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Introduction 

The dynamics of nonlinear waves on the water surface is a traditional research field 
in fluid mechanics. Its various aspects have been addressed in a number of classic 
books (Lamb, 1916; Stoker, 1957; Kochin, 1964; Whitham, 1974; Sedov, 1977; 
Sretensky, 1977; Lighthill, 1978). While considerable progress has been achieved 
in the analytical research of linear and weakly nonlinear waves since the seminal 
book of Whitham (1974) and enormous progress has been made in the numerical 
analysis of various nonlinear problems of wave motion, many issues of nonlinear 
wave dynamics are still under intense research. The practical importance of these 
studies becomes inter alia evident through the hazardous nature of large and steep 
sea waves. The motion of such waves often leads to the damage of even the most 
contemporary ships (Nikolkina and Didenkulova, 2011, 2012; Bitner-Gregersen et 
al., 2013), destruction of offshore and coastal engineering structures and loss of 
life. The associated nonlinear effects such as wave breaking in the nearshore or 
wave run-up (Didenkulova, 2009a) and set-up (Dean and Bender, 2006) in the 
vicinity of the shoreline endanger the users of the coastal zone at a considerable 
distance from the waterline and elevation from the still water level. 

The dynamics of so-called long waves has particular importance in the 
understanding of several core marine-induced dangers. This concept is associated 
with the ratio of the length of the wave to the water depth. Waves are called long 
(equivalently, water is called shallow) if the wave length at least 20 times exceeds 
the depth of the water. In essence, virtually all waves attacking the gently sloping 
shoreline can be treated as long waves starting from a certain depth. Thus, their 
impact on coastal communities, port and coastal structures cannot be 
underestimated. A striking example of such waves is a tsunami that is often a long 
wave even in the open ocean. The devastating 2004 tsunami in the Indian Ocean 
and another event in 2011 in Japan took the lives of almost 300,000 people and 
also demonstrated the fragility of the existing technological solutions by, e.g., 
severely damaging a nuclear power plant. Meteorological tsunamis are equally 
dangerous. They may create flooding similar to storm surges resulting from the 
passage of cyclones, lead to coastal flooding and loss of life, like the fatal 
meteorological tsunami that struck Nagasaki Bay in Japan in 1979 (Hibiya and 
Kajiura, 1982). Their smaller counterparts are compact groups of ship waves 
created at relatively large sailing speeds (Didenkulova et al., 2011c). 

It is generally desirable to apply as simple concepts and techniques as possible 
to the description of wave motion. Waves in the coastal zone are transformed and 
amplified due to effects of wave shoaling, refraction, diffraction and wave 
breaking. This is a challenge with respect to coastal engineering and marine safety, 
where it is often important to take account of the impact of waves at the coast 
based on offshore wave conditions. The linear wave theory, although it provides a 
fairly good description of many offshore wave properties and gives a flavour about 
how the ocean waves are transformed at certain depths, is generally not applicable 
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to steep and high waves in the nearshore. Various weakly nonlinear approaches 
allow further description of the motion of relatively high and steep waves but they 
also fail in many occasions of practical interest. 

The process of nonlinear transformation of long waves (equivalently, waves in 
shallow water) has for decades been extensively studied in the framework of 
nonlinear shallow water theory (Stoker, 1957; Shuleykin, 1968; Arseniev and 
Shelkovnikov, 1991). Although this problem can nowadays be analysed by means 
of numerically solving the nonlinear Euler or Navier–Stokes equations, it is still 
desirable to create a simpler (semi-)analytic description of the related fundamental 
phenomena. 

The most interesting aspects are how nonlinear waves break, exert run-up or 
form a shock wave. The shock wave formation is often observed in the coastal 
zone, for example, when a tidal wave enters the estuary (Favre, 1935; Nakamura, 
1973; Tsuji et al., 1991), straits (Pelinovsky and Troshina, 1994), a shallow 
channel (Wu and Tian, 2000; Caputo and Stepanyants, 2003) or a narrow bay 
(Zahibo et al., 2006b) as a bore-like phenomenon (Nakamura, 1973). Various 
problems associated with the wave dynamics and shape before breaking, incl. its 
spectrum and the breaking time, have been studied from a number of viewpoints 
(Pelinovsky, 1982; Zahibo et al., 2008). 

