (m)

Phase angle (dimensionless)

Shields parameter (dimensionless)

Viscosity of water (m’/s)

Horizontal water particle displacement (1)

Maximum horizontal water particle excursion just above the bottom boundary
layer (m)

Density of water (kg/m’)

Density of sediment (kg/m”)

Wave frequency (s”)

Critical bed shear stress (N/m”)

Form drag (N/m’)

Skin friction (N/m?)

Sediment transport (N/m?)

Peak skin friction caused by waves (N/m°)

Bed shear stress (N/m°)
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1 Introduction

Waves propagating through vegetation beds lose energy due to the interaction with
vegetation. The wave energy dissipation depends on both vegetation and wave
characteristics. (Mendez and Losada, 2004). A number of models concerning wave
energy dissipation in vegetation stands have been presented and some of them have
been tested in wave tanks. Information about how well the models describe wave
energy dissipation in natural occurring vegetation stands is scarce. Actually, very few
field measurements on wave propagation through vegetation stands have been
performed. To compensate for this lack of information, a field experiment has been
carried out in Lake Krankesjon to obtain information about how stands of emergent
macrophytes affect waves. The results, concerning wave attenuation, obtained from
the field experiment will be compared with the ones generated by a model.

An important aspect of wave propagation through shallow water is resuspension of
sediments (Teeter et al.,, 2001). Resuspension caused by waves is generally most
pronounced in shallow areas with high wave energy input and low vegetation cover.
Emergent macrophytes that form dense stands in shallow water can stabilize
sediments and reduce the wave energy input, to areas behind the stands outer edge.
Dense stands of emergent macrophytes can therefore reduce resuspension and act as
erosion barriers along the shoreline.

The field experiment, concerning wave attenuation by vegetation, is conducted on
common reed (Phragmites australis). Common reed is of great interest for several
reasons. It is common and widely distributed (Haslam, 1972). It has a growth
characteristic and growth distribution that can reduce resuspension or at least
shoreline erosion. Coops et al. (1996) showed in a wave tank experiment that
common reed reduce bank erosion and Ostendorp et al. (1995a) observed that the
decline of common reed, in several Central European lakes, led to increased shoreline
erosion.

Lake ecosystems are affected by sediment resuspension (Horppila and Nurminen,
2001). Resuspension of sediments increase the turbidity, which has a great impact on
shallow lakes. It is assumed that shallow and moderately eutrophic lakes can occur in
two alternative stable states, a clear water sate and a turbid state. The clear water state
is characterized by high abundance of submerged macrophytes and high water
transparency. The turbid state is characterised by low abundance of submerged
macrophytes, high density of phytoplankton and low water transparency. Some
shallow lakes do switch back and forth between these two states and the intervals
between two switches are generally of many years. How these changes in water
transparency do come about is not fully understood. It is however suggested that
changes in the lake can reinforce each other and bring about a long term change in
water transparency. It is also supposed that a change in resuspension rate can be
reinforced through the interaction with other factors (such as the amount of
phytoplankton, submerged macrophytes, suspended solids and dissolved nutrient) and
thereby generating a long term change in water transparency. Lake Krankesjon is a
shallow and moderately eutrophic lake in southern Sweden, which has switched
between turbid states and clear water states. Dense and extensive stands of common



reed are found in Lake Krankesjon at almost all near-shore areas. It can be assumed
that these stands have great impact on sediment resuspension.

1.10bjectives of the study

This study aims to evaluate the effects of common reed stands on waves, evaluate the
effect of common reed stands on wave induced sediment resuspension, test a model
for wave attenuation by vegetation and discuss extensive common reed stands
consequences to the sediment induced turbidity in lakes.

1.2 Procedure

In order to meet the objectives of the study, a field experiment concerning wave
attenuation was conducted in the common reed stands of Lake Krankesjon and in a
control area without common reed. The field experiment support us with accurate
information about the water surface elevation along a transect, perpendicular to the
reed stands outer edge. The field experiment, concerning wave attenuation, serves as
the backbone of the study. Chapter 2 contains background information about Lake
Krankesjon, resuspension, alternative stable in shallow lakes and common reed. This
background and the results from the field experiment are later used to discuss
common reed stands consequences on sediment induced turbidity in lakes. Chapter 3
gives a short introduction to linear wave theory. This introduction serves as starting
point for the derivation and formulation of the wave energy dissipation and
resuspension formulas presented in chapter 4. This is followed by descriptions of the
field experiment, analysis method, wave attenuation models and resuspension
calculations. The results obtained from the field experiment, wave attenuation models
and resuspension calculations are given in chapter 8. These results are thereafter
discussed. Finally, conclusions and recommendations for further studies are given in
chapter 10 and 11.



2 Background

2.1 Lake Krankesjon

Lake Krankesjon is situated in southern Sweden, where the winds are mostly westerly
and southerly (Jonsson et al., 2005).

The lake area is 2.9km’ the mean depth is 0.7m and the maximum depth is 3m.
Krankesjon can be described as a shallow and moderately eutrophic lake, and it
shifted from a turbid state to a clear water states in the mid-1980s (Blindow et al.,
2002), and it has remain in this state ever since. Shifts between the two alternative
stable states have also been observed before the 1980s. The lake topography and the
extension of the reed stand can be seen in figure 1.

«+ + « the edge of the reeds 1981

a e 1 lem

Figure 1. Map over Lake Krankesjon. (Link 1)

Forests are found at the south western parts of the lake and at the eastern parts of the
lake. Apart from this the lake is mostly surrounded by open terrain.
(Lantméteriverket, 1999)



2.2 Resuspension

Resuspension is the process through which sediments are lifted from the bottom into
the water column. Resuspension occurs as a result of the water motions at the
sediment surface. Water motions at the sediment surface generate a bed shear stress
and if this bed shear stress exceeds the critical shear stress resuspension might occur.
The critical shear stress is the lowest bed shear stress for a given sediment that is
required to bring sediment particles in motion.

Both waves and currents can generate water movements at the sediment surface.
Water currents are acting over long periods, which generate a growth in boundary
layer thickness and a decline in the velocity gradient within the boundary layer. Wave
induced orbital velocities are constantly changing direction. The boundary layer does
therefore not have time to grow and the velocity gradient within the boundary layer
remains steep. Consequently, the velocity of a current must be much larger than the
wave induced orbital velocity in order to generate the same bed shear stress. (Luettich
et al., 1990) For this reason it is assumed that water currents have little effect on
resuspension in lakes. Currents are however important to the horizontal transport of
suspended sediments, while waves contribute little to this process. Biological activity
at the sediment surface is also known to cause resuspension. Benthivorous fish such
as bream (Abramis brama) can resuspend sediments as they feed (Hansson et al.,
1998).

The amount of suspended sediments in the water mass increases as long as the
resuspension rate exceeds the sedimentation rate. The sedimentation rate increases
with the volume per area ratio and the density of the sediment particles. A small
particle can therefore remain in suspension for a longer period than a large particle
with the same shape and density.

The critical shear stress is sediment specific. In non-cohesive sediments the critical
shear stress is determined by friction between the sediment particles and it is therefore
generally higher for large particles with high density than small particles with low
density. In cohesive sediments the critical shear stress is mainly caused by cohesive
forces. The critical shear stress is however not only affected by friction and cohesive
forces, but also by biotic factors such as algae and macrophytes (Widdows and
Brinsley, 2002).

Wave induced resuspension can be important to water transparency in shallow lakes,
where large areas might be affected by wave induced water motions at the sediment
surface. The water transparency in deep lakes on the other hand is rarely influenced
by wave induced resupension, because only shallow arecas can be affected.
Resuspension caused by waves might be important to the vegetation community,
which will be discussed in detail in chapter 2.3.

2.3 Alternative stable states in shallow lakes

Shallow and moderately eutrophic lakes are supposed to have two alternative stable
states, a clear water state and a turbid state. The clear water state is characterised by
high abundance of submerged macrophytes, low algae density and low turbidity. The
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turbid state is characterised by low abundance of submerged macrophytes and high
algae density and high turbidity. Some shallow lakes switch between these two states.
The exact mechanism behind these shifts is not known, but the interaction between
turbidity and macrophytes are however assumed to play a key role (figure 2).

Emergent Stah ilization of Turludlty
HAacHwp hytes sedimentsalong +
ﬂle Shore \ -
Alcae 4+—— Zooplankion
- + -
Wavd energy + Resu ension + Bentluromus
Abng the — " ofsedimenis
shore T -
& +
Stahb ilization of Dissolved Planldirorous
sediments in + nutrients fish
open waier \ / -
v -
Wave energy Submerged
in open water* macrophytes
\ /

Depth

Figure 2. The main factors and interactions expected to be in control of the water
transparency state in lakes with alternative stable states.

Most studies concerning macrophytes impact on alternative stable states in shallow
lakes have been restricted to submerged macrophytes. Submerged macrophytes can
only grow down to a light critical depth, which is turbidity dependent. Turbidity is
affected by submerged vegetation through a number of mechanisms.

e Submerged macrophytes compete with algae for dissolved nutrients, which
affects the algae induced turbidity.

e Submerged macrophytes provide zooplankton with protection against
planktivorous fish. A change in zooplankton density affects the grazing on
algae, which in turn affects turbidity.

e Submerged macrophytes stabilize sediments, through coverage of sediments
and with their roots. This affects bentivorous fish access to the sediments and
thereby resuspension. The vegetation cover does also affect the water velocity
at the sediment surface and thereby resuspension. Both water motions at the
sediment surface and bentivorous fish affect sediment resuspension and
thereby turbidity.

e Submerged macrophytes can dissipate wave energy, which affects the
resuspension potential of the wave and thereby turbidity.



Turbidity is not only affected by submerged macrophytes, it does also affect
submerged macrophytes through the alteration of the subsurface light regime. A
change in turbidity or submerged macrophyte abundance can therefore be reinforced
through all the above mentioned mechanisms.

Emergent macrophytes are generally less sensitive to changes in the subsurface light
regime, than submerged macrophytes. Emergent macrophytes can therefore reduce
sediment resuspension over a larger turbidity range. Another difference between
submerged and emergent macrophytes is that submerged macrophytes absorb
nutrients from both the sediment and the water, while emergent macrophytes only
absorb nutrients from the sediment. Consequently, there is no competition between
algae and emergent macrophytes for dissolved nutrients. Submerged macrophytes
have therefore stronger impact on algae induced turbidity, than emergent
macrophytes. Emergent macrophytes do however affect turbidity through a number of
resuspension related mechanisms.

e Emergent macrophytes stabilize sediments with both their above ground
parts, leafs and steams, and below ground parts, roots and rhizomes. The
below ground parts reinforce the sediment, which can affect shore erosion.
The above ground parts affect the wave induced orbital velocities, where the
horizontal orbital velocity just above the sediment surface has great impact on
resuspension. Both the above and the below ground parts can therefore affect
the amount of suspended solids in the lake.

e Emergent macrophytes dissipate wave energy, which affect the resuspension
potential of waves and thereby the amount of suspended solids in the lake.

e Emergent macrophytes reduce wind energy with their above surface parts,
which affects wave energy and thereby the resuspension potential of waves.
This does in turn affect the amount of suspended solids in the lake.

Turbidity is affected by emergent macrophytes, but emergent macrophytes are not
very sensitive to alterations of the subsurface light regime caused by turbidity.
Turbidity does therefore generate a stronger feedback system with submerged
macrophytes, than it does with emergent macrophytes.

The water depth is important to the interaction between waves, macrophytes and
turbidity, for several reasons.

e Submerged macrophytes can only grow down to a light critical depth, which
is turbidity dependent.

¢ Emergent macrophytes can only grow down to a growth critical depth.

e Waves can only affect resuspension if the water motions caused by the
waves reach down to the bottom.



e  Wave energy is dissipated through bottom friction if the water motions
caused by the wave reach down to the bottom.

e Wave energy is dissipated through the interaction with submerged
macrophytes if the water motions caused by the wave reach down to the
submerged macrophytes.

e Wave energy is dissipated through the interaction with emergent
macrophytes if emergent macrophytes are present above the growth critical
depth.

Shallow lakes have a topography that supports the interaction between waves,
vegetation and turbidity over large areas. Shallow lakes are therefore more sensitive
to changes in turbidity and vegetation than deep lakes.

