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Abstract. The shape and properties of long ship-generated waves approaching shallow coastal
areas of Tallinn Bay are studied based on recordings of water surface time series. For typica
leading wake waves non-linear effects become significant at depths of 10-15m. A large part of
waves (with the height over 0.4 m) have the shape of cnoidal wavesin shallow areas with depths of
4-5m. The shapes of the largest wake waves are close to the solitary wave solutions of the
Korteweg—de Vries eguation. Such waves excite considerably larger velocities of water particles
than sinusoidal waves of equal height and length.
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1. INTRODUCTION

The importance of the contribution of the ship traffic to the local hydrodynamic
activity in inland waterways and narrow straits has been recognized for along time.
Ship wakes can cause an extensive resuspension of bottom sediments and
essentially contribute to the shoreline erosion [*], trigger ecological disturbance
and cause harm to the aquatic wildlife [*°]. They may serve as a qudlitatively new
forcing component of the aquatic ecosystem in certain open sea areas with low
natural wave activity, in particular, in non-tidal areas that are sheltered from long
waves[®’]. The central concern is the possible impact of direct mechanical
disturbances of bottom sediments [®°] that may lead to a potential intensification of
sediment transport and beach destruction processes [***'] and to an overall decrease
of water quality in areas, affected by ship waves[*].

The excessive influence of wakes of high-speed ships occurs when wake
waves are much longer than wind waves[***]. For example, typica wave
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periods in Tallinn Bay are 2—4 s and rarely reach 6-7 s[*°]. The leading wake
waves frequently have a height of about 1 m and a period of 10-15 s[*]. Such
waves extremely seldom occur in natural conditions in certain regions of semi-
enclosed seas. They are qualitatively similar to long-period ocean swell. Together
with wind waves, they may form bi-modal wave systems, impact of which on
various coastal processes may be much higher compared with that of wave
systems with a single spectral peak and a comparable total energy [***7].

The properties and influence of ship waves usually have been calculated with
the use of the assumption that they can be described by the classical linear wave
theory [®'°%]. The length of leading waves of wakes from high-speed ships
exceeds 100 m in areas with a depth of less than 10 m. At smaller depths, such
waves with a height of about 1 m cannot be considered as linear ones and even
higher-order classical theories, for instance the Stokes wave theory [*°], are not
always applicable. In this context, it is somewhat amusing that despite of major
advances in fluid mechanics and naval architecture during the last decades, the
classical, basicaly linear, Kelvin theory of steady wake (optionally with minor
corrections) is still very much used for the description of vessel wakes also in the
trans- and supercritical regime['], where apparently no steady regime exists
neither in channels [**?] nor in unbounded sea areas [*%].

Overall progress in computational fluid mechanics has considerably increased
the knowledge in dynamic description of vessel wakes. A general limitation of
existing models is that today neither of them is able to correctly reproduce the
flow simultaneously near the vessel and in the far field. According to[%], the
Boussinesg-type models [*"], based on weakly non-linear description of surface
waves, usualy give more realistic results in shallow water than spectra
models [*%] that rely on the basicaly linear wave behaviour. The common
opinion is that, owing to large variability of wave-making and local conditions,
regardless of what type of numerica model is the most appropriate, it is
necessary to validate it, based on in situ measurements, before it can be used for
managing wake wash in a particular situation [*'°]. Thus the choice of a reason-
able wave model is an important step in the prediction of wake wash and its
influence.