The dynamics of breaking waves is mostly studied numerically. There are very 
few analytical results, except for several idealized cases. If the wave is long 
enough, the shock area occupies a small part of the wave front, the internal 
structure of the shock can be neglected and it can be approximated as a rupture 
(hydraulic jump) that separates areas with constant flow velocity (Courant and 
Friedrichs, 1948; Stoker, 1957; Voltsinger et al., 1989). Depending on the height of 
the bore, different types of shock waves may occur: so-called “parabolic waves”, 
hydraulic jumps or undular bores. The first two occasions can be adequately 
addressed using shallow-water equations in divergence form with appropriate 
boundary conditions at the discontinuity. However, dispersion effects are important 
during the evolution of a bore and, e.g., the Korteweg–de Vries–Burgers equation 
should be applied to describe the structure of the shock. 

There are still numerous occasions when simplified approaches do not provide 
an adequate representation of the propagation and transformation of nonlinear 
waves in the marine environment. In particular, the analysis of several classes of 
rogue waves and long-living deep depressions in shallow water requires the use of 
more general concepts. The dynamics of long-living depression waves (Rapaglia et 
al., 2011) that are rare in natural conditions but produced by ships in certain 
occasions is particularly interesting. Nonlinearity can be arbitrarily strong for 
shallow-water waves of depression and the asymptotic estimates and weakly 
nonlinear models are not always applicable to their description. For example, the 
classical Korteweg–de Vries (KdV) model indicates that a sequence of elevation 
waves is rapidly formed from an initial depression (Arcas and Segur, 2012). The 
leading elevation wave, developed at the rear end of the depression, is up to twice 
the height of the depression according to the weakly nonlinear model (Grimshaw et 
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al., 2014). However this feature is not evident in field data presented in Paper II. A 
possible framework for addressing this problem is provided in terms of Riemann or 
simple waves (Papers II and III) that have an exact analytical description 
(Pelinovsky, 1982; Voltsinger et al., 1989; Didenkulova et al., 2006a). 

Run-up of long waves 

It is well known that the elevation, to which the wave motion may bring water at 
the shoreline may be much larger than the wave height. The problem of wave run-
up is a classical research field of ocean and coastal engineering. The pioneering 
work of Carrier and Greenspan (1958) has provided a rigorous analytical solution 
for several features of run-up of idealized non-breaking waves on a plane beach. 
The idea of the reduction of nonlinear shallow-water equations to their linear 
counterparts using the Legendre (hodograph) transformation has since then been 
exploited in hundreds of studies. 

The majority of the existing research addresses the run-up of incident waves of 
various shapes on a plane beach. The properties of run-up have been established for 
a variety of single disturbances such as solitons (Pedersen and Gjevik, 1983; 
Synolakis, 1987; Shermeneva and Shugan, 2006; Antuono and Brocchini, 2008, 
2010), sine pulses (Mazova et al., 1991; Shermeneva and Shugan, 2006), Lorentz 
pulses (Pelinovsky and Mazova 1992), Gaussian pulses (Carrier et al., 2003; 
Kanoglu, 2004; Kanoglu and Synolakis, 2006; Antuono and Brocchini, 2007), N-
waves (Tadepalli and Synolakis, 1994, Kanoglu, 2004; Antuono and Brocchini, 
2007; Madsen and Shaffer, 2010), some specific localized disturbances (Tinti and 
Tonini, 2005; Pritchard and Dickinson, 2007; Dobrokhotov and Tirozzi, 2010) and 
nonlinearly deformed (asymmetric) waves (Didenkulova et al., 2006a, 2007a,b, 
2008; Didenkulova and Pelinovsky, 2008; Didenkulova, 2009). Similar studies 
have been performed for different regular wave trains such as sine waves (Madsen 
and Fuhrman, 2008), cnoidal wave trains (Synolakis et al., 1988; Synolakis, 1991) 
and “characterized tsunami waves” (Tinti and Tonini, 2005; Madsen and Shaffer, 
2010). The same approach has recently been applied to irregular wave fields 
(Didenkulova et al., 2010, 2011b; Denissenko et al., 2011, 2013; Didenkulova and 
Pelinovsky, 2011b) and irregular beach shapes (Dutykh et al., 2011). 