2.3 Common reed and its effect on resuspension

Common reed (Phragmites australis) is an emergent macrophyte that growths on
water saturated and submerged soils. It has an extensive root system (Haslam,1958)
and rigid aerial stems. Common reed has been used to stabilize river and canal banks.
It is suggested that roots and stems of common reed reduce bank erosion through
different mechanisms. The roots reinforce the sediments, while the steams attenuate
wave energy as the waves propagate through the stand. It can be assumed that these
mechanisms also affect resuspension in lakes. The importance of common reed to
sediment stabilization is not only dependent on its horizontal and vertical extension,
but also on incident wave height, water depth and sediment type. Tiirker et al. (2006)
studied, in a wave tank experiment, how a beach profile responded to waves that had
propagated through a stand of defoiled common reed. The experiment showed that
the response of the beach profile increased with an increase in initial wave height, a
decrease in vegetation area and a decrease in sediment particle diameter. The
variation in erosion and resuspension caused by initial wave height and vegetation
area is directly linked to wave energy. The resupension potential of waves do
consequently increases with wave energy. Waves propagating through stand of
common reed lose energy and thereby resuspension potential.

Extensive stands of common reed can be assumed to reduce the resuspension
potential of waves over large areas. If such stands occur in shallow lakes with two
alternative stable states, they can be assumed to have a key role in the maintenance of
the clear water state as well as supporting a switch from the turbid state. In Lake
Krankesjon is nor the turbid or clear water state known to affect the distribution of
common reed. This does however not imply that the stands of common reed in Lake
Krankesjon have no effect on the turbid or the clear water state.



2.4 Other studies of the interaction between waves and vegetation

It is generally agreed that aquatic vegetation increases the water flow resistance and
that water flows can be a stress factor to aquatic vegetation. Stress induced by water
motions on vegetation have been studied by Ostendorp (1995), who investigated how
waves cause mechanical damage to common reed. According to Ostendorp (1995), it
is generally assumed that reed fronts adjacent to large areas of open water are in
equilibrium with the mechanical damage caused by waves and drifting matter.

Emergent macrophytes are of interest to waterway engineering, because emergent
macrophytes can be used to reduce canal bank erosion through damping of waves by
the above ground parts and stabilization of the sediments by the below ground parts.
The possibilities of canal bank stabilization through planting of common reed and two
other emergent macrophytes in a newly reconstructed canal bank have been studied in
a field experiment by Beglin and Caffrey (1996). Coops et al. (1996) showed in a
wave tank experiment that canal bank erosion caused by waves is reduced, when
common reed is present.

Several models concerning wave attenuation by vegetation have been presented.
Kobayashi et al. (1993) and Dalrymple et al. (1984) presented models where swaying
motions of plants were neglected. In the model presented by Dalrymple et al. (1984),
it is however suggested that the effect of plant motions can be compensated for
through an alteration of the drag coefficient. Asano et al. (1992) on the other hand
included the interaction between waves and the swaying motions of plants in the
model. Both Asano et al. (1992) and Kobayashi et al. (1993) compared the modelled
damping with the wave damping obtained from a wave tank experiment with artificial
kelp, i.e. plastic straps. Massel et al. (1999) did not only present a model of wave
attenuation in mangrove forests but also a field study on wave attenuation in
mangrove forests. The results from the model were however not compared with the
results obtained from the field experiment. Field studies on wave attenuation by
vegetation have also been made in a salt marsh (Moller, 2006).



3 Wave mechanics

Waves do not only affect the surface elevation, but also water motions beneath
surface. These subsurface motions are however much harder to measure than the
changes in water level. The wave characteristics in figure 3 describe the shape and
elevation of the water surface. These parameters along with the wave period, which is
the time it takes for a wave to travel one wave length, can be used to model surface
and subsurface water motions.

L = Wave length

A
A\ 4

—— Lake bottom

Figure 3. Wave characteristics

Many wave theories have been presented, but only a few have found a wide range of
application. One of the most widely used theories is linear wave theory, which
benefits from fact that it is easy to use and that it gives acceptable approximation of
waves over a large range of wave conditions (SPM, 1984). All equations in chapter 3
are based on linear wave theory.

3.1 Surface parameters

Waves generate changes in surface elevation, and these changes can be measured or
estimated from an adequate wave theory. At the field experiment in Lake Krankesjon
the water surface displacement over time is measured. These measurements can be
used to estimate wave heights and wave periods. When these parameters and the
water depth are known linear wave theory can be used estimate other parameters of
interest.



The wave length, L, (m) is dependent on water depth and wave period. The wave
length can be iterated from the following equation

2
L= gr tanh(mj (1
2 L

where T is the wave period (s), d is the water depth (m) and g is the acceleration of
gravity (m/s°).

The wave celerity, C, (m/s) is the speed by which a single wave moves and it can be
calculated by

C= 2

L
T

The single wave does not always propagate with the same speed as wave group. The
group velocity, Cg, (m/s) is the speed by which wave energy is transmitted in the
direction of wave propagation and it can be expressed as

C =nC 3

4 g

where n, is a dimensionless factor, which is dependent on the water depth and the
wave length. The dimensionless factor n, can be calculated by

L Y PO .U ()
) sinh(47zd / L)

3.2 Subsurface parameters

Subsurface water motions generated by waves are of paramount importance to the
interaction of waves with sediment and vegetation. Generally, water particles move in
elliptical orbits in shallow and transitional water, and in circular orbits in deep water
(figure 4). Deep water waves are not affected by the bottom, while shallow and
transitional water waves are. It is this interaction with the bottom that causes water
particles to move in elliptical orbits.
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Figure 4. Water particle orbits for shallow, transitional and deep water waves.

According to linear wave theory water particles moves in closed orbits with a fixed
centre. The water particle displacement is the distance from the centre of the wave
orbital to the edge of the wave orbital, where the water particle displacement can be
divided into a horizontal part, £ and vertical part, . The horizontal water particle
displacement (m) can be expressed as

(&)

2
Fe- hgT? cosh[2z(z+d)/ L] sin[ 2mx Zm‘j

4nl  cosh(2zd /L) L T

where / is the wave height (m), z is the distance from the still water level (m), x is a
horizontal distance from a fixed location (m) and ¢ is the time elapsed from set time

(0).

The horizontal water particle velocity, u, (m/s) is obtained by differentiating the
horizontal water particle displacement with respect to ¢.

(6)

L, _hel cosh[27(z +d)/ L] o (an_zmj
dt 2 L cosh(2md /L) L T

By differentiating the horizontal water particle velocity with respect to ¢, the
horizontal water particle acceleration, a,, (m/s°) is obtained.

a = du _hgr cosh[27z’(z+d)/L]cos(27zx_27nj 7
dt L  cosh(2md /L) L T
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As seen from equations 5, 6 and 7 there is a decline in horizontal water particle,
displacement, velocity and acceleration with increasing distance below the still water
level.

3.3 Wave energy

Wave energy is transmitted in the direction of wave propagation and the energy of a
wave can be estimated if depth, wave height and wave period are known. The total
wave energy is the sum of the kinetic and the potential energy. The amount of energy
of a wave per unit crest width is given by

2 2 2
pghL+pghL:pghL (8)
16 16 8

E =E+E, =

where E is the energy per unit crest width (), Ej is the kinetic energy per unit crest
width (N), E, is the potential energy per unit crest width (&), p is the density of the
water (kg/m’).

The wave energy per unit surface area,E, (N/m) can be calculated if wave energy is
divided by the wave length.

o 2
gL _peh )
L

The wave energy per unit surface area will also be referred to as wave energy density.
The wave energy flux is the rate of wave energy transfer in the direction of wave
propagation and the average wave energy flux per unit crest width, F', (N/s) can be
calculated by

F=C,E (10)

3.4 Shoaling
Shoaling is a mechanism that affects the wave height and it occurs when waves

propagates into shallower water. Shoaling can be derived from an energy balance
along the wave path, equation 11.

C,E»=C,E. (11)
where E; and E. are the wave energy densities at the beginning and the end of the

wave path (N/m), C o and C o are the group velocities at the beginning and the end of
the path (m/s).
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The energy balance above is valid for steady state conditions if no wave energy is
added or removed and the wave crests are parallel to the bottom contours. Since the
group velocity is depth dependent, the wave energy density must be depth dependent
too, in order to satisfy the energy balance (equation 11). The only part of the wave
energy density that can vary is however the wave height. Subsequently, the wave
heights will be affected, when the waves travels into shallower water. Substitution of
equation 9 in equation 11 and isolation of the wave heights gives

Ze _ |82 (12)

where /4, is the wave height at the beginning (m) of the wave path and 4, is the wave
height at the end of the wave path (m).

The alteration of the wave height caused by the depth dependence of the group
velocity is called shoaling.

13



4 Wave energy dissipation in near-shore areas
and resuspension

Dissipation of wave energy is most pronounced in near-shore areas, where the wave
energy is dissipated through breaking, bottom friction and interaction with vegetation.
The most efficient way of wave energy dissipation is wave breaking, which occurs in
near-shore areas, when the ratio between water depth and wave height becomes
sufficiently low. Wave breaking results in water turbulence that can lift sediments.
Propagation of waves through vegetation causes dissipation of energy, which leads to
that less wave energy will be dissipated through breaking, if breaking occurs at all.
Vegetation stands that have large enough horizontal and vertical extension will be
able to prevent wave breaking. If the reed stand has such an extension, wave breaking
can be omitted from energy balance. The mechanisms by which wave energy can be
dissipate are then limited to bottom friction and interactions with the reed stand.

The wave energy balance is (Dean and Bender, 2006)

oc.2) ok, |, (13)

where x (m) is the length in the direction of wave propagation, ¢ is the time (s) and D,
is the dissipated energy per unit area (N/ms).

The wave energy is assumed to be constant over time,O0F /0t =0, and energy will
only dissipate through bottom friction and interactions with vegetation. If this is the
case, the change in wave energy flux in the direction of wave propagation can be
expressed as

F __p -p, (14)
Ox
where Dy is the energy dissipated per unit area due to the interaction with the

vegetation (N/ms) and Djp is the energy dissipated per unit area due to bottom friction
(N/ms).

In dense vegetation stands, the energy loss caused by vegetation is usually larger than
the energy loss caused by the bottom.

4.1 Wave energy dissipation due to vegetation

In many studies concerning wave damping by vegetation, the submerged parts have
been treated as rigid vertical cylinders. The wave force acting on each vegetation
element can then be calculated in the same way as for a pile on a costal structure. The
horizontal fluid force acting on the submerged part of the cylinder is the sum of the
inertia force and the drag force.

The force acting on a cylinder per unit length, f, (N/m) is (SPM, 1984)
14



X aD* du 1

where f; is the inertia force per unit length (N/m), fp is the drag force per unit length
(N/m), C,, is the inertia coefficient (dimensionless), C, is the drag coefficient
(dimensionless), D is cylinder diameter (m) and u is the horizontal water velocity at
the axis of the cylinder.

In equation 15, it is assumed that the force per unit length, f; is dependent only on
horizontal forces and not on vertical forces. According to Kobayashi et al. (1993) this
assumption is acceptable.

The total force acting on a cylinder can only be calculated if the horizontal water
velocity and acceleration are known at all depths. Linear wave theory can describe the
depth dependence of both the water velocity and acceleration, but it can not account
for the changes in the flow field caused by the cylinder.

The time average dissipation of energy due to the drag force acting on a cylinder per
unit length, d., (N/s) is

d,. =uf, =C, %pDuz\u\ (16)

The drag coefficient of an object is determined by Reynolds number, the surface
roughness, the objects shape and orientation in the flow field. Reynolds number is
dependent on the wave induced water particle velocity, which declines with depth.
This variation of Reynolds number with depth is not accounted for and the drag
coefficient is assumed to be constant over the full depth. Reynolds number, Re,
(dimensionless) is given by

D
Re = tmn ™ (17)

14

where u,,,, is the peak water particle velocity at the still water level (m/s).

The time average energy loss of a wave due to the drag force acting on a single
cylinder can be calculated, if equation 16 is time average integrated over a wave
period and over the full depth.

t+T n

D,. =(;J [ ddwdzdt=C;/T)D I]‘T}\u\}dzdt (18)
t —d t —d

where D . 1s the time average dissipated energy due to the drag force acting on a

single cylinder (Nm/s) and 7 is the water surface elevation (m).