An appropriate model for the description of ship waves in coastal areas (that
basically are long finite-amplitude surface waves in shallow water) is the
K orteweg—de Vries (KdV) equation [*®]. Its periodic solutions are called cnoidal
waves, because they can be explicitly expressed in terms of the so-called cnoidal
(Jacobi dliptic) functions. Cnoidal waves have more narrow crests and more
broad troughs than sine waves. The long-wave limit of acnoidal wave isthe KdVv
soliton. A moving disturbance in open sea areas seldom forms solitary waves of
considerable height [****]. Yet long waves that approach shallow regions may
excite sequences of highly non-linear or even soliton-like structures [*']. Recently
it has been shown that certain dramatic effects may occur owing to non-linear
interactions between two trains of soliton-like waves in the framework of the
K adomtsev—Petviashvili equation [*%].
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Theoretically, the shape and properties of long waves with appropriate para-
meters, propagating in a shallow region with an ideal flat bottom, should match
those of the corresponding solution of the KdV equation. Although experimental
evidence ['***?] indicates that the shape of ship waves in shallow water is not
sinusoidal, the sea bottom is never perfect and in redlistic conditions it is not
apriori clear what exactly happens when waves approach coastal areas that have
two-dimensional bottom with many imperfections. The coastal area of the
Tallinn Bay is an example of aregion with very complex bathymetry adjacent to
aship lane, hosting extremely intense traffic of fast ferries.

The shape of the waves is extremely important, because many properties of
water particlesin long linear and weakly non-linear waves (in particular, velocity
components) depend linearly on the surface displacement. The purpose of the
current paper is to study the actual appearance of long ship waves, approaching
shallow coastal areas. Based on the water surface time series, it is shown that a
large part of waves from fast ferries in the coastal area of Tallinn Bay match the
shape of cnoidal waves. For a wave with given height and length, the cnoidal
wave theory predicts considerably larger velocities of water particles than the
linear theory. For typical ship waves in the coastal zone of Tallinn Bay the
difference may be a few times. Therefore, the possible adverse influence of long
ship-generated waves may be much larger than its estimates on the basis of the
classical wave theory.

2.LINEAR AND CNOIDAL WAVES

The shape of water surface (wave profile) in a plane linear (sine) wave is
£ (x,t) =acos(xkx—wt), where a is the wave amplitude, H =2a is the wave
height, x =2z/L is the wave number (the length of the wave vector), L isthe
wavelength, X and t are gspatial and time coordinates, respectively,
o =./gxtanhxh isthe angular frequency, T =2r/® is the wave period, h is
the calm water depth and g is acceleration due to gravity [*°]. If the z axisis
directed upwards and z=0 is the cam water surface, the horizontal u(x, z,t)
and vertical w(x, z,t) components of the velocity of water particles at the depth
z are:

LS coshx(z+ h) cos(x—at), W= agx sinhx(z+h)
w coshxh w coshxh

sin(xkx—wt). (1)

Linear wave theory has been and currently is widely used for the description
of surface waves and their interactions, provided the wave height is small
compared to the wave length and water depth. The formal basic requirement is
kH/2<<1 ['®]. The period of atypical wave from afast ferry in the Tallinn Bay
area is about 10s[¥]. Its length is L>30vh m; thus water with depth of
h <10 m can be already considered as shallow. An appropriate non-dimensional
parameter in shallow areas (where the wave height is an appreciable fraction of
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the water depth) is the Ursell number U = HL?h™ [*]. When U ~1, the linear
theory is useful in many aspects, even when the condition xH/2<<1 isviolated.
For moderate Ursell numbers (up to U ~75) and L/h<10, various modifica-
tions of Stokes wave theory can be used [*®]. The Ursell number for such awave
in the coastal area (h~3 m) is U ~100H and already ship waves of moderate
height (H ~ 0.5 m) correspond to U ~ 50. For even longer or higher waves (that
frequently occur in the area in question [*]), or for smaller depths, the Stokes
wave theory is generally incorrect [*¥] and the cnoidal wave theory is preferable.

For simplicity, in this paper we consider only first-order cnoidal waves, for
which the term O(x%h?) in the dispersion relation = x\/gh(1—1x%h?) for the
Korteweg—de Vries equation is neglected. The shape £'(x,t) of cnoidal waves
(Fig. 1a) and the horizontal and vertical velocity of water particlesin such awave
at adepth z are[™]:

£(xt)=h —h+Hcn?(6; m),

u(x zt) . 1 H _ [ 3H 2
\/ﬁ _{mcn (0,m)—m+5}m—1 a= m
w(X, z,t) z+h

=2aH

Jaoh W

cn(@; m)sn(6; mydn(&; m),
©)

where h =h+Hm'[1-m-E(M)K(m)] is the minimum water depth at the
wave trough, K(m) and E(m) are the complete elliptic integrals of the first and
the second kind, respectively, and cn(€; m), sn(4; m) and dn(&; m) are Jacobi
éliptic functions with the parameter m (Fig. 1, frequently another parameter
k =~/m isused). This parameter for wavesin nature is not known in advance but
can be found from the following transcendental equations