Other studies involve research into the influence of bottom friction on the run-
up height (Bernatsky and Nosov, 2012) and possible resonance effects (Stefanakis 
et al., 2011; Ezersky et al., 2013a,b). The listed studies have assumed that the 
waves are unidirectional and incidentally approach a homogeneous beach. The 
effects associated with the spatial structure of the approaching wave and more 
complicated shape of the seabed have been addressed in recent studies of wave 
run-up in long and narrow bays with various cross-sections (Zahibo et al., 2006a; 
Choi et al., 2008; Didenkulova and Pelinovsky, 2009, 2011a,b,c; Rybkin et al., 
2014). 

Most of the papers cited above address the run-up phenomena when undulating 
wave sequences or single waves of positive polarity (waves of elevation or solitary 
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crests) propagate to a beach. It is not unexpected that these waves may induce 
significant flooding of the shore. The situation may be even richer in content and 
dangerous if the leading wave of elevation is preceded by a solitary wave of 
depression (either a single trough or a trough–crest system similar to a N-wave). 
The presence of the precursor disturbance in the form of a depression leads to a 
substantial increase in the run-up height of the leading wave of elevation (Soloviev 
and Mazova, 1994; Tadepalli and Synolakis, 1994). The N-wave effect becomes 
evident for both waves of small (but finite) amplitude in the framework of linear or 
weakly nonlinear theory and for large-amplitude strongly nonlinear (but still non-
breaking) waves. 

Many properties of the run-up phenomena substantially depend on the history of 
the propagation of the wave in deeper regions before the wave approaches the 
nearshore. These properties vary depending not only on the propagation distance 
along an idealized basin of constant depth but also on the polarity of the 
approaching wave (Didenkulova et al., 2006b; Zahibo et al., 2008; Pelinovsky and 
Rodin, 2011, 2012). It is well known that different polarities of the incident wave 
result in different manifestations of linear effects during the propagation of even 
very small-amplitude waves. For example, the dependence of the wave propagation 
speed on the local water depth leads to the steepening of the wave front. As the 
instantaneous water depth under the wave trough is smaller than under the crest, 
nonlinear effects are always stronger at the wave trough than at the wave crest. 
This difference may markedly impact several properties of non-breaking wave run-
up on a beach (Didenkulova et al., 2014).  

Analysis of the run-up of large-amplitude and gradually breaking waves is 
generally quite complicated and extensive and meaningful results have been 
obtained only for the case of fully developed bores (Shen and Meyer, 1963; 
Sachdev and Seshadri, 1976). It is therefore important to study single waves rolling 
ashore in a wide range of their height when the wave breaks before landfall, and its 
shape can be approximated by a fully developed bore. Only the first steps have 
been made in this direction (Li and Raichlen, 2002; Madsen and Fuhrman, 2008). 

The situation is particularly complicated in many realistic situations where the 
wave propagates over a wide relatively shallow area before it exerts run-up. In 
these occasions even relatively small-amplitude waves may be considerably 
affected by nonlinear effects. These effects are different for waves of different 
polarities (Didenkulova et al., 2014), in particular because the effect of nonlinearity 
impacts differently waves of opposite polarities that propagate over shallow areas. 
These differences have been extensively studied in tsunami research (e.g., Carrier 
et al., 2003; Fernando et al., 2008). However, most of the relevant studies have 
only addressed the classical solitary wave solutions to (weakly) nonlinear shallow-
water equations, which are waves of elevation. A large part of this thesis is focused 
on the analysis of propagation, transformation and run-up of strongly nonlinear 
long-living waves of depression. 
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Wave systems produced by ships sailing at large Froude numbers 

Similarly to moving atmospheric pressure patterns that are able to generate 
meteorological tsunamis, virtually all moving vessels produce certain disturbances 
of the water surface. The key properties of waves excited by vessels that sail 
steadily over a relatively deep sea area are adequately described by the classical 
theory of linear (Kelvin) ship waves (e.g., Wehausen, 1973; Newman, 1977; 
Lighthill, 1978; Kuznetsov et al., 2002). This theory reasonably depicts not only 
the geometry of wave crests but also several features of the spatio-temporal 
distribution of single wave heights. 