After substitution of equation 6 in equationl8, it is seen that the phase angle, § =
(2mx/L-2nt/L), is the only part of the orbital velocity which is time dependent. Where
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x is the location of the cylinder and it is preferably set to zero. After substitution,
equation 18 is first time average integrated over a wave period. This gives the time
average dissipated energy per unit length of the cylinder due to the drag force,d .,

{-7]

(Nm/s) and it can be expressed as

— _ C,pD(h gl cosh2z(z+d)/L] T
“ 21 (2 L cosh(2md /L) g

19)

_2C,pD (h gT cosh[27(z+ d)/L]j
3z

2 L cosh(2md /L)

To find the total drag induced energy loss of a wave when passing a cylinder equation
19 must be integrated over the full depth. Vegetation does usually not have
cylindrical shape and constant diameter at all depths. To account for this it can be
necessary to give the diameter of the cylinder some depth dependence. Reed does
however have a quite uniform shape and diameter and it can therefore be regarded as
a cylinder with constant diameter.

Equation 19 is now integrated from the lake bottom to the still water level to get the
total energy loss of a wave caused by the drag force acting on a single cylinder.

30

EdXszcdpD ﬁng J. (cosh 271' (z+d )/ L)) dz
37 \2 L )\ cosh(2md /L) 27rd/L 2

_2C,pD (h gTj 1 y (20)
37 \2 L )\ cosh(2md /L)

( 1 sinh(27 / L)cosh(2zd / LY + 2))

3 (2z/L)

Equation 20 can be rewritten as

3.
D, = 2 C, pDh3( gk ) s1nh(kd cosh(de)2 + 2) on
3z 20 3k cosh(kd )

where k is 2z/L (1/m) and o is 27/T (1/s).

The energy loss per unit area caused by the drag force can be calculated, if the reed
density is known. The reed density is expressed as, N, the number of cylinders per
unit area (//m°). The time average dissipation of energy per unit area caused by the
drag force acting on an array of cylinders, D, , (N/ms) can then be expressed as

>

b, - c D (gkj (sinh(kd)(cosh(kd)z " 2)J @)
“ 20 3k cosh(kd )
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The inertia force acting on a vertical cylinder depends on the horizontal water particle
acceleration. According to linear wave theory the horizontal water particle
acceleration depends on the phase angle, 8 = (2zx/L-2xt/T). The time dependence of
the phase angle causes the inertia force to cancel out over time, if the waves are
periodic and symmetric. Waves in nature are however not perfectly periodic and
symmetric. This discrepancy between linear wave theory and waves in nature should
be kept in mind, when linear wave linear wave theory is applied on natural occurring
waves. According to Dalrymple et al. (1984), the inertia force can be neglected, when
the energy dissipation is induced by plants.

The wave energy dissipation caused by vegetation can, if neglecting the inertia force,
be expressed as

3 . 2
2w Dh{ gk) sinh i osh(ka) +2) @3
3z 20 3k cosh(kd)

D, =D

v dac

Equation 23 is the same equation as the one presented by Dalrymple et al. (1984).
Swaying motions of the plant is ignored in this model, but it can be correlated for by
adjustments of the drag coefficient (Dalrymple et al., 1984).

4.2 Wave energy dissipation due to bottom friction

Wave energy dissipation due to bottom friction occurs if the wave orbitals reach
down to the bottom. According to linear wave theory this is the case when the water
depth is less than half the wave length. In dense vegetation stands, wave energy
dissipation caused by vegetation is generally much larger than the wave energy
dissipation caused by bottom friction. Bottom friction is therefore usually assumed to
be negligible when vegetation is present. Bottom friction will however be considered
in this study if a wave energy loss is observed for waves propagating through a
control area without vegetation.

The wave energy dissipation due to bottom friction over smooth, rigid and
impermeable bottoms can be divided into a laminar boundary layer case and turbulent
boundary layer case. In nature, boundary layers are more frequently turbulent than
laminar (Dean and Dalrymple, 1991). The boundary layers in the field study are
however assumed to be laminar and according to Dean and Dalrymple (1991)
boundary layers are laminar for smooth bottoms if Reynolds number is less than
10000. Reynolds number, Ry, (dimensionless) is given by

R, =1t 4
v

where u,, is the peak horizontal velocity just above the boundary layer (m/s), & is

maximum horizontal water particle excursion just above the boundary layer (m) and v
is the viscosity (m”/s).
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Boundary layers under waves are thin. Those from linear wave theory predicted water
motions at the bottom can therefore be assumed to be of the same size as the water
motions just above the boundary layer. The peak horizontal velocity and the
maximum horizontal water particle excursion just above the boundary layer are then
given by the following equations.

DY IS S 25)
2 L cosh(2d /L)
2
g, =8t 1 (26)

47l cosh(2zd / L)

The wave energy dissipation over impermeable, rigid and smooth bottoms with
laminar boundary layers is given by (Dean and Dalrymple, 1991)

2
p,-_kehp o @7
8sinh(2kd) \ 2v

4.3 Resuspension due to waves

If water movements at the sediment surface induce a sufficiently high bed shear
stress, resuspension can occur. Waves can generate water movements at the sediment
surface if the water is shallower than half the wave length (SPM, 1984). These wave
induced water motions are constantly changing direction and the peak bed shear stress
will occur when the horizontal velocity just above the boundary layer is at its highest.
The highest horizontal velocity just above the boundary layer will be referred to as
the peak velocity. Since the peak velocity is easy to estimate from linear wave theory,
it would be useful to find the peak velocity that coincides with the onset of sediment
motion. The lowest peak velocity that can generate sediment motion will be referred
to as the critical velocity.

The bed shear stress is caused by hydrodynamic forces acting on the bottom. The bed
shear stress (equation 28) is the sum of:

e The skin friction (N/m”), 7,, which is the friction per unit area caused by
the sediment particles.

e  The form drag (N/m’), 17, which is the pressure drag per unit area caused
by ripples and other large variations in the bottom profile.

e The sediment transport (N/m?), 7,, which is the force per unit area
required to bring sediment particles in motion.

18



Ty =T, +7,+7, (28)

where 7, is the bed shear stress (N/n").

The peak skin friction caused by waves can be calculated by (Soulsby, 1997)

1
T =5'P'fw'u§ 29

where 1y, is the peak skin friction caused by waves (N/m?), f, is the wave friction
factor (dimensionless) and u, is the peak velocity (m/s).

The peak velocity just above the boundary layer is given by equation 25. The wave
friction factor is dependent on Reynolds number and the bottom roughness. For
smooth bottoms with laminar boundary layers, the wave friction factor is given by

(Soulsby, 1997)

£l (30)
WA,

If the bottom is flat, no ripples exist and the sediment transport is small, then the skin
friction almost equals to the bed shear stress. Equation 29 can under such conditions
be used to calculate the peak bed shear stress caused by waves. For non-cohesive
sediments Shields parameter can be used to calculate the critical bed shear stress
(equation 31). According to Soulsby (1997), shields parameter can not only be used
for steady currents, but also for oscillatory waves.

TL'rzecr'g'dg'(ps_p) (31)

where 17, is the critical bed shear stress (N/mz), 0. 1is shields parameter
(dimensionless), d, is the grain diameter (m) and p; is the density of the sediment
(kg/m?).

Shields parameter for non-cohesive sediments, can be estimated from (Soulsby, 1997)

0.3

= +0.055-(1-¢""") (32)
1+1.2-D,

where D, is the dimensionless grain size which is given by (Soulsby, 1997)

D.=d, (g'((ﬂs ip)—l)]m (33)
v
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If the peak skin friction is equal to the critical bed shear stress at the onset of sediment
motion, the critical velocity can be estimated by combining equation 29 with
equations 31 and 32.

0.3 0.02-Ds
— = +0.055-(1- 2-g-d,-(p, -
(1+1.2~D* h-e )] g (pmp)
P 1

(34)

ubcr =

where uy,, is the critical orbital velocity just above the boundary layer (m/s).

It must be noted that equation 34 is restricted to non-cohesive sediments, horizontal
and flat bottoms. Generally, sediment particles are lifted from the bottom into the
water column when the peak velocity is significantly higher than the critical velocity.
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5 Field study

The field measurements were conducted over a three week period in July 2006 at
three sites in Lake Krankesjon. The sites were chosen because they had one or more
characteristics that might influence the waves. It was assumed that results from one
site alone or in a combination with the results from one or two of the other sites could
be used to 1) study the effects on waves as they propagate through a stand of reed, 2)
find site and initial wave characteristics of non or great importance to wave
alterations within the reed stand and 3) evaluate the models presented in Chapter 4.

T

= Site of
measurement

== Shoreline

‘M Reed belt

0 0.5 1 km

L —

Figure 5. Map over Lake Krankesjon 2006. (Made by Charlotta Borell Lovstedt
and edited by the author)

The sites of measurement can be seen in figure 5 and they will hereafter from north to
south be referred to as, the deep water site, the shallow water site and the beach. A
detailed description of each site is given in Chapter 5.2.
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5.1 Field measurements

5.1.1 Wave measurements

Wave measurements were made along a transect perpendicular to the reed stands
outer edge at the shallow and deep water site. Wave measurements at the beach were
made along a transect in line with the direction of wave propagation. Six poles were
placed along the transects and the distance between each pole were one to two meter.
The poles will from outermost to the innermost pole be referred to as pole 1,2,3,4,5,
and 6.

Two wave gauges were used in the test set up and they recorded the water surface
displacement simultaneously over a three minute period. The three minute recording
period was followed by seven minutes of no recording. These seven minutes were
used to move one of the wave gauges. One of the wave gauges was attached to pole 1,
the outermost, to record incoming waves. This wave gauge remained fixed to pole 1
and this wave gauge will hereafter be referred to as the fixed station. A second wave
gauge was moved between the other poles placed along the transect. This wave gauge
will be referred to as the movable station. It was initially attached to pole 2. The
movable station was after each recording moved one pole away from pole 1. This was
done until pole 6 was reached. At this pole two consecutive recordings were made.
The movable station was then moved one pole per recording towards pole 1. This was
done until pole 1 was reached. The whole procedure explained above will be referred
to as a measurement cycle.

Each wave gauge has a float that moves up and down a vertical metal rod (Figure 6)
and the water surface elevation is determined by the floats position on the rod. The
wave gauge is connected to a data logger and an electrical signal is linearly correlated
to the position of the float on the rod. The position of the float was recorded eight to
ten times per second. In order to reduce the impact of the pole on the wave recordings
the float was orientated towards the incoming waves. The distance between the pole
and the float was approximately 10 cm.

T

&

Figure 6. Wave gauge (laying down)

A boat was used at the field measurements and it was anchored on the leeward side of
transect in order to reduce the impact of the boat on the wave recordings.
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5.1.2 Abiotic measurements

To be able to compare measurement cycles, the incident wave angel was estimated.
This was done at the beginning of each measurement cycle. The water depth was
measured at all poles in order to evaluate the bottom’s effect on waves. Depth
measurements were made before the first measurement cycle was initiated at the site.
Wind directions and wind speeds were measured before or under each measurement
cycle. Wind measurements were made approximately 1.5 meter above the water
surface with a hand held wind gauge. Since the wave gauge records the position of
the float it is crucial to the reliability of the wave recording, that the float and the
water surface are on level with each other. Generally, the float was on level with the
water surface. However, a small fraction of the largest waves did have wave crests
that passed slightly above the float. This difference between float elevation and
surface elevation will be referred to as overtopping and if overtopping was observed,
then a note was made. Notes about wave breaking were also made.

5.1.3 Reed measurements

Since it could be assumed that the reed it self is a main factor controlling wave
alterations within reed stands, stem diameters and stem densities were measured. The
stem diameter was measured at the still water level with a slide calliper. The stem
density was measured at the still water level with a, 0.5m - 0.5m, square frame. This
was done in order to map the density and extension of the reed stand. Different
mapping techniques were applied at the sites and these techniques will be described in
detail in chapter 5.2.1 and 5.2.3.

5.2 Site descriptions

Site specific measurement techniques and results from all measurements but wave
measurements are presented in this Chapter.