HL? gHT? 16 _ ,
=——= =—mK*(m), 4
o v 3 (m) (4)

provided the wavelength (or period) and height, and the water depth are known.
As it is typica for long waves, horizontal velocity in a cnoidal wave is
independent of the depth and the vertical velocity (which is small as compared to
the horizontal velocity) is alinear function of the position of the water particles.

As different from sine waves, the shape of a cnoidal wave is not universal. It
depends on the parameter m, or equivalently on the wavelength, wave height and
the local water depth (Fig. 1b). The limit m— 1 corresponds to KdV solitons.
Cnoidal waves resemble sine waves to some extent for 0<m<1. The limits
H — 0 or h— «» correspond to m— 0 and lead to pure sine waves.
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Fig. 1. (8) Definition sketch of a cnoidal wave; (b) comparison of profiles of a sine wave with the
period of 14 sand height of 0.9 m with cnoidal waves for water depths of 3-9 m.

3. FIELD EXPERIMENTS

Ship wave parameters are usually measured with a pressure sensor [**]. This
approach properly resolves wave period and height but often fails to describe the
wave profile correctly. In order to catch relatively short wave components, the
pressure sensor normally is mounted in the subsurface layer with the use of an
anchor, rope and buoyancy [***"], and may be easily displaced by water motion in
the horizontal direction. Wave-induced movements of the sensor may distort the
details of the wave profile.

A small number of more elaborated techniques such as capacitance wave
staff [*9], acoustic Doppler devices [*], waveriding buoys [*], and video record-
ing of the water surface along a scale [*] have been used in certain studies. They
are capable of providing reliable wave profiles; however, to the knowledge of the
authors, no systematic study of experimentally measured wave shapes is avail-
ablein international publications.

In summer 2003, a series of experiments was carried out in a shallow area
near Aegna jetty, Tallinn Bay, in the vicinity of a ship wave measurement site
described in [*] (Fig. 2). The goal was to establish the factual shape of long ship
waves in shallow coastal areas. A pillar was rigidly fixed to the bottom in a
vertical position so that itstop reached out of water about 1 m above the calm sea
level. It was dender enough (50 mm) not to create considerable reflected
waves, and was stabilized with the use of three ropes. The fluctuations of the
water surface along a scale on the pillar were recorded on the videotape. The
resolution of the scale allowed detecting the position of the water surface with an
accuracy of 1-2 cm.

M easurements were performed in calm days in order to diminish the possible
influence of wind waves. The behaviour of the water surface during about 2—3
hours at each site on three different days (July 14, 17 and 20) at four sites, with
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Fig. 2. Study area. The dotted line in the small map shows the Tallinn—Helsinki ship lane. The star
indicates the measurement site.

the water depths of 3.6 and 4.4 m, was recorded. At deeper sites, video recording
was performed from asmall boat, and wave troughs were partly invisible.

For the further analysis only segments, containing full profile of single waves
with heights at least 0.1 m, are used (Table 1). They all were recorded in the
morning of July 20 at a measurement site about 30 m in the SSW direction from
Aegna jetty where the water depth was 3.6 m. Their total length is about 16 min
and they represent 3 different wakes from ships sailing from Tallinn to Helsinki.
Segments 2 and 3 actually represent different parts of the same wake. Owing to
the malfunction of the timer of the video camera, the recorded wakes cannot be
related to particular ships.