An increase in the vessel speed in relatively shallow water leads to an increase 
in the depth(-based) Froude number gHvFd   (defined as the ratio of the 
ship’s speed v  to the maximum phase speed of linear water waves gH  for the 
given depth H). The implementation of larger ships means an increase in the length 
Froude number. Any of these changes may lead to various changes in the vessel 
wave pattern. The shallow-water effect becomes essential when 6.0dF  (Lee et 
al., 1989), when unsteady wave components can be generated (Akylas, 1984; Mei, 
1986) but in some cases it is notable even at 2.0~dF . An increase in the depth 
Froude number is associated not only with the widening of the area filled with 
waves (Kelvin wedge) that are stationary with respect to the ship (Sorensen, 1973) 
but also with the generation of long and long-crested, almost non-dispersive 
leading waves and with a variety of nonlinear phenomena (Papers II and III). 

A wide range of specific types of disturbances has been described in the 
international literature, from high and long leading waves (Parnell and Kofoed-
Hansen, 2001), packets of relatively short waves resembling Schrödinger solitons 
(Brown et al., 1989), solitary waves of elevation (Neuman et al., 2001; Garel et al., 
2008) and cnoidal wave trains (Soomere et al., 2005) moving ahead of the vessel 
up to associated depression areas (Soomere, 2007) and phenomena that transport 
large amounts of water to adjacent shores (Soomere et al., 2011). These 
constituents, some of them qualitatively different from the usual wind waves or 
components of the linear Kelvin wake, have been observed around the world, e.g., 
in the Venice Lagoon, Italy (Rapaglia et al., 2011), Savannah River, Georgia 
(Houser, 2011), New Zealand and Denmark (Parnell and Kofoed-Hansen, 2001) 
and Tallinn Bay, Estonia (Parnell et al., 2008). 

The waves excited by contemporary large strongly powered vessels can be a 
major contributor of energy and especially energy flux even to sections of coasts 
that are exposed to significant natural hydrodynamic loads (Soomere, 2005a; 
Soomere et al., 2009). The actual effect of vessel-induced disturbances depends 
upon the features of the coastal environment and on the difference in the properties 
of vessel waves and the existing hydrodynamic loads. Even though the importance 
of waves from high-speed vessels in the evolution of low- and medium-energy 
coasts has been demonstrated and quantified for different basins and environments 
(Parnell and Kofoed-Hansen, 2001; Soomere, 2005a), the reasons for such a strong 
impact still remain largely unclear. A possible explanation is the net transport of 
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water, excited by ships sailing at transcritical speeds and directed towards the 
adjacent coasts. This signal may lead to significant water level set-up exactly when 
groups of high vessel waves arrive. The joint effect of this set-up and intense 
waves may cause a rapid reaction of the coast (Soomere et al., 2011). 

Ship wakes are transient wave events that often involve a combination of 
several linear and nonlinear wave components (Soomere, 2007). Their impact on 
the coast is often highly variable due to wave interaction with bottom topography 
(Torsvik et al., 2009a). Given the number of factors influencing ship wakes listed 
above, it is difficult to accurately predict the wake impact at a particular stretch of 
the coastline even if the parameters related to the ship route, ship dimensions and 
ship speed are known. Likewise, it is also difficult to identify the source of 
individual wake components, given a measurement record of a wake event at the 
coast. It is well known that wave energy is dissipated in the surf zone, due to wave 
breaking and reflection as waves interact with bottom topography. However, only a 
few studies have been made on the transformation of ship wakes in shallow water 
(Belibassakis, 2003; Didenkulova et al., 2009a; Torsvik et al., 2009a). 

Another contribution to the impact of vessel waves on the coastal processes is 
the specific group structure of such sets of waves. Quite often the largest, the 
longest and the most asymmetric waves arrive first and somewhat shorter, lower 
and more symmetric waves come later. This structure produces the possibility of 
almost continuous sequence of high run-up events that is untypical of wind waves. 
This option and the underlying characteristic properties of vessel-induced wave 
groups are experimentally studied in Paper I and Chapter 2 of this thesis for 
Pikakari Beach in Tallinn Bay, the Baltic Sea. 

Ship-induced solitary waves of depression as a concealed hazard 

Many constituents of wakes of large contemporary ships, from the classical Kelvin 
waves to intricate nonlinear phenomena at transcritical speeds (Soomere, 2007) and 
to Mach-type systems at supercritical speeds (Rabaud and Moisy, 2013; Darmon et 
al., 2014), may become hazardous for people, their property and the ecosystem. It 
is commonly believed that the largest environmental impacts come from long and 
long-crested groups of high, almost non-dispersive waves (Parnell and Kofoed-
Hansen, 2001; Soomere, 2005a). Solitonic precursor waves are less known but in 
some occasions equally hazardous components. These nonlinear disturbances have 
usually small amplitudes but may still drive large water velocities (Neuman et al., 
2001), bring substantial amounts of water to the shore (Soomere et al., 2011) or, 
when crossing each other, build long-living rogue waves (Peterson et al., 2003). 