5.2.1 The deep water site

All measurements were made from a boat at the deep water site. The effect of the boat
on the measurements was believed to be negligible for all measurements except reed
density measurements. The mapping of the reed stand was affected by the boat due to
manoeuvring difficulties within the reed stand. The reed density was therefore
approximated for large areas. These approximations were based on reed density
measurements along the transect and the stands outer edge. The reed stand can be
described as a monoculture of common reed and a rough map of its density and
extension can be seen in figure 7. The first pole within the reed stand was pole 3 and
it was situated approxemateley 0.5m from the edge of the reed stand. The average
stem diameter was 8.4mm.
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Figure 7. Map over the deep water site

The depths at the poles as well as the poles’ distance from pole 1 are given in table 1.

Table 1. The water depth at the poles and the poles’ distance from pole 1.

Pole 1 Pole 2 Pole 3 Pole 4 Pole 5 Pole 6
Depth (m) 137 137 125 1.25 1.25 1.20
Distance from 0 2.17 4.14 5.64 7.30 8.96

pole 1 (m)
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Five measurement cycles were recorded and they will in chronological order be
referred to as measurement cycle 1,2,3,4 and 5 at the deep water site.

Time, date, wind speed, wind direction and incident wave angel for the measurement
cycles are given in table 2. Notes about wave breaking and overtopping are also found
in table 2.

Table 2. Date, time, observed wind and wave characteristics for the measurement
cycles at the deep water site.

Measurement Measurement Measurement Measurement Measurement

cycle 1 cycle 2 cycle 3 cycle 4 cycle 5
Date 060704 060705 060705 060706 060706
Time 11:07-12:40 11:47-13:20 16:07-17:40 11:47-13:20 15:47-17:20
Wind speed 1.5-3 3-4.5 4-6 4-6 1.5-3
(m/s)
Wind SSE SE SE ESE SSE
direction
Incident 35 30 20 30 40
wave angel
(°)
Over- No No Yes Yes No
topping

at pole 1,2 and at pole 1,2 and
3 3

Wave No No No No No
breaking

5.2.2 The beach

Vegetation was not present at this site and the wave measurements were made along a
transect in line with the direction of wave propagation.

One measurement cycle was started, but it was brought to an end after pole 6 was
reached. This measurement cycle will be referred to as measurement cycle 1 at the
beach even though it is not complete. A complete measurement cycle was also
recorded (hereafter: measurement cycle 2 at the beach). The poles were removed after
each measurement cycle. The depth at the poles will therefore vary between the
measurement cycles (table 3). The distance between one pole and the next was
however kept constant at one meter.

In order to facilitate comparison with the shallow water site, the transects were placed

so that the depth profile along the transects resembled the depth profile along transect
at the shallow water site. This was done as far as it was possible.
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Table 3. The water depth at the poles for measurement cycle 1 and 2 at the beach.

Pole 1 Pole 2 Pole 3 Pole 4 Pole 5 Pole 6
Depth for
measurement
cycle 1 (m) 0.44 0.43 0.39 0.37 0.33 0.30
Depth for
measurement
cycle 2 (m) 0.45 0.45 0.45 0.43 0.42 0.42

Time, date, wind speed, wind direction for the measurement cycles are given in table
4. Notes about wave over topping and wave breaking are also given in table 4.

Table 4. Date, time, observed wind and wave characteristics for the measurement
cycles at the beach.

Measurement Measurement
cycle 1 cycle 2
Date 060714 060718
Time 12:17-13:00 14:27-16:00
Wind speed (m/s) 5-8 6-9
Wind direction NNW NwW
Overtopping Yes Yes
at all poles at all poles

Wave breaking No Yes

at all poles but not very much

No bottom ripples were observed. A sediment sample was taken in order to make
resuspension analysis possible. The sediment sample was sieved and the grain
fractions found are given in figure 8. The sediment is non cohesive, because it is
clastic and almost all grains are larger than 0.06mm.
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Figure 8. Weight percent of the sediment sample that is below a given grain diameter
(mm).

5.2.3 The shallow water site

The water depth at the shallow water site made wading possible. As wading was
possible the boat was no longer an obstacle to stem density measurements within the
reed stand. To be able to make an accurate map over the reed stand, the poles along
the transect were used as orientation points. The stem density was measured in lines
perpendicular to the transect. An average of each line was then calculated. The stem
density as well as the poles distances from the edge of the reed stand can be seen in
figure 9. All measurements apart from stem density measurements were made from a
boat.

The reed stand can be described as a monoculture of common reed and the average
stem diameter was 4.1mm. Uprooted submerged macrophytes were found within the
reed stand. It was assumed that the uprooted submerged macrophytes might affect the
wave measurement and they were therefore removed as much as possible. This was
done before each measurement cycle.
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Three measurement cycles were recorded and they will be referred to as measurement
cycle 1,2 and 3 at the shallow water site. Time, date, wind speed, wind direction and
incident wave angels for the measurement cycles are given in table 6. Notes about
overtopping and wave breaking are also given in table 6.

Table 6. Date, time, observed wind and wave characteristics for the test cycles at the
shallow water site.

Measurement Measurement Measurement
cycle 1 Cycle 2 cycle 3

Date 060714 060718 060718
Time 10:37 -12:10 12:47-14:20 16:07-17:40
Wind speed (m/s) 6-8 6-9 7-10
Wind direction NNW NW NwW
Incident wave angel (°) 110 110 110
Overtopping Yes Yes Yes

at pole 1 and 2 at pole 1 and 2 at pole 1,2 and 3
Wave breaking No No No

No bottom ripples were observed and the sediment is assumed to resemble that of the
beach.
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6 Data analysis

The wave recordings in this study provide information on how the water surface
elevation varies with time. To be able to study wave alterations it is necessary to have
a strict definition of a wave. This definition can then be used to divide the wave
recordings into small segments, where each segment contains information about a
single wave. The zero-downcrossing method can be used to separate individual waves
from a wave recording. A single wave is according to the zero-down crossing method
initiated after a downward crossing of the still water level by the water surface and
the wave is terminated by the next downward crossing of the still water level by the
water surface (figure 10).

Water level
Stll water level

"~ AAAN,
VARRVAY

Wave 2

Water surface elevation

Ware 1
Ware 3

Time

Figure 10. Individual waves within a wave recording according to the zero-
downcrossing method

The wave period is according to the zero-downcrossing method defined as the time
span between two consecutive crossings of the still water level by the water surface in
a downward direction. This time span is termed the zero-downcrossing period and it
indicates the beginning and end of a single wave. The wave height is according to the
zero-downcrossing method defined as the difference between the highest and the
lowest water surface elevation during a zero-downcrossing period. This wave height
is called the zero-downcrossing wave height.

The frequency of occurrence of the zero-downcrossing wave heights within a deep
water wave record are usually close to the frequency of occurrence given by the
Rayleigh distribution. The Rayleigh distribution can therefore be used to compensate
for small errors of measurement. These errors of measurement might be caused by
overtopping and recording difficulties of the smallest wave heights.
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Since single waves within a wave record have a wide range of wave heights and
periods, it is desirable to find a representative wave that could be assumed to be
statistically representative of all waves within the wave record. The average wave
height of the one-third highest waves predicted from the Rayleigh distribution
(hereafter: The significant wave height) and the average zero-down crossing period
(hereafter: average period) are not only related to all waves within the wave record,
they are also easy to calculate. The significant wave height and the average period
will therefore be used to describe the representative wave.

The significant wave height is for a Rayleigh distributed wave spectrum given by
(SPM 1984)

H=H, 2 (35)

rms

where H is the significant wave height (m) and H,, is the root mean-square wave
height (m).

The root mean square wave height is given by (SPM 1984)

l N 1/2
H =|—S" (36)
rms (N JZ:; j\J

where N is the total number of waves within a wave record (dimensionless).

In this study it is assumed that the significant wave height and the average period
along the reed stands outer edge are of roughly the same magnitudes as the significant
wave height and the average period recorded at the fixed station. This assumption
makes it possible to estimate the reed stands effect on a representative wave, even if
the direction of wave propagation is not in line with the transect. The distance along
the wave path from the stands outer edge to the movable station, is the distance of
wave propagation in reed stand. The distance of wave propagation can be estimated
from the site map if it is combined with the incident wave angel.
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7 Wave attenuation models and critical orbital
velocities

7.1 Wave attenuation models

Each study site has its set of characteristics. These characteristics affect the choice of
wave attenuation model and the variables within the model. The wave attenuation
model and the variables used for each site are given in this chapter.

The initial wave height and the initial wave period are in the wave attenuation models
represented by the significant wave height and the average period at fixed station. The
significant wave height and the average period are calculated for each recording
period of three minutes. If these two variables and the water depth are known at the
fixed station, then linear wave theory can be used to estimate the water motions and
the wave energy density of the representative wave. The representative wave is
assumed to be statistically representative of all waves that pass the fixed station over
a three minute recording period. The wave attenuation models presented here predict
the alteration of the wave energy density of the representative wave along its wave
path. The wave energy density of the representative wave obtained from the model at
a point of interest can be expressed as the significant wave height at that point.

The wave attenuation models applied are solved numerically.

7.1.1 The wave attenuation model at the deep water site

The deep water makes it possible to omit bottom friction and shoaling from the wave
attenuation model at the deep water site. The wave attenuation model is therefore
given by

. [ 20w D[SE j“( gk ]3(sinh(kar)(cosh(kaz)2 +2))]

3z gp 20 3k cosh(kd )’
o c

g

(37

where x in this case is the distance of wave propagation within the reed stand (m).

Due to the mapping difficulties of the reed stand, a constant reed density of 56 stems
per square meter is used. All non-wave related parameters in equation 37 are given in
table 7.

Table 7. Non-wave related parameters used in the wave attenuation model at the deep
water site

N, (dimensionless) D (mm) p (kg/m’) g (m/s)

56 8.4 1000 9.81
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The drag coefficient is used to adjust the wave attenuation model to the reed stand
and the prevailing wave condition.

7.1.2 The wave attenuation model at the beach

Wave energy dissipation caused by vegetation is not included in wave attenuation
model at the beach, since no vegetation is present. The wave attenuation model is
therefore given by

VkE \/;
OE sinh(2kd) \ 2v

o C

4

(3%)

where x in this case is the distance of wave propagation from pole 1 ()

The bottom topography is assumed to change stepwise (table 8) in the wave
attenuation model and the bottom contours are assumed to be perpendicular to the
transect.

Table 8. Bottom topography along the transect at the beach.

Distance Distance Distance Distance Distance Distance
fromPolel fromPolel fromPolel fromPolel fromPolel from Polel

0-0.5 (m) 05-15(m) 15-25(m) 2535(m) 3545(m)  45-5(m)

Depth for
measurement
cycle 1 (m)

Depth for
measurement
cycle 2 (m)

0.44 0.43 0.39 0.37 0.33 0.30

0.45 0.45 0.45 0.43 0.42 0.42

In the wave attenuation model the wave energy flux just before a step in the bottom
topography is assumed to be equal to the wave energy flux just after the step.
Equation 12 is therefore used in the wave attenuation model to calculate the shoaling
at the step.

All non-wave related parameters in equation 38 are given in table 9.

Table 9. Non-wave related parameters used in the wave attenuation model at the
beach.

v (m’/s) p (kg/m’) g (m/s)
1.005-10°° 1000 9.81
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Some relevant objections can be raised against the use of the bottom friction model
when evaluating the wave attenuation at the beach and the shallow water site. The
smoothness of the bottom might be disturbed by roots, rhizomes and reed stems. The
bottom is probably permeable, but to a very limited extent. The bottom is not rigid,
but it is in this case better described as rigid than viscous. Even though objections can
be made, the model might provide useful information on the relative size of the wave
energy dissipation caused by bottom friction.

7.1.3 The wave attenuation model at the shallow water site

The choice of wave attenuation model at the shallow water site depends on the
bottom friction. Bottom friction will be included in the wave attenuation model
(equation 39), if the wave attenuation model at the beach make good predictions or if
it underestimates the wave attenuation. Otherwise bottom friction will be omitted
from the wave attenuation model (equation 40).

o [Eerafi] () bt 2)

ox C, B 39)
VKE \/?
sinh(2kd) \ 2v
Cg

2 8E " ( gk '( sinh(kd)cosh(kd )’ +2)
B A i)
oE_ 3”7 gp o 3k cosh(kd ) (40)
ox C

4

where x in these case are the distance of wave propagation within the reed stand (m).
The bottom topography is assumed to change step wise (table 10) in the two wave

attenuation models and the bottom contours are assumed to be perpendicular to the
transect.

Table 10. Bottom topography along the transect at the shallow water site.