The water level in the frames was located and typed in manually. The changes
of the water level are slow as compared to the frequency of recorded frames and
only each 5th frame was digitized. The resulting time series show the temporal
behaviour of the water surface with a resolution of 0.2s at a fixed point,

Table 1. Parameters of segments of recordings used in the analysis

Segment | Duration, | Total number of wavesaccording | Number of waves,

No. s to the zero-downcrossing or zero- | suitable for further
upcrossing method analysis

1 198 18 17

2 251 25 12

3 120 20 17

4 300 33 32
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Fig. 3. Water surface (bold line) in ship waves with a height of about 0.5 m and a period of 16-17 s
at a measurement site with awater depth of 3.6 m, cnoidal waves for the water depths of 5 and 7 m,
and sine wave with the same parameters.

equivalently, the profile of the ship wake at this point. Even the shape of the
highest recorded waves is generally regular and symmetrical with respect to their
crests and throughs, thus the waves were far from breaking.

Figure 3 shows a part of the digitized record. It contains two subsequent crests
of a ship wave with a height of about 45-50 cm and a period of about 17 s. Small
fluctuations of the water surface with a height of about 10 cm and a period of
1-2 s are wind waves. The two ship waves have modest heights (as compared
with about 1 m high waves discussed in [*]), yet they considerably differ from a
sinewave. Their crests are relatively narrow and rise much higher above the calm
sealevel compared with the dropdown of the water surface in the wave troughs.

4. WAVE DATA

An elliptical filter with 0.1 dB passband ripple, 60 dB stopband attenuation
and 0.3 Hz cut-off was applied to the time series. Such a filtering removed
the short wind wave background and smoothed out possible digitizing errors
and small-scale wave reflections. As different from periodic wave trains, each
wave in natural conditions has some individuality. This feature is the most
important one in case of ship wakes that serve as ensembles of transient waves
with largely varying properties[']. For that reason, the analysis was performed
for single waves, detected from the filtered water surface time series. The single
waves, determined according to the zero-upcrossing and zero-downcrossing
methods [¥], differ to some extent but the general features of both wave sets
practically coincide. Below we present results, corresponding to the zero-down-
crossing method. The total number of single waves is about 100 but the number
of waves with aregular shape and with a height over 10 cm, suitable for further
analysis, is 78.
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The wave period was defined as the time interval between subsequent
down/upcrossings of the filtered water surface time series. The wave height was
found from the non-filtered time series. The wavelength was calculated from the
approximate dispersion relation = «/gh for the depth of the measurement
site.

Since the properties of ship-induced waves, remote from the ship lane,
apparently are independent of the generation conditions (and are basically
governed by the wave parameters), it is important that the measured data set
matches waves of different height and period typically occurring in ship wakes.
The height of the highest wake was about 0.95m, thus about 90% from the
expected daily largest height of long waves at this site ['*]. Other wakes had the
highest waves of about 50 and 40 cm. The mean height of the analysed waves
was 0.26 m. The period of the largest waves was 11-12 s whereas some waves
had periods of 15-17 s and even a few waves with periods over 20 s occurred.
Therefore, the recorded waves well represent the properties of ship waves at the
measurement site [*4].

The applicability of different wave theories for ship-generated waves at the
particular measurement site can be roughly estimated from the wave parameters.
The ratio L/h>10 for most of the recorded waves, thus the Stokes theory (that
requires L/h<10) may be incorrect for many ship-generated waves aready with
heights of about 0.2 m and is not applicable for ship waves higher than 0.4 m
(Fig. 4a). In terms of the Ursell number, a non-linear theory must be applied if
U >1. The cnoidal wave theory may be applied for waves with U >30. An
aternative theory for moderate Ursell numbers (30<U <75) is the Stokes wave
theory [*®]. From Fig. 4b it follows that the cnoidal wave theory is generally
justified for recorded waves higher than 0.2 m and necessary for waves higher
than 0.4-0.5m.
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Fig. 4. (a) Scatter plot of the wave height and the ratio L/ h of the wavelength and the local water
depth; the line L/ h=10 indicates the approximate border of validity of the Stokes theory;
(b) scatter plot of the wave height and the Ursell number. Theline U = 30H corresponds to waves
with periods of about 6 s.

252



Within the set of measured waves, the Ursall number U varies largely, from
U <20 for waves with H <0.2 mand U >50 for several waves with a height
of 0.3-0.4m or higher (Fig. 4b). Roughly one half of the measured waves (the
waves with heights <0.4 m; the corresponding bullets are concentrated along the
line U =30H) have the length of about 40 m and the period of about 6s. It is
interesting that Ursell numbers for waves with roughly equal heights H > 0.3 m
have a very large scatter. This feature means that waves with largely different
lengths and periods but with comparable heights occur in ship wakes.