The motion of a ship at finite depths at moderate or large depth Froude numbers 
always produces a depression region. This phenomenon is frequently called 
Bernoulli wake (Graff, 1962; Jiang, 2001). In some cases it may appear at as low 
depth Froude numbers as 0.13 (Janson, 2002). In numerical reconstructions it 
becomes usually evident as an elongated region of depression of nearly uniform 
depth (Baines, 1997; Torsvik et al., 2009a,b). Its most well-known consequence is 
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the drawdown effect of the vessel. This effect is commonly called squat 
(Constantine, 1961; Naghdi and Rubin, 1984; Millward 1996; Gourlay and Tuck 
2001; Gourlay, 2003, 2006). Although it occurs also in open shallow sea areas, it is 
usually addressed in the context of navigation channels where it may form 
structures similar to undular bore (Akylas, 1984; Grimshaw and Smyth, 1986; Lee 
et al., 1989). 

If a shallow navigation channel that hosts large and relatively rapidly sailing 
ships has adjacent water areas, the vessel-induced depressions are not necessarily 
limited to the channel area. The moving depressions may cause extensive 
dropdown in the water level in adjacent harbours (Forsman, 2001) or spread to a 
distance of many hundreds of metres from the channel over adjacent shallow areas 
(Ravens and Thomas 2008; Rapaglia et al., 2011). The resulting events have a 
characteristic dominant trough that is often followed by small crests (Gelinas et al., 
2013). This appearance suggests that linear or weakly nonlinear theories may not 
be able to properly describe the long-term evolution of such depressions. 

Particularly interesting features of ship wakes may become evident in a fairly 
realistic situation where a navigation channel has extensive shallow banks. This 
situation is typical if the channel is dredged in a shallow lagoon or a tidal estuary. 
In such situations the standard depth Froude number not necessarily characterizes 
the sailing regime properly. Numerical simulations suggest that unexpectedly high 
waves may occur at relatively modest Froude numbers (Torsvik et al., 2009b). 

Another important aspect is the development of dangerous water level 
drawdowns at the banks of navigable rivers (Balzerek and Kozlowski, 2007). The 
generated depression waves are particularly deep if the waterway is surrounded by 
wide shallow-water areas, as is the case in the Venice Lagoon (Rapaglia et al., 
2011). As demonstrated in Paper II, ships of fairly moderate size (blocking 
coefficient or width  draught of the vessel / cross-sectional area of the channel in 
the range of 0.07–0.14) and sailing at depth Froude numbers of 0.37–0.5 may 
produce up to 2.5 m deep depressions in locations where the water depth is about 
4 m. It is usually thought that the depression area is concentrated in the vicinity of 
the moving vessel. As substantial waves of depression have been reported at a 
distance of many hundreds of metres from the channel (Rapaglia et al., 2011), it is 
likely that in some situations the ship-induced depressions may start travelling as 
free waves. 

The rear of the measured depressions often involves a bore-like feature (Ravens 
and Thomas, 2008). These events commonly have a characteristic deep leading 
trough, followed by a set of crests at longer distances from the generation area 
(Gelinas et al., 2013). These features are consistent with the common scenarios of 
non-dispersive propagation of waves of depression that are prone to the formation 
of V-like shapes with an extremely steep, bore-like rear slopes (Didenkulova et al., 
2014). This feature, evidently driven by nonlinearity, explains well why ship-
induced depression waves may play a great role in sediment resuspension in 
shallow lagoons and estuaries (Rapaglia et al., 2011; Gelinas et al., 2013; 
Göransson et al., 2014). These waves decrease in height away from the channel but 
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they obviously remain strongly nonlinear in the Venice Lagoon with the average 
depth of only 0.8 m. Although weakly nonlinear theories may replicate qualitative 
features of the propagation of such depressions (Grimshaw et al., 2014), their 
quantitative analysis evidently requires the application of fully nonlinear 
approaches. In this thesis these structures are addressed in the above-mentioned 
framework of fully nonlinear Riemann waves. 