Distance Distance Distance Distance Distance Distance
from Pole fromPolel fromPolel fromPolel fromPolel fromPolel
10-0.5 (m) 0.5-1.5 (m) 1.5-2.5 (m) 2.5-3.5 (m) 3.5-4.5 (m) 4.5-5 (m)

Depth (m) 0.45 0.43 0.42 0.40 0.38 0.36

Shoaling is included in the two wave attenuation models and it is calculated in the
same way as it was for the wave attenuation model at the beach. The reed density
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used in the applied model is given by figure 9. All other non-wave related parameters
used in equation 39 or 40 are given in table 11.

Table 11. Non-wave related parameters used in the wave attenuation model at the
shallow water site.
v (m’/s) p (kg/m’) g (m/s) D (mm)

1.005-10° 1000 9.81 4.1

7.2 Critical orbital velocities

The critical orbital velocities are estimated with equation 34 for the beach and the
shallow water site. The grain diameter that is used to calculate the critical orbital
velocity is the diameter of grains at the fifty cumulative weight percent point, dsj. dsg
is 0.190 mm for the sediment sample at the beach. The density of the grains is
assumed to be as that of quarts, 2650 kg/m’. The viscosity and the density of water
are, respectively, 1.005 m’/s and 1000 kg /m’.
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8 Results

The results presented in chapter 8.1.1 to 8.1.3 and 8.2.1 to 8.2.3 are based on the
average of the two wave recording periods at a given pole within a measurement
cycle. If only one recording is obtained for a given pole within a measurement cycle,
then this single recording is used to calculate variables and ratios related to that
specific pole.

A Dbattery failure occurred when the movable station was attached to pole three for the
first time in measurement cycle 1 at the shallow water site. The float on the movable
station got tangled up in the reed when the movable station was attached to pole six in
measurement cycle 2 at the shallow water site. This did also occur when the movable
station was attached to pole four for the second time in measurement cycle 1 at the
deep water site. These recordings will therefore not be used in this study.

8.1 Results from wave measurements

Generally, the wave heights within a wave record were close to being Rayleigh
distributed. However, small variations between wave regimes with high and low
wave heights were observed. The largest wave heights within wave records with a
high wave regime were usually lower than the wave heights expected from the
Rayleigh distribution (figure 11 and 12). The largest wave heights within wave
records with a low wave regime were on the other hand usually close to being
Rayleigh distributed (figure 13). The deviation from the Rayleigh distribution of the
largest recorded wave heights, was however quite constant for all three minute wave
records within a measurement cycle, exemplified by figure 11B and 12B.
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Figure 11A. The water surface displacement over time at the fixed station, when the
movable station is mounted to pole 6 for the second time in measurement cycle 2 at
shallow water site. The time is here given by m which is the number of recordings of the
water surface elevation within the recording period.

Figure 11B. Rayleigh and observed wave height distribution at the fixed station, when
the movable station is mounted to pole 6 for the second time in measurement cycle 2 at
the shallow water site. N is the total number of waves. n is the rank of a wave. Waves
within a wave record are here ranked by wave height from the highest to the lowest.
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Figure 12A. The water surface displacement over time at the movable station, when it is
mounted to pole 6 for the second time in measurement cycle 2 at shallow water site. The

time is here given by m which is the number of recordings of the water surface elevation
within the recording period.

Figure 12B. Rayleigh and observed wave height distribution at the movable station,
when the movable station is mounted to pole 6 for the second time in measurement cycle
2 at the shallow water site. N is the total number of waves and n is the rank of a wave.

Waves within a wave record are here ranked by wave height from the highest to the
lowest.
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Figure 13A. The water surface displacement over time at the movable station, when it is
mounted to pole 6 for the second time in measurement cycle 1 at deep water site. The
time is here given by m which is the number of recordings of the water surface elevation
within the recording period.

Figure 13B. Rayleigh and observed wave height distribution at the movable station,
when the movable station is mounted to pole 6 for the second time in measurement cycle
1 at the deep water site. N is the total number of waves and n is the rank of a wave.
Waves within a wave record are here ranked by wave height from the highest to the
lowest.

The periods and wave heights varied within each recording period of three minutes
(figure 11A, 12A, 13A). The significant wave heights and the average periods at the
fixed station varied within each single measurement cycle (exemplified by figure 14A
and B).
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Figure 14A. The significant wave height at the fixed station for each individual wave
recording in measurement cycle 3 at the deep water site.

Figure 14B. The average period at the fixed station for each individual wave recording in
measurement cycle 3 at the deep water site.

Visual characterization of waves within and just outside the reed stand was made and
it was observed that:
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e Small wind generated ripples existed on top of the main waves outside
the reed stand, when the wind was strong enough to generate them.

e Small wind generated ripples did not occur on top of the main waves
within the reed stand

8.1.1 Results from wave measurements at the deep water site

A quite wide range of wave regimes were recorded at the deep water site and the
significant wave heights at the fixed station can be seen in figure 15. All significant
wave heights and average periods recorded at the deep water site are given in
appendix 1.

Figure 15 shows that the decrease in the significant wave height per meter reed varies
between 0.5 and 6.5 percent and that the decrease is not dependent on the significant
wave height.
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Figure 15. The relationship between the significant wave height reduction in percent
per meter reed at pole 4, 5 and 6 and the significant wave height at the fixed station
— at the deep water site.

Figure 16 shows that the significant wave height ratio between the movable and the

fixed station tend to decreases with the distance of wave propagation in the reed
stand.
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Figure 16. The relationship between the damping of the significant wave height and the
distance of wave propagation in reed — at the deep water site.

The linear regression line is given by y = 0.984 — 0.0255x and the R* value is
0.81.The logarithmic regression line is given by /n y = -0.0105-0.0313x or y =
0.990-0.969" and the R*value is 0.83. The significant wave height reduction per meter
reed is according to the logarithmic regression 3.1 percent, which is close to the
average wave damping per meter reed at pole 4, 5 and 6 (see figure 15). The
significant wave height reduction per meter reed is according to the linear regression
2.6 percent of the initial wave height per meter reed.

The significant wave height ratio between pole 1 and 2 range from 0.94 to 1.08.

Figure 17 shows that the average period of waves with small significant wave heights
are more strongly affected by the reed stand than the average period of waves with
large significant wave heights.
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Figure 17. The relationship between the average period increase in percent per meter
reed at pole 4, 5 and 6 and the significant wave height at the fixed station —at the deep
water site.

The average period ratio between pole 1 and 2 range from 0.97 to 1.03.

8.1.2 Results from wave measurements at the beach

A quite narrow range of high wave conditions were recorded at the beach and the
significant wave heights at the fixed station can be seen in figure 19. All significant
wave heights and average periods recorded at the beach are given in appendix 2.

The significant wave heights are generally larger at the fixed station than at the
movable station (figure 18). The decrease in significant wave height is generally
larger for measurement cycle 2 than for measurement cycle 1.

41



1.08 T T T T T T T T T T

*  Measurement cycle 1
1.06 2 Measurement cycle 2 [+
=
S 104t .
=
W
= 1.02F B
=5}
=
L 1t B
:é‘ s
S %
= poat -
oy
o
B 0961 “ .
: ° x
T 094F -
Q
092r % -
o
Dg 1 1 1 1 1 1 1 Q 1 1
o 05 1 15 2 25 3 35 4 4.5 g 55

Distance from fixed station {m)

Figure 18. The relationship between the damping of the significant wave height for
measurement cycle 1 and 2 and the distance of wave propagation from the fixed station
—at the beach.

The average period increase per meter is plus minus two percent (figure 19).
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Figure 19. The relationship between the average period increase in percent per meter for
measurement cycle 1 and 2 and the significant wave height at the fixed station —at the
beach.

The estimated ranges of Reynolds number, and the ranges of the peak and critical

orbital velocities between pole 2 and 6 are given for each measurement cycle in table
12.
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Table 12. The range of Reynolds number, and the ranges of the peak and critical
orbital velocities within each measurement cycle at the beach.

Measurement cycle 1 Measurement cycle 2
The range of Reynolds number
(Dimensionless) 400-1500 1600-2700
The range of the Peak velocity
(m/s) 0.06-0.1 0.1-0.12
The range of the critical orbital
velocity (m/s) 0.05-0.07 0.07-0.08

8.1.3 Results from wave measurements at the shallow water site

A narrow range of relatively high wave regimes were recorded at shallow water site
and the significant wave heights at the fixed station are given in figure 20.The
recorded significant wave heights and average periods are given in appendix 3.

Figure 20 shows that significant wave height reduction is three to seven percent per
meter reed and the decrease seems to be independent of the significant wave height.
The average reduction of the significant wave height is roughly 5 percent per meter
reed.
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Figure 20. The relationship between the significant wave height reduction in percent per
meter reed at pole 4, 5 and 6 and the significant wave height at the fixed station — at the
shallow water site.

Figure 21 shows that the ratio between the significant wave height at the movable

station and significant wave height at the fixed station tend to decreases with the
distance of wave propagation in the reed stand.
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Figure 21. The relationship between the damping of the significant wave height and the
distance of wave propagation in reed — at the shallow water site.

The linear regression line is given by y = 1.03 — 0.056x and the R? value is 0.79.The
logarithmic regression line is given by In y = 0.047-0.066x or y = 1.05 -0.94" and the
R’ value is 0.80.

The significant wave height reduction per meter reed is according to the logarithmic
regression 6 percent, which is slightly higher than the average wave damping per
meter reed at pole 4, 5 and 6 (see figure 20).
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Figure 22 shows that the average period usually is larger within the reed stand than
outside.
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Figure 22. The relationship between the average period increase in percent per meter

reed at pole 4, 5 and 6 and the average period at the fixed station — at the shallow water

site.

The ranges of Reynolds number at the bottom, and the ranges of the peak and critical
orbital velocities between pole 2 and 6 within each measurement cycle are given in
table 13.

Table 13. The range of Reynolds number, and the ranges of the peak and critical
orbital velocities within each measurement cycle at the shallow water site.

Measurement cycle 1 Measurement cycle 2 Measurement cycle 3
The Range of Reynolds
number (Dimensionless) 500-1600 700-1600 2100-3500
The Range of the peak
velocity (m/s) 0.06-0.09 0.08-0.09 0.11-0.14
The range of the critical
orbital velocity (m/s) 0.05-0.07 0.06-0.07 0.07-0.08

8.2 Results from the wave attenuation models

Since drag coefficients are known to vary with Reynolds number, it is necessary to
find out if a relationship exists between Reynolds number and the drag coefficients
applied in the models.

Figure 23 shows how the drag coefficient varies with Reynolds number. The drag
coefficients presented in this graph are the ones that generate perfect agreement in the
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significant wave height damping between the applied model and a three minute
recording period.
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Figure 23. Drag coefficients versus Reynolds number and the drag coefficient as
function of Reynolds number.

The line in figure 23 represents the drag coefficient as a function of Reynolds
number. This function is given by C,; = 26.7- 0.0296-Re+1.26:10"-Re*-1.75-10”-Re’
and it is obtained through a least square interpolation. The interpolation is based on
all data points given in figure 23. Because the drag coefficient function is empirical
and of third order it should only be used within the observed range of Reynolds
number, 200-2300.

The results obtained from the wave attenuation models are hereafter based on Hm/HO
ratios. Where HO is the significant wave height at the fixed station and Hm is the
significant wave height at movable station, which is obtained from the model or from
the wave measurement. The graphs in this chapter are equipped with a reference line
called the line of perfect fit and it represents a perfect agreement between modelled
and recorded Hm/HO ratios.

The drag coefficient used in the applied wave attenuation model at the shallow and
the deep water site is either given by the function of Reynolds number or by the
average of all perfect fit drag coefficients used in that specific model. The perfect fit
drag coefficient is the drag coefficient that generates a perfect agreement in the
Hm/HO ratio between the model and the three minute recording period. A perfect fit
drag coefficient can be obtained from the applied model for all three minute recording
periods at the shallow and deep water site, if the damping of the significant wave
height occurs. For individual wave measurements with increasing significant wave
heights, the perfect fit drag coefficient is set to zero.
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8.2.1 Results from the wave attenuation model at the deep water site

Figure 24 shows the agreement between measured and modelled Hm/HO ratios when
the average of all perfect fit drag coefficients is used in the model. This average is
5.32. This model underestimates the damping of the significant wave heights for
waves with Re<1200, while it mostly overestimates the damping of the significant
wave heights for waves with Re>1200 (figure 24).
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Figure 24. Comparison between measured and modelled H/HO ratios at the deep water

site -the average drag coefficient is used in the model.