Each measured wave was demeaned and then compared with cnoidal waves
with the same length and height but corresponding to different values of the
parameter m, or equivalently, to different water depths. Doing so is justified by
the fact that sea waves usually propagate over an inhomogeneous bottom and the
depth at the single measurement point not necessarily represents the depth that
controls the shape of the wave. The best fit (minimizing the root mean square
deviation of pointwise comparison of the measured and the theoretical profiles)
was sought for depths 1-30 m. Phase shifts of factual waves, possibly caused by
the use of the filtered time series for selecting the single waves, were
compensated, if necessary. Finally, the parameter k =+/m of the Jacobi elliptical
integrals (Fig. 5) was determined from Eq. (4) for both the factual depth and for
the depth of the best fit.

The depth, corresponding to the best fit, generally somewhat exceeds the water
depth a the measurement site. This feature apparently reflects the fact that the
waves were propagating onshore towards shallower areas whereas a large part of
measured waves lied in a deeper area. However, the two depths insignificantly
differed for most of the waves.
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Fig. 5. (8) Scatter plot of the wave height and the parameter k = JE of Jacobi elliptical functions
(bullets — defined according to the factual measurement depth, stars — according to the best fit);
(b) scatter plot of the parameter k, defined for the factual water depth versus this parameter
corresponding to the depth of best fit. The alignment of bullets along a curve in the lower part of
panel (b) is caused by limitations of the procedure for determining the best fit, according to which
the maximum depth was set to 30 m.
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The parameter k,; of Jacobi eliptical functions, computed from the factual
depth, is moderate (k, <0.8) for wave heights not exceeding 0.2 m (Fig. 5a). It
rapidly increases with the increase of wave heights, is 0.95-0.99 aso for severa
waves with heights of 0.2-0.4m and is very closeto 1 for waves with H >0.4 m.
The values of k., corresponding to the depth of the best fit, are much more
scattered. The corresponding points in Fig. 5a form two well distinguishable
clusters. One cluster involves waves with k, >0.7 that are evidently non-linear.
Another cluster contains waves, characterized by k; < 0.4, that are close to linear
waves. The clusters apparently correspond to the first and the second wave group
of the ship wakes [****].

Note that the waves with an equal height frequently correspond to dragtically
different values of k; or k; in Fig. 5a, therefore the wave height is not a complete
measure of the shape or properties of ship-induced wavesin the areain question. In
the framework of both the Stokes and the cnoidal wave theory, the properties of
wave trains in an area with a flat bottom are comprehensively described by the
length and height of the waves, and the water depth. Thus, the wave shape and the
corresponding Jacobi parameter should be identical for waves with the same height
and length. A somewhat unexpected feature is that the parameters k, and k; for
single waves frequently scatter drastically (Fig. 5b). Therefore the shape of asingle
ship wave in shallow areasis only weakly dependent on the wave parameters. This
feature may be interpreted as a manifestation of non-linear interactions in groups of
cnoidal waves that becomes evident in the form of spatio-temporal phase shifts of
single waves [*] and may lead to considerable distortion of wave profiles.

However, there exists a set of waves for which k, =k, ~0.9-0.999 that
includes all waves with the height over 0.5 m (Fig. 53). Their shapes greatly
differ from that of sine waves and are very close to the shape of KdV solitons.
Certainly, awater surface record at a single point does not prove that these waves
are solitons, because it is not clear whether they maintain their shape in time and
interact elastically with each other. Yet it serves as indirect evidence that ship
wakes may form a sequence of solitonsin shallow areas.