Freak and extreme waves and their run-up and inundation 

Rogue waves (also called freak, monster or killer waves) on the sea surface are 
extremely dangerous phenomena that have been the subject of serious study within 
the framework of nonlinear wave theory over the last 20 years since the famous 
Draupner’s New Year Wave (Haver, 2005). The existing mechanisms of freak 
wave generation are summarized in recent books and reviews (Kurkin and 
Pelinovsky 2004; Dysthe et al., 2008; Garrett and Gemmrich, 2009; Kharif et al., 
2009). Usually two main factors of the evolution of such waves are taken into 
account: dispersion (associated with the difference in propagation speeds of the 
individual spectral components in deeper waters) and nonlinearity (leading to 
modulational instability of waves and change in the speed of their spread). 

Many freak waves occur in shallow water and are effectively long waves. A 
possible source of shallow-water rogue waves is soliton interaction driven by 
crossing systems of long and long-crested waves produced by ships sailing at 
moderate and high Froude numbers (Peterson et al., 2003). Although most of the 
rogue wave studies have addressed deep-water conditions (Kharif et al., 2009), 
such waves may have an even larger impact in the coastal zone that is often 
densely populated by smaller ships, recreational boats and coastal engineering 
structures. Recent statistics (Nikolkina and Didenkulova, 2011, 2012; Liu, 2007) 
indicates that a large proportion of accidents which result in human loss and/or 
damage to ships occur in the shallow part of the ocean, near the shore or even on 
the beach. For example, 50% of all accidents caused by the killer waves in 2006–
2010, occurred on the coast, 38.5% in shallow water and only 11.5% in the deep 
part of the ocean and on the high seas. Seven ship losses and 14 ship damages were 
reported in shallow waters (Nikolkina and Didenkulova, 2011). The resulting 
damage is also comparatively large in the coastal zone. From 131 lives lost owing 
to the freak waves for these years, 79 occurred in shallow water and 46 on the 
beach. 

Only a few studies address processes that cause the formation of freak waves in 
shallow water (Peterson et al., 2003; Soomere and Engelbrecht, 2005; Pelinovsky 
et al., 2008; Chambarel et al., 2009; Didenkulova and Pelinovsky, 2011b; 
Didenkulova et al., 2011c). The disproportionally large reported loss of lives and 
different kinds of damages caused by rogue waves in the nearshore calls for the 
progress towards better understanding of shallow-water rogue waves. An important 
contribution to this goal is careful documentation of the related extreme events and 
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extraction of statistics and properties of events similar to rogue waves everywhere 
where single waves are reliably measured for a long enough time interval. 

One such attempt towards more reliable statistics of the occurrence of smaller 
rogue wave events is presented in Paper IV. It is based on the perception that large 
waves may severely attack certain types of the coastal profiles (Didenkulova and 
Pelinovsky, 2011a), causing impacts that can be called rogue run-up events or 
situations that may serve as a great danger for people at the coast. More generally, 
from the point of view of coastal structure design or spatial planning of the low-
lying areas, it is very important to have an estimate of the maximum expected 
inundation and run-up. This analysis is usually performed using different empirical 
approximations (Hunt, 1959; Battjes, 1974; Guza and Thornton, 1982; Holman, 
1986; Powell, 1990; Nielsen and Hanslow, 1991). An overview of empiric 
formulas available in the literature is given in Matias et al. (2012). These formulas 
have been obtained by means of field observations or by special flume experiments 
in specific conditions and are thus directly applicable in a limited range of 
situations. As waves in many locations of the relatively gently sloping nearshore of 
Estonia can be generally treated as long waves already before breaking, it is 
acceptable to perform similar estimates using nonlinear shallow-water theory 
similarly to the evaluation of the propagation of vessel-induced waves (Paper V, 
Chapter 4 of this thesis). 

The objectives and outline of the thesis 

The studies presented in this thesis target the propagation, transformation, 
reflection and run-up of long strongly nonlinear waves in the coastal environment, 
with specific focus on long-living waves of depression that are naturally generated 
by ships sailing in relatively shallow waters. The particular objectives are as 
follows: 

 to develop a technique for quantitative replication of the propagation and 
run-up of long almost non-dispersive strongly nonlinear shallow-water 
waves of elevation and depression; 

 to evaluate the properties of usual and extreme run-up events of large wind 
waves and wave groups induced by high-speed vessels; 

 to reconstruct the properties and propagation range of long vessel-induced 
solitary waves of depression in a shallow-water lagoon. 