Figure 25 shows the agreement between measured and modelled Hm/HO ratios when
the drag coefficient is given as a function of Reynolds number. The drag coefficient
used ranges from 4 to 24 (figure 23). The agreement between modelled Hm/HO ratios
is quite good for waves with Re<1200 and waves with Re>1200 (figure 25).
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Figure 25. Comparison between measured and modelled H/HO ratios at the deep water
site - the drag coefficient function is used in the model.

8.2.2 Results from the wave attenuation model at the beach

Figure 26 shows a very low agreement between modelled and measured Hm/HO
ratios. The model underestimates the damping of the significant wave heights for
measurement cycle two, while it both under- and overestimates the damping of the
significant wave heights for measurement cycle one.
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Figure 26. Comparison between measured and modelled H/HO ratios at the beach.
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8.2.3 Results from the wave attenuation model at the shallow water site

Since the wave attenuation model at the beach underestimates the damping of the
significant wave height in most cases, bottom friction will be included in the wave
attenuation model at the shallow water site. Equation 39 is therefore used to model
the wave attenuation at the shallow water site.

Figure 27 shows the agreement between modelled and measured Hm/HO ratios when
the average of all perfect fit drag coefficients is used in the model. This average is
8.16. The variation in modelled of Hm/HO ratios is smaller than the variations in
measured Hm/HO ratios (figure 27).
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Figure 27. Comparison between measured and modelled H/HO ratios at the shallow
water site - the average drag coefficient is used in the model.

Figure 28 shows the agreement between measured and modelled Hm/HO ratios when
the drag coefficient is given as a function of Reynolds number. The drag coefficient
used ranges from 5 to 11 (figure 23). The variation in modelled Hm/HO ratios is
smaller than the variation in measured Hm/HO ratios (figure 28).
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Figure 28. Comparison between measured and modelled H/HO ratios at the shallow
water site - the drag coefficient function is used in the model.
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9. Discussion

The average damping of the significant wave heights per meter is approximately 3
percent at the deep water site and 5 percent at shallow water site. Based on these
averages, a representative wave with an initial significant wave height of 12cm will
have a significant wave height of approximately 9cm after travelling 10m in the reed
stand at the deep water site, while it will have a wave height of approximately 7cm
after travelling 10m in the reed stand at the shallow water site.

The agreement between the modelled and measured damping at the deep and the
shallow water site is quite good when the drag coefficient is given as a function of
Reynolds number.

9.1 Wave measurements

The small divergence between recorded wave heights and those expected from the
Rayleigh distribution (figure 11B, 12B and 13B), indicates that the significant wave
height expected from the Rayleigh distribution represents the average wave height of
the one-third highest waves quite well. Observed divergences of this kind are similar
for all wave recordings within a measurement cycle, compare figure 11B and 12B.
The probability distribution of the frequency occurrence of H,, scaled wave heights
is therefore probably close to constant for all wave recordings within a measurement
cycle. And since the probability distribution of the H,,s scaled wave heights is close
to constant along the transect in the reed stand, then it is probably constant along the
wave path in the reed stand too. The probability distribution of the H.,, scaled wave
heights can only remain constant along the wave path in the reed stand, if all wave
heights within the wave height spectra are attenuated equally much. This indicates
that the reed induced damping of the wave height is independent of the initial wave
height.

Variations in the significant wave height and average period within a measurement
cycle (figure 14A and B) can be explained by variations in the wave regime during
the measurement cycle, but also to some extent by the periodicity of small and large
waves (figure 11A and 12A and 13A). If a wave recording starts at the beginning of a
group of small waves and ends just after a group of small waves, then the recorded
significant wave height will be lower than if it had started a few moments earlier. The
periodicity of small and large waves can therefore be a source of error in the wave
damping analysis.

Variations in the significant wave height and the average period were observed
between two poles, pole 1 and 2, outside the reed stand at the deep water site. The
largest observed difference between these two poles is 8 percent for the significant
wave height (figure 16) and 3 percent for the average period. If differences like these
are observed between pole 1 and 2 at the deep water site, then it can be assumed that
differences in significant wave height and average period will occur between the reed
stand’s outer edge and the fixed station too. The difference in significant wave height
and average period between the fixed pole and the reed stand’s outer edge is a source
of error in the wave damping analysis. The results from the wave measurements were
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presented graphically in two ways. One way was to present the relationship between
the alteration and the distance of wave propagation from a given point. The other way
was to present the relationship between the alteration in percent per meter and the
significant wave height at the fixed station.

For the results presented as the relationship between the alteration and a distance from
the reed stand’s outer edge is the source of error caused by variations in significant
wave height or average period between the fixed pole and the reed stand’s outer edge
not altered along the wave path in the reed stand. It can be questioned if this is a
source of error because the alteration is given as ratio between movable station and
the fixed station. This alteration is however in this study interpreted as the alteration
from the reed stands outer edge to the movable station.

For results presented as the relationship between the alteration in percent per meter
reed and the significant wave height, is the source of error caused by variations in
significant wave height or average period between the fixed pole and the reed stand’s
outer edge declining with the distance of wave propagation in the reed stand. If the
significant wave height at the fixed pole is six percent lower than at the point of
interest at the reed stand’s outer edge, then the error in this wave damping analysis is
roughly 12 percent if the distance of wave propagation is half a meter, while the error
is only about one percent if the distance of wave propagation is six meter. For this
reason the results obtained from pole 2 and 3 at the shallow and deep water site was
not used in this kind of graphical presentation.

The applied wave analysis of the significant wave heights and the average periods
does not account for variations in the reed density. Therefore, variations in the reed
density can explain small variations in average periods and significant wave heights
between poles. Small variations in the reed density have greater impact on the wave
analysis for shorter distances than longer distances of wave propagation in reed,
because variations like these tends to even out with distance.

9.1.1 The deep water site

The lowest recorded wave regimes might be sensitive to measurement errors related
to the detection limit of the wave gauge.

The maximum hypothetical translocation of the fixed station is 16 meter. The initial
source of error caused by the hypothetical translocation can be assumed to be the
same size or even larger than the variation in significant wave height and average
period observed between pole 1 and 2. If this, the mapping difficulties and the
periodicity of small and large waves are kept in mind, then the damping of significant
wave height by roughly three percent per meter reed seems quite consistent (figure
15).

The agreement between both the linear and the logarithmic regression line and the
recorded significant wave heights are very good (figure 16). The logarithmic
regression represents a damping in percent per meter, while linear regression
represents a linear damping. At short distances of wave propagation the logarithmic
and the linear regression lines are close to each other, but they do depart more and
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more from each other as the distance of wave propagation in the reed increases. Since
most of the wave recordings are made at distances of wave propagation in the reed
where the two regression lines are very close to each other (figure 16), it is hard to tell
which on of them that give the best representation of the significant wave height
damping. Based on the results is it therefore impossible to say if the damping is linear
or if the damping is in percent per meter. The linear damping does however not seem
very plausible, because then the damping in percent per meter increases exponentially
with the distance of wave propagation in reed.

The results indicate that the damping of the significant wave height is independent of
the initial significant wave height (figure 15), while alteration of the average period is
dependent on the initial significant wave height (figurel7). Wave regimes with a low
significant wave height have a larger number of waves with low wave heights than
wave regimes with a high significant wave height. Therefore will a larger number of
waves with low wave heights be damped by the reed to a level below the detection
limit for low than for high initial significant wave heights. If waves within a wave
record are undetected by the wave gauge or completely attenuated, then the observed
average period increases. Consequently, the observed average period will increase
more for wave records with low initial significant wave heights than for wave records
with high initial significant wave heights.

9.1.2 The beach

Since the direction of wave propagation is in line with the transect at the beach, no
hypothetical translocation of the fixed station is required. For this reason, no analysis
error caused by the hypothetical translocation of the fixed station can occur. An
unexplainable large damping of the significant wave heights are however observed
between pole one and two (figure 18). This indicates that other sources of errors than
that caused by the translocation exist. One such source of error might be overtopping,
which was frequent at all poles at the beach due to the high wave regime and the low
damping along the transect.

The results indicate that the significant wave height damping is more pronounced for
measurement cycle 2 than for measurement cycle 1 (figure 18). This might be
explained by the wave breaking that occurred in measurement cycle 2.

The average period seems to be quite unaffected along the transect (figure 19) and the
observed variations in average period might be explained by natural variations.

Since the sediment is non-cohesive, no ripples exists on the bottom and the boundary
is laminar, equation 34 can be used to calculate the critical orbital velocity. The peak
velocities exceed the critical orbital velocity for all measurement cycles (table 12).
This indicates that the ds) grains were brought into motion. The peak velocities are
however not significantly higher than the critical orbital velocities, which indicate
that dsp grains will remain on the bottom. Smaller sediment grain sizes might
however go into suspension. That some resuspension occurred at the beach on the
days of measurement can be supported by the high water turbidity.
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9.1.3 The shallow water site

The maximum translocation of the fixed station is 2 meter and since pole 1 is located
at the edge of the reed stand and pole 2 is located within the reed stand, it is hard to
make a rough estimation of the source of error caused by the hypothetical
translocation. The source of error caused by the hypothetical translocation at shallow
water site can however be assumed to be of roughly the same size as that between
pole 1 and 2 at the deep water site. The short distances of wave propagation in reed
make analysis of wave alterations in percent per meter reed sensitive to sources of
error caused by the hypothetical translocation. If this is kept in mind, then the
damping of the significant wave height of roughly 5 percent per meter seems quite
consistent (figure 20). The results indicate that the damping of the significant wave
height is independent of the initial significant wave height.

Both the logarithmic and the linear regression line show good agreement with the
observed significant wave heights (figure 21). The logarithmic regression represents a
damping in percent per meter, while the linear regression represents a linear damping.
The later damping does however not seem very plausible (see the discussion in
chapter 9.1.1), but it gives a good approximation at short distances of wave
propagation in reed.

The results indicate that the wave period increases in the reed stand (figure 22). The
short distances of wave propagation can generate translocation errors, which are large
in comparison with total alteration of the average period caused by the reed. This and
the low number of wave recordings make it hard to tell by how much the average
period is altered and if this alteration is dependent on the initial significant wave
height.

Since the sediment is assumed to resemble that of the beach and the critical orbital
velocities were exceeded by the peak velocities for all measurement cycles (table 13),
it can be assumed that the ds, grains were brought into motion. The peak velocities
were not significantly higher than the critical orbital velocities, which indicate that ds
grains will remain on the bottom. Smaller sediment particles might however be lifted
into the water column.

9.1.4 Comparison of the sites

The significant wave height damping per meter reed at the shallow water site is
roughly two percent larger than that at the deep water site (compare figure 15 and 20).
The larger damping at the shallow water site can not be explained by a larger stem
diameter or a higher reed density, because the average stem diameter at shallow water
site is less than half of that at the deep water site and the reed density is of roughly the
same at both sites. Bottom friction and shoaling (figure 18) on the other hand can
explain why the damping is larger at the shallow than at the deep water site, but they
can probably not explain the whole difference in significant wave height damping.
For this reason, additional explanations must exist. It is likely that some of the
uprooted submerged macrophytes that were tangled up in the reed at shallow water
site were not removed. Remaining uprooted submerged macrophytes might explain
some of the difference in significant wave height damping between the shallow and
the deep water site. The difference in the significant wave height damping between
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the shallow and the deep water site might also be explained by differences in the
wave induced drag. This is discussed in chapter 9.2.

The difference in significant wave height damping between the shallow water site and
the beach supports the idea that reed damp waves heights (compare figure 18 and 21).
Since wave breaking was observed for measurement cycle 2 at the beach but not for
measurement cycle 2 and 3 at the shallow water site, it can be assumed that reed
stands reduce wave breaking. All these three measurement cycles are close to each
other in time and the distance between the shallow water site and the beach is short.

A dependence between the initial significant wave height and the increase in average
period was observed for waves propagating through the reed stand at the deep water
site (figure 17), but not at the shallow water site (figure 22). This might be due to that
only wave regimes with high initial significant wave heights were recorded at shallow
water site, while both wave regimes with high and low significant wave heights were
recorded at the deep water site. At the deep water site the average period increase per
meter reed was large for wave regimes with low initial significant wave heights,
while the average period increase per meter reed was close to zero for wave regimes
with high initial significant wave heights.