5. APPROXIMATIONS WITH CNOIDAL AND SINE PROFILES

The classical wave theory (that is equivalent to cnoidal wave theory with
m=0) reasonably reproduces both the elevation (Fig.6a) and dropdown
(Fig. 6b), caused by relatively small (H <0.3 m) ship waves. The elevation and
dropdown in such waves are practically symmetrical with respect to the calm
water level. Higher waves are often asymmetrical. Figure 6 confirms that the
cnoidal wave theory provides a reasonable fit of their shape and associated
behaviour of the water surface. However, the classica wave theory
systematically considerably underestimates the maximum elevation at wave
crests and overestimates the dropdown at wave troughs for waves with an
amplitude exceeding 0.15m (H > 0.3 m).
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The cnoidal theory seems to overestimate slightly the maximum elevation and
dropdown; however, the relative error is several percents. The relative error of
the classical wave theory for the maximum elevation or dropdown is roughly
20% for waves with an amplitude of 0.2-0.3m (H =0.4-0.6 m) and reaches
about 40% (absolute error 0.2 m) for the highest recorded examples of ship
waves.

Comparison of several ship waves with cnoidal and sine waves (Fig. 7) shows
that, as expected, the cnoidal waves form a nearly perfect fit for the recorded
waves. Sine waves more or less correctly follow the crests of relatively small
waves with a height of about 0.4 m. For larger waves, they overestimate the
water dropdown and underestimate the elevation.

Suface elevation, cm
:

30 40 50 60 70 80 90 100
Time, s

Fig. 7. Water surface time series (bold line) in a ship wake with a maximum wave height of 0.95 m,
the shape of cnoidal waves corresponding to the depth of the best fit (solid line), and the
corresponding sine wave (dashed line).
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Fig. 8. (a) Ratio of maximum near-bottom velocity, induced by cnoidal and sine waves for the
wave height of 1 m; (b) ratio of maximum vertical velocities, induced by cnoidal and sine waves at
the half depth of the water column. In the area, where U < 20, the cnoidal wave theory is not
preferable.

The crest of a cnoidal wave is narrower and its trough is more flat compared
with a sine wave of the same height and length (Fig. 1a). Since the velocity
components follow the surface displacement in long waves, the maximum speed
of water particlesin cnoidal waves apparently exceeds that in sine waves.

The ratio of maximum velocities of water particles in cnoidal and sine waves
with periods of 520 s and a height of 1 m (based on Egs. (1)—3)) is presented in
Fig. 8. The maximum velocity of water particles in cnoidal waves greatly
exceeds that in sine waves for all the combinations of wave parameters for which
the cnoidal theory is applicable. The smaller the water depth or the larger the
wave, the larger is the difference. The near-bottom velocity in cnoidal waves
remarkably (about 1.5 times) exceeds that in sine waves for waves with periods
of 15 s already in 6 m deep water and markedly (about 30%) for such waves in
about 10 m deep water. This difference does not imply larger energy of cnoidal
waves, because high speeds occur in a small part of the wave. The difference of
vertical velocity is even larger, but the absolute values of this velocity component
are by an order of magnitude smaller than the near-bottom velocity.

6. CONCLUSIONS AND DISCUSSION

Although the shape and properties of long waves in shallow areas with flat
bottom should exhibit non-linear features and resemble those of cnoidal waves for
certain combinations of wave parameters and the water depth, the sea bottom is not
perfect and may greatly affect the actual wave shape. The performed experiments
demonstrate that the shape of water surfacein alarge part of ship-generated waves,
reaching the coasta area of Talinn Bay, is well described by the cnoidal wave
theory. The linear wave theory frequently fails to match the wave profile. Ship
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waves of already relatively small height (about 0.4 m) considerably differ from
sine waves at a depth of about 4 m. For wind waves of comparable height the linear
theory is yet applicable at this depth, because they are much shorter than ship
waves [**"].

Although there exist various descriptions of weakly non-linear surface waves,
in the current paper we have used only the cnoidal wave theory. The reason is
that the shape of a cnoidal wave has relatively simple analytical expression. This
feature allows fast comparison of the measured data with theoretical predictions
whereas, for example, description of the Boussinesg-type waves contain quite
complicated expressions[*9].