The propagation of long waves of appreciable amplitude in relatively shallow 
sea areas is intrinsically nonlinear. Chapter 1 introduces nonlinear shallow-water 
equations that are suitable for the description of the propagation, transformation 
and reflection of such long-living waves (both waves of elevation and depression) 
under the assumption that the effects of dispersion and breaking are insignificant 
(Section 1.1). The idealized particular solutions of these equations for the constant-
depth water are known as Riemann or simple waves. This framework, although it 
ignores several features of realistic wave propagation, replicates some core 
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properties of their nonlinear evolution that are overlooked by simpler approaches in 
terms of a strictly hyperbolic system of equations. 

The central numerical tool presented in Chapter 1 (Section 1.2) for solving such 
equations is the CLAWPACK software package (LeVeque R.J., Berger M.J. et al., 
CLAWPACK Software 4.6.2, www.clawpack.org). This software is applied in 
Sections 1.3–1.5 to study the dependence of the propagation, run-up and reflection 
of initially smooth disturbances (elevations and depressions) on their height in a 
composite basin containing a section of constant depth and a section with a sloping 
beach. The results have been accepted for publication as a chapter (Rodin A., 
Didenkulova I., Pelinovsky E. Numerical study for run-up of breaking waves of 
different polarities on a sloping beach) in the second edition of the collection 
Extreme Ocean Waves (ed. by Pelinovsky E., Kharif C.; to be published by 
Springer in summer 2015). As the collection has not yet been published, the results 
are described in a more detailed manner than the outcome of already published 
studies in other chapters. 

Chapter 2 complements the theoretical estimates of run-up heights and the ratio 
of the run-up height to the offshore height of the incident waves with similar 
information from in situ measurements in Tallinn Bay, the Baltic Sea. As the 
generation of single disturbances in the marine environment is complicated, the 
material relies on measurements of the relevant properties of short groups of 
vessel-induced waves. The properties of approaching waves were measured in the 
relatively deep nearshore where the waves were far from breaking. A side goal was 
to shed some light on why ship wakes may substantially modify the natural course 
of beach processes (Didenkulova et al., 2011). 

The chapter starts with a short insight into the major problems resulting from 
the frequent presence of high vessel-induced waves (Section 2.1). This material is 
followed by a description of the study area and the experimental set-up in Section 
2.2. Section 2.3 presents an attempt to develop a proper analytical description of 
the frequency of occurrence of vessel-induced waves of different height and a 
similar description of their run-up heights and to evaluate the average amplification 
of waves during the run-up process. The analysis of interrelations of the height and 
run-up of individual waves in Section 2.4 suggests that the specific group structure 
of the wave wake together with general rules of the run-up of single waves may be 
the likely reason for the unexpectedly strong impact of vessel waves on the shore. 

Chapter 3 focuses on the description and analysis of long-living strongly 
nonlinear depression waves produced by ships sailing in a navigation channel in 
the Venice Lagoon. Section 3.1 presents an overview of nonlinear components of 
wakes of vessels sailing at moderate depth Froude numbers in relatively shallow 
water. The measurements of vessel wakes described in Section 3.2 suggest that the 
largest depressions are strongly nonlinear entities that may almost dry the seabed in 
shallow areas adjacent to the navigation channel. This feature motivates to use the 
fully nonlinear theory of shallow-water waves and the framework of Riemann 
waves (Section 1.1) for their analysis. The propagation of such depressions as free 
waves into and through shallow water surrounding the navigation channel is 
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analysed using the CLAWPACK software described in Section 1.2. This software 
acceptably replicates the main properties of the evolution of the depressions such 
as the rapid formation of front/rear asymmetry and a steep rear front. 

The central question addressed in Sections 3.3 and 3.4 is how far these deep 
waves of depression may propagate from the region of generation. To shed light on 
this question, first several dozen reconstructions of the wave shape and properties 
over a relatively short distance are compared with the results of measurement. The 
resulting statistics provides a flavour about the reliability of these reconstructions. 
The evolution of several examples of the observed depressions is then tracked over 
many hundred metres in the lagoon. The core result is a rough estimate of the 
distance, at which such depressions still have a substantial amplitude and are 
capable of providing high near-bottom velocities. 