9.2 Wave attenuation models

Since the perfect fit drag coefficient is adjusted in order to give the best agreement
between the modelled and the measured Hm/HO ratio, there is a risk that model errors
not related to the drag coefficient is compensated for. One such source of error might
be a low agreement between the reed density at the site and that applied in the model.
Another source of error for the perfect fit drag coefficient is the error that might
appear when the fixed pole is translocated.

The perfect fit drag coefficients are quite constant for Reynolds number 1200-2300
(figure 23). This indicates that the drag coefficient of reed is quite constant for
Reynolds number larger than 1200. According to Finnemore and Franzini (1997), the
drag coefficient of a circular cylinder is quite constant and roughly 1 for steady state
conditions and Reynolds number 1000 to 10000. For steady state conditions and
Reynolds number less than 1000 on the other hand, the drag coefficient of a circular
cylinder increases with declining Reynolds number (Finnemore and Franzini, 1997).
This can explain why the perfect fit drag coefficients increases drastically when
Reynolds number becomes lower than 1200. Reynolds number 1200 seems critical to
the drag coefficient of reed, and it coincides quit well with the critical Reynolds
number of a circular cylinder. Large variations in the perfect fit drag coefficients exist
below the critical Reynolds number of 1200 (figure 23). Kobayashi et al. (1993)
plotted the drag coefficients of artificial kelp, i.e. plastic straps, against Reynolds
number. The drag coefficients of artificial kelp and their corresponding Reynolds
number where obtained from a wave tank experiment. The drag coefficients are quite
constant for Reynolds number higher than 8000, while they tend to increase with
decreasing Reynolds number when Reynolds number is less than 8000. Large
variations in the drag coefficients of artificial kelp are observed for Reynolds number
less than 8000. Reynolds number 8000 seems critical to the drag coefficient of
artificial kelp. This critical Reynolds number of artificial kelp is much higher than
55



that observed for reed. This might not only be due to differences in shape between the
two types of “vegetation”. It might also be due to that swaying motions are larger for
kelp than for reed. The similar and the strong influence on the observed drag
coefficients below the critical Reynolds number for the two “vegetation” types
indicates that the critical Reynolds number is important when evaluating the effect of
vegetation on waves. It also indicates that it is hard to estimate the drag coefficient
when the drag coefficient varies a lot with Reynolds number.

It can be assumed that variations in the reed density even out with distance. This is
one of the reasons why only wave measurements obtained from pole 4, 5 and 6 are
used in the analysis of the shallow and deep water attenuation model. An error caused
by the hypothetical translocation of the fixed pole can be large when compared to the
overall significant wave height damping caused by the reed. The quotient between
this error and the overall significant wave height damping can be assumed to be larger
at short distances than at long distances of wave propagation in reed. This is another
reason why only wave measurements obtained from pole 4, 5 and 6 are used in the
analysis of the shallow and deep water wave attenuation model.

Since the models can not compensate for an increase in the average period, they can
not reflect the wave regime. The models can however be assumed to reflect the faith
of a single wave, if the wave period of this single wave is constant along the wave
path. The single wave used in the wave attenuation models is the representative wave
at the fixed pole.

9.2.1 The wave attenuation model at the deep water site

The majority of the representative waves at the fixed station have a Reynolds number
larger than 1200 and the perfect fit drag coefficients are quite constant for these
representative waves. A few representative waves have a Reynolds number smaller
than 1200 and the perfect fit drag coefficients for these representative waves are high
with large variations.

When the average of the perfect fit drag coefficients is used in the model, the model
underestimate the damping for representative waves with Reynolds number less than
1200, while it generally overestimate the damping for representative waves with
Reynolds number larger than 1200 (figure 24). This overestimation of the damping by
the model for representative waves with Reynolds number larger than 1200 is of a
few percent and quite constant. This overestimation is caused by the high perfect fit
drag coefficients of the representative waves with Reynolds number less than 1200.
The constant overestimation with a few percent indicates that the model can predict
the damping of the representative wave quit well, but that the applied drag coefficient
is poorly chosen.

When the drag coefficient applied in the model is given as a function of Reynolds
number, the model both under- and overestimates the damping of representative
waves (figure 25). These under- and overestimations occur for both representative
waves with Reynolds number above and below 1200. The agreement between
modelled and measured Hm/HO ratios is better when the drag coefficient is given by
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the function of Reynolds number than when it is given by the average of the perfect
fit drag coefficients (compare figure 24 and 25).

Some small variations between the modelled and the measured Hm/HO ratios might
be explained by translocation errors or by a low resemblance between the reed density
applied in the model and that of the reed stand. In the model, the reed stand is
assumed to be homogeneous with respect to reed density and stem diameter. The reed
measurements indicate however that this is not case. Nevertheless, the model makes
fairly good predictions of the damping of the representative waves. This indicates that
variations in reed stand tend to even out along the wave path in the reed stand. The
good model predictions can however not be used to verify that the correct reed
density or stem diameter have been used in the model, because the drag coefficient
applied in the model might compensate for such discrepancies. Based on the model
alone, it is therefore not possible to tell if the applied drag coefficients actually
represent that of reed.

9.2.2 The wave attenuation model at the beach

Since Reynolds number is smaller than 10* for both measurement cycles (table 12),
the boundary layer can be assumed to be laminar if the bottom is smooth. The choice
of bottom friction model seems therefore correct with respect to the boundary layer if
the bottom is smooth. The bottom might however not be perfectly smooth.

The bottom friction model can not account for wave breaking and this might be one
of the main reasons why the model underestimates the damping of the representative
waves for measurement cycle 2 (figure 26). The agreement between modelled and
recorded Hm/HO ratios is not good for measurement cycle 1 (figure 26). This might
be due to that the variation in significant wave heights along the transect is much
larger than the damping.

The modelled damping of the representative waves is larger for measurement cycle 1
than 2 (figure 26) and this is due to that the modelled shoaling is more pronounced for
measurement cycle 1 than 2 (compare the depth profiles in table 3).

9.2.3 The wave attenuation model at the shallow water site

Since the bottom friction model at the beach generally underestimates the damping of
the representative wave, bottom friction is included in the wave attenuation model at
shallow water site. It is however questionable if this underestimation is caused mainly
by bottom friction or wave breaking. The inclusion of bottom friction in the shallow
water model is therefore not obvious. The inclusion of bottom friction in the model
will however not affect the model much, because the modelled damping of the
representative waves are mainly caused the by the vegetational part of the model.

For representative waves with Reynolds number less than 1200, no major difference
in the damping is observed for the two drag coefficients (figure 27 and 28). For the
representative wave with a Reynolds number larger than 1200 on the other hand, the
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model makes a better prediction of the damping of the representative wave when the
drag coefficient is given as a function of Reynolds number than when it is given as an
average of the perfect fit drag coefficients (compare figure 27 and 28).

The wave measurements indicate that the damping of the representative waves is
quite constant in the reed stand (figure 21). The reed density applied in the model
varies with the distance from the reed stands outer edge (the reed density applied in
the model is given in figure 9). This affects modelled damping of the representative
waves. The low reed density applied in the model between pole 3 and 6 can probably
explain the narrow rage of damping expected from the models (figure 27 and 28).

9.2.4 Comparison of the site models

The average perfect fit drag coefficient for the shallow water model is approximately
1.5 times higher than the average perfect fit drag coefficient for the deep water model.
One explanation might be that most of the representative waves at the shallow water
site have a Reynolds number less than 1200, while the most of the representative
waves at the deep water site have a Reynolds number greater than 1200. Another
explanation might be might be that some uprooted submerged macrophytes were
tangled up in the reed at the shallow water site.

The drag coefficients applied in the models ranged from 4 to 24 and seem therefore
high when compared to that of a circular cylinder, 0.9-1.4, within the same range of
Reynolds number. This might be explained by that reed have some subsurface leaves
and that the reed densities used in the models are based on the reed density
measurements. The reed density measurements were made at the water surface and
they can therefore not account for all subsurface reed stems. A high abundance of old
reed stems were visually observed below the water surface. The drag coefficient in
the shallow and the deep water model is therefore adjusted in order to compensate for
the subsurface reed stems. The drag coefficients applied in the models do therefore
become higher than the true drag coefficient of reed.

The shallow and deep water model is tested but the validity of these two models are
not truly evaluated, because the models were adjusted to the prevailing wave regimes
with the drag coefficient. The drag coefficient seems however to be dependent on
Reynolds number.
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9.3 Common reed and its effect on resuspension and turbidity

The resuspension analysis at the beach indicates that sand grains, /90 um, within non-
cohesive sediment are brought into motion, when the wind speed is 6-9m/s and the
water depth is 0.42-0.45m. The high turbidity observed on the days of measurement at
the beach can be seen as indicator of resuspension. During these days the wind speed
was 5-9m/s. Since the average water depth in Lake Krankesjon is 0.7m, the results
and observations given above indicate that large areas within Lake Kranesjon might
be affected by wave induced sediment motion and resuspension. Vegetation can
however if present stabilize sediments through several mechanisms and thereby
reducing sediment motion and resuspension.

When the two maps (figure 1 and 5) of Lake Krankesjon are compared it is seen that
the reed stands had almost the same extension in 1981 as in 2006. This indicates that
that extension of the reed stands have not changed very much for the past 25 years.
Based on this it can be assumed that the stabilising effects of reed on sediments have
been quite constant for the past 25 years.

The wave measurements support the idea that stands of common reed damp the
significant wave height, which generates a decrease in the resuspension potential of
waves. The observed increase in the average period within stands of common reed
might on the other hand generate an increase in the resuspension potential of waves.
The actual importance of the increase in average period to wave induced resuspension
depends on which waves within the wave spectra that are affected. Within a wave
regime that causes resuspension, waves with high wave heights and long wave
periods contribute much more to the overall resuspension than waves with low wave
heights and short wave periods. An increase in the average period can therefore affect
the resuspension potential of a wave regime very much or very little. One extreme
scenario is that the whole increase in the average period is caused by an increase in
the wave length of the largest waves, which will generate a strong increase in the
resuspension potential of the wave regime. The other extreme is that the whole
increase in average period is caused by an increase in the period of the smallest
waves, which will leave the resuspension potential of the wave regime unaffected.
Since no analysis of individual wave periods are made, it is not possible to tell how
much the increase in the average period affects the resuspension potential of the wave
regime. Based on the analyses of the average periods and the significant wave
heights, it is therefore not possible to verify or reject the idea that stands of common
reed reduce wave induced resuspension.

The difference in wave breaking between measurement cycle 2 at the beach and
measurement cycle 2 and 3 at the shallow water site (table 4 and 6) indicate that
stands of common reed reduce wave breaking. Wave breaking is most pronounced in
shallow areas at high wave regimes and it results in high water turbulence. This water
turbulence can cause resuspension of sediments. Stands of reed can therefore at high
wave regimes reduce sediment resuspension caused by breaking waves. This will in
turn affect water turbidity. For lakes with extensive stands of reed in shallow areas,
the reed stands effect on wave breaking might be an important factor controlling the
water transparency at high wave regimes.
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10 Conclusions

It has been seen that the significant wave height decreases along the wave path in the
reed stands. The observed decreases in significant wave height were 0.5 to 7 percent
per meter reed. Large variations in the damping of the significant wave height were
observed between two stands of reed. This difference in damping was not possible to
explain by variations in stem diameter or reed density, but maybe by uprooted
vegetation that was tangled up the reed stands and variations in the wave induced
drag.

It has been seen that the average wave period tend to increase along the wave path in
the reed stand. The increase in average wave period seemed to be dependent on the
initial significant wave height at one of the two reed stands studied. At the other reed
stand no dependence was observed between the average wave period and the initial
significant wave height, which might be due to that only a narrow range of wave
regimes were recorded at this stand.

Based on the analyses of the significant wave heights and the average wave periods,
it has not been possible to verify or reject the idea that stands of reed reduce the
resuspension potential of wave regimes. This was due to the fact that no analysis of
individual wave periods within a wave regime was made.

Based on the test of the shallow and the deep water model, the drag coefficient of
reed seems to be rather constant for Reynolds Number larger 1200, while it seems to
vary a lot for Reynolds number less than 1200.