The parameter k in the Jacobi dliptical functionsis very close to 1 for many
waves with a shape practically coinciding with that of the solitary wave solution
of the KdV equation. These waves not necessarily are solitons, because not only
the instantaneous shape but preserving it in time and in collisions is the
distinguishing feature of solitons. Y et cnoidal waves of relatively large amplitude
preserve their identity and shape fairly well in time, and partially also during
interactions [*°]. Therefore it is likely that dynamics of a certain part of ship
wakes in shallow areasis very close to that of the ensembles of KdV solitons.

Since water motion in long surface waves mainly follows their shape, the
results obtained in this study suggest that the classical wave theory frequently
fails to correctly forecast the temporal behaviour and the maximum values of the
velocity field in ship waves. The analysis above suggests that velocities of water
particles in long ship waves apparently are much larger than expected in the
classical approach. A large difference may frequently occur in areas where the
non-linear wave theory is preferable, i.e., for depths less than 10-15 m, depend-
ing on the wave period and height.

The propagation of ship waves generaly is estimated based either directly or
indirectly (for example, with the use of spectra models) on the linear wave
theory [**¥]. Only afew applications of non-linear theories in this area make use
of basic properties of non-linear waves such as their excessive phase speed [*7].
Such models reasonably represent the overall behaviour of the ship wash and the
height and length of its componentsin shallow areas.

An important outcome from the performed studies is that properties of single
waves from each ship wake have alarge scatter. The shape of a part of wavesis
very similar to highly cnoidal waves whereas other waves of comparable height
and length from the same wake are practically sinusoidal. The general tendency
isthat the leading (that is, the longest and the highest) waves are closer to cnoidal
waves than shorter wake components.

Since many properties of long waves, in particular, velocities of water
particles, follow the shape of the waves, at least a part of ship waves exhibits
nonlinear features. Therefore, an appropriate non-linear theory for properties of
wave-induced motions should be used in shallow areas (in particular, in estimates
of the maximum near-bottom vel ocities in long ship waves).
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Owing to their non-linear properties, the influence of a part of long ship
waves on seabed, offshore structures and local ecosystem in certain parts of the
coastal slope apparently is much larger than expected from the linear wave
theory. Since ship waves are a new component of the water dynamics in many
areas, an extensive reaction of the benthic layer and fine bottom sediments to the
frequent occurrence of non-linear waves islikely in the affected regions. Although
species that prefer rocky or sandy bottom may benefit from the increased hydro-
dynamic activity, the concern is that abrupt changesin forcing conditions usually
have an adverse effect on the local ecosystem. The reduced water transparency,
an apparent feature of such reaction [**?], may have strong suppressing feedback
on the bottom vegetation, and suspension and re-sedimentation of finer sediments
may considerably worsen fish spawning conditions.

The specific features of ship waves become evident when they are much longer
than natural waves. The results of the study are therefore applicable in micro-tidal
basins that are sheltered from long ocean swell and that have extensive shallow
coastal areas (for instance, lakes hosting fast ferry traffic, the Azov Sea, the
north-western part of the Black Sea, and certain parts of the Mediterranean).

Both the length and height of waves generdly increase with the ship speed
[¢34Y. Therefore, environmental impact of fast ferry traffic eventualy may be
reduced by means of reducing speed of certain types of ships. Starting from 1997,
several countries and communities have introduced regulations (primarily based on
the wave height criteria in the nearshore environment [*]) for the fast ferry traffic.
Relevant restrictions for Tallinn Bay have been discussed many times[?] but no
decision has been made yet.
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Kiirlaevalainete kuju Tallinna lahe rannavéondis
Tarmo Soomere, Reio PAder, Kalev Rannat ja Andres Kask

V ectaseme salvestuste alusel on anallilisitud pikkade lagval ainete kuju ja oma-
dusi Tallinna lahe madalaveelises osas. Mittelineaarsed efektid modifitseerivad
neid laineid alates sligavustest 10-15m. Slgavustes alla 4-5m sarnanevad
laevalained kdrgusega Ule 0,4 m knoidaalsete lainetega, kusjuures korgeimatel
lainetel on Korteweg—de Vries solitonide kuju. Sama pikkade ja kdrgete siinus-
lainetega vorreldes pdhjustavad sellised lained oluliselt suuremaid vee kiirusi nii
pohjaldhedal kui kaveesambas tervikuna.
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