A difference in wave breaking has been observed between a control area without reed
and a reed stand next to it. Wave breaking occurred in the control area but not in the
reed stand. This finding indicates that resuspension of sediments caused by breaking
waves are reduced by reed stands.
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11 Recommendations for further studies

The wave gauges could be calibrated in a wave tank, in order to evaluate the accuracy
of the wave measurements and to find the wave detection limit of the wave gauges.

The wave analysis could be improved by a longer transect. This is due to idea that
sources of errors related to the translocation of the fixed station and reed densities
have less impact on the wave analysis at long than short distances of wave
propagation. These sources of errors become small compared to the overall effect
caused by reed at long distances.

To be able to make a true evaluation of the wave attenuation models for reed, it is
essential to find the true range of drag coefficients. The range of drag coefficients of
reed might be obtained from a wave tank experiment. The drag coefficient given as
function of Reynolds number could however if combined with more wave
measurements be used to evaluate the applicability of model on natural occurring
common reed stands.

To be able to evaluate reed stands effect on the resuspension potential of wave
regimes, it is necessary to analyse the reed stands effect on the wave periods of
individual waves. The wave periods of individual waves must then be linked to their
corresponding wave heights, in order to evaluate stands of reeds effect on the
resuspension potential of wave regimes.

Wave measurements could be combined with resuspension measurement, in order to
get even better under standing of waves effect on resuspension.

Turbidity data from lakes with various reed densities, but with great similarities in
nutrient status, topography etc could be used to evaluate reed stands effect on
turbidity.
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Appendix 1 — Significant wave heights and average periods at the
deep water site

Table 1. Significant wave heights expected from the Rayleigh distribution and
average periods at deep water site.

Significant Average Significant wave
wave height period height Average period
Fixed station Fixed station Movable station  Movable station
(m) (s) (m) (s)

Measurement cycle 1

(Movable station at pole 2) 0.0215 0.6228 0.0213 0.6207
Measurement cycle 1

(Movable station at pole 3) 0.0220 0.6102 0.0223 0.6250
Measurement cycle 1

(Movable station at pole 4) 0.0183 0.5538 0.0156 0.6316
Measurement cycle 1

(Movable station at pole 5) 0.0173 0.5625 0.0106 0.6977
Measurement cycle 1

(Movable station at pole 6) 0.0173 0.6040 0.0109 0.6950
Measurement cycle 1

(Movable station at pole 6) 0.0097 0.5678 0.0076 0.7087
Measurement cycle 1

(Movable station at pole 5) 0.0050 0.6429 0.0041 0.7087
Measurement cycle 1

(Movable station at pole 4) 0.0092 0.4580
Measurement cycle 1

(Movable station at pole 3) 0.0070 0.4523 0.0050 0.5438
Measurement cycle 1

(Movable station at pole 2) 0.0157 0.4675 0.0184 0.4972
Measurement cycle 2

(Movable station at pole 2) 0.0254 0.6360 0.0291 0.6545
Measurement cycle 2

(Movable station at pole 3) 0.0276 0.6818 0.0309 0.7317
Measurement cycle 2

(Movable station at pole 4) 0.0470 0.7287 0.0450 0.7595
Measurement cycle 2

(Movable station at pole 5) 0.0613 0.8333 0.0517 0.8955
Measurement cycle 2

(Movable station at pole 6) 0.0435 0.7860 0.0351 0.9137
Measurement cycle 2

(Movable station at pole 6) 0.0549 0.8531 0.0341 0.8824
Measurement cycle 2

(Movable station at pole 5) 0.0489 0.7826 0.0356 0.8491
Measurement cycle 2

(Movable station at pole 4) 0.0510 0.8531 0.0421 0.8257
Measurement cycle 2

(Movable station at pole 3) 0.0551 0.8451 0.0552 0.8867
Measurement cycle 2

(Movable station at pole 2) 0.0669 0.9137 0.0622 0.8571
Measurement cycle 3

(Movable station at pole 2) 0.0819 0.9574 0.0754 0.9836
Measurement cycle 3

(Movable station at pole 3) 0.0672 0.8411 0.0649 0.9184
Measurement cycle 3

(Movable station at pole 4) 0.0706 0.8780 0.0605 0.9375




Table 1. Continues...

Significant Average Significant wave
wave height period height Average period
Fixed station Fixed station  Movable station Movable station
(m) (s) (m) (s)
Measurement cycle 3
(Movable station at pole 5) 0.0689 0.9137 0.0514 0.9574
Measurement cycle 3
(Movable station at pole 6) 0.0698 0.9231 0.0433 0.9945
Measurement cycle 3
(Movable station at pole 6) 0.0757 0.9137 0.0410 0.9000
Measurement cycle 3
(Movable station at pole 5) 0.0847 1.0169 0.0531 0.9326
Measurement cycle 3
(Movable station at pole 4) 0.0831 0.9836 0.0648 0.8955
Measurement cycle 3
(Movable station at pole 3) 0.0722 0.9045 0.0760 0.9137
Measurement cycle 3
(Movable station at pole 2) 0.0677 0.8738 0.0644 0.9045
Measurement cycle 4
(Movable station at pole 2) 0.0616 0.9091 0.0644 0.8696
Measurement cycle 4
(Movable station at pole 3) 0.0655 0.8867 0.0583 0.9231
Measurement cycle 4
(Movable station at pole 4) 0.0660 0.8571 0.0540 0.8995
Measurement cycle 4
(Movable station at pole 5) 0.0605 0.8955 0.0465 0.9231
Measurement cycle 4
(Movable station at pole 6) 0.0604 0.8333 0.0423 0.9326
Measurement cycle 4
(Movable station at pole 6) 0.0680 0.9137 0.0444 0.9574
Measurement cycle 4
(Movable station at pole 5) 0.0613 0.8531 0.0478 0.9278
Measurement cycle 4
(Movable station at pole 4) 0.0779 0.9091 0.0627 0.8911
Measurement cycle 4
(Movable station at pole 3) 0.0633 0.8531 0.0607 1.0227
Measurement cycle 4
(Movable station at pole 2) 0.0634 0.8491 0.0569 0.8295
Measurement cycle 5
(Movable station at pole 2) 0.0358 0.7229 0.0322 0.7258
Measurement cycle 5
(Movable station at pole 3) 0.0495 0.7660 0.0428 0.7660
Measurement cycle 5
(Movable station at pole 4) 0.0416 0.8108 0.0370 0.8108
Measurement cycle 5
(Movable station at pole 5) 0.0359 0.7031 0.0330 0.8000
Measurement cycle 5
(Movable station at pole 6) 0.0372 0.7317 0.0266 0.7627
Measurement cycle 5
(Movable station at pole 6) 0.0355 0.7229 0.0298 0.7531
Measurement cycle 5
(Movable station at pole 5) 0.0335 0.7287 0.0284 0.7725
Measurement cycle 5
(Movable station at pole 4) 0.0359 0.7759 0.0377 0.8108




Table 1. Continues...

Significant Average Significant wave
wave height period height Average period
Fixed station Fixed station = Movable station  Movable station
(m) (s) (m) (s)

Measurement cycle 5
(Movable station at pole 3) 0.0445 0.7595 0.0429 0.7531
Measurement cycle 5
(Movable station at pole 2) 0.0470 0.7595 0.0508 0.7930




Appendix 2 - significant wave heights and average periods
at the beach

Table 1. Significant wave heights expected from the Rayleigh distribution and
average periods at the beach.

Significant Average Significant wave
wave height period height Average period
Fixed station Fixed station Movable station Movable station
(m) (s) (m) (s)
Measurement cycle 1
(Movable station at pole 2) 0.0818 1.0056 0.0755 1.0112
Measurement cycle 1
(Movable station at pole 3) 0.0574 0.9045 0.0569 0.9231
Measurement cycle 1
(Movable station at pole 4) 0.0657 1.0056 0.0624 0.9730
Measurement cycle 1
(Movable station at pole 5) 0.0583 0.8911 0.0574 0.9278
Measurement cycle 1
(Movable station at pole 6) 0.0625 0.9045 0.0657 0.9836
Measurement cycle 2
(Movable station at pole 2) 0.0837 0.9730 0.0812 0.9836
Measurement cycle 2
(Movable station at pole 3) 0.0824 1.0345 0.0776 1.0286
Measurement cycle 2
(Movable station at pole 4) 0.0930 1.0588 0.0841 1.0714
Measurement cycle 2
(Movable station at pole 5) 0.0984 1.0778 0.0932 1.1043
Measurement cycle 2
(Movable station at pole 6) 0.0984 1.0465 0.0892 1.0843
Measurement cycle 2
(Movable station at pole 6) 0.1006 1.1043 0.0925 1.1111
Measurement cycle 2
(Movable station at pole 5) 0.1108 1.2081 0.0956 1.1043
Measurement cycle 2
(Movable station at pole 4) 0.0990 1.0909 0.0948 1.1111
Measurement cycle 2
(Movable station at pole 3) 0.1012 1.1043 0.1000 1.1392
Measurement cycle 2
(Movable station at pole 2) 0.1066 1.0843 0.0998 1.0976




Appendix 3 — significant wave heights and average periods at the
shallow water site

Table 1. Significant wave heights expected from the Rayleigh distribution and
average periods at the shallow water site.

Significant Average Significant
wave height period wave height Average period
Fixed station Fixed station Movable station Movable station
(m) (s) (m) (s)

Measurement cycle 1

(movable station at pole 2) 0.0873 1.1180 0.0819 1.1043
Measurement cycle 1

(movable station at pole 3)
Measurement cycle 1

( movable station at pole 4) 0.0831 1.0588 0.0696 1.0588
Measurement cycle 1
(movable station at pole 5) 0.0658 0.9326 0.0548 0.9574
Measurement cycle 1
(movable station at pole 6) 0.0802 1.0169 0.0601 1.1180
Measurement cycle 1
( movable station at pole 6) 0.0590 0.8867 0.0417 0.9184
Measurement cycle 1
(movable station at pole 5) 0.0759 0.9890 0.0608 0.9524
Measurement cycle 1
(movable station at pole 4) 0.0671 0.9626 0.0604 0.9677
Measurement cycle 1
(movable station at pole 3) 0.0623 0.9231 0.0637 0.9424
Measurement cycle 1
(movable station at pole 2) 0.0829 1.0588 0.0732 1.0526

Measurement cycle 2

(movable station at pole 2) 0.0791 1.0651 0.0777 1.0909
Measurement cycle 2
(movable station at pole 3) 0.0735 0.9783 0.0682 1.0405
Measurement cycle 2
(movable station at pole 4) 0.0859 1.0227 0.0738 1.0588
Measurement cycle 2
( movable station at pole 5) 0.0791 0.9890 0.0601 1.0651
Measurement cycle 2
(movable station at pole 6) 0.0796 1.0112 0.0571 1.0843
Measurement cycle 2
(movable station at pole 6) 0.0831 1.0405 0.0604 1.1180
Measurement cycle 2
(movable station at pole 5) 0.0869 0.9945 0.0675 1.1465
Measurement cycle 2
(movable station at pole 4) 0.0794 1.0405 0.0644 1.0078
Measurement cycle 2
(movable station at pole 3) 0.0949 1.0909 0.0790 1.0078
Measurement cycle 2
(movable station at pole 2) 0.0854 1.0345 0.0787 1.0405

Measurement cycle 3

(movable station at pole 2) 0.1066 1.1392 0.0964 1.1765
Measurement cycle 3
(movable station at pole 3) 0.1225 1.2245 0.1132 1.2414
Measurement cycle 3
( movable station at pole 4) 0.1142 1.1688 0.0953 1.1765




Table 1. Continues...

Significant Average Significant wave
wave height period height Average period
Fixed station Fixed station Movable station Movable station
(m) (s) (m) (s)

Measurement cycle 3
(movable station at pole 5) 0.0909 1.0976 0.0781 1.2245
Measurement cycle 3
(movable station at pole 6) 0.0816 1.0843
Measurement cycle 3
(movable station at pole 6) 0.0646 0.9890 -—-
Measurement cycle 3
(movable station at pole 5) 0.0822 1.0651 0.0636 1.1111
Measurement cycle 3
(movable station at pole 4) 0.0899 1.0588 0.0837 1.1765
Measurement cycle 3
(movable station at pole 3) 0.0816 1.0227 0.0699 0.9626
Measurement cycle 3
( movable station at pole 2) 0.0685 1.0465 0.0735 1.0056
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