The appearance of the highest vessel-induced waves is frequently associated 
with the phenomenon of rogue waves that are often believed to be an intrinsic 
feature of severe seas in the offshore (Section 4.1). Rogue waves may, however, 
appear also in quite low wind wave conditions and in shallow waters. Chapter 4 
first provides evidence of the presence and appearance of two distinct populations 
of small-amplitude rogue waves in the nearshore (Section 4.2). The relevant 
measurements were complementary to the measurements of vessel waves discussed 
in Chapter 2 that were performed in the nearshore of Tallinn Bay during the 
absence of vessel wakes in 2.7 m deep water over about two weeks. The statistics 
of rogue waves involves various kinds of rogue events (incl. crests and troughs), 
identified using both the up-crossing and down-crossing methods (Section 4.3) as 
well as separate statistics of rogue wave troughs and crests. The outcome 
demonstrates new effects, typical for shallow-water rogue waves, which are very 
much bathymetry-dependent (Didenkulova and Pelinovsky, 2011b; Slunyaev et al., 
2011) 

As demonstrated in Section 2.4, the run-up properties and statistics of 
(predominantly random) wind waves are not necessarily the same as similar 
quantities for (predominantly transient events of) ship wakes. Section 4.4 presents 
an attempt to estimate numerically the maximum inundation of selected sections of 
Estonian sea coasts based on the severest wave fields taken from 35-year wave 
simulations with the WAM model forced by COSMO winds in the presence of ice. 
The estimates of maximum run-up not necessarily match similar estimations made 
using different express formulas for run-up heights. 

Approbation of the results 

The basic results described in this thesis have been presented by the author at the 
following international conferences: 

Rodin A. 2014. Influence of wave breaking effects on wave transformation and 
run-up on the beach. Poster presentation at the EGU General Assembly 2014 
(27 April–02 May 2014, Vienna, Austria). 



22 

Rodin A., Didenkulova I. 2014. Shallow water freak waves: the case of Tallinn 
Bay the Baltic Sea. Poster presentation at the EGU General Assembly 2014 (27 
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Estonian coasts of the Baltic sea. Poster presentation at the 6th IEEE/OES Baltic 
International Symposium (26–29 May 2014, Tallinn, Estonia). 

Rodin A., Didenkulova I. 2014. Transformation and run-up of large-amplitude 
nonlinear waves from high-speed ferries in the coastal zone of the Baltic sea. 
Poster presentation at the 6th IEEE/OES Baltic International Symposium (26–29 
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Didenkulova I., Rodin A. 2014. Transformation and run-up of large-amplitude ship 
waves in the coastal areas of the Baltic Sea. Oral presentation at the XX 
International scientific and technological conference “Information Systems and 
Technologies 2014” (18 April 2014, Nizhny Novgorod, Russia) (in Russian). 

Didenkulova I., Rodin A. 2013. Peculiarities of the ship wake structure. Poster 
presentation at the 9th Baltic Sea Science Congress (26–30 August 2013, 
Klaipeda, Lithuania). 

Didenkulova I., Rodin A. 2013. Properties of shallow water rogue waves in the 
Baltic Sea. Poster presentation at the 9th Baltic Sea Science Congress (26–30 
August 2013, Klaipeda, Lithuania). 

Didenkulova I., Rodin A. 2012. Statistics of wake groups produced by fast ferries. 
Oral presentation at the XVIII International scientific and technological 
conference “Information Systems and Technologies 2012” (18–20 April 2012, 
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Baltic International Symposium (08–11 May 2012, Klaipeda, Lithuania). 
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structure and run-up. Oral presentation at the IEEE/OES Baltic International 
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1. Nonlinear wave dynamics and run-up in the coastal zone 

The propagation of small-amplitude non-breaking waves, regardless their polarity, 
is usually reproduced well both in numerical computations and in predictions of 
different versions of weakly nonlinear shallow-water theory. In many occasions 
even the linear approach works well. The waves approaching the shore, however, 
intrinsically develop nonlinear qualities at some stage of their motion. Nonlinear 
effects become increasingly important when the wave amplitude increases or if one 
has to track the long-term evolution of even initially small-amplitude waves, e.g., 
in studies of the run-up of initially small waves that are located far from the 
shoreline. With a further increase in the wave amplitude, the wave starts to break or 
transforms into a shock wave (similar to a bore) before approaching the shore. A 
proper description of such waves requires the application of advanced 
mathematical models and numerical methods capable of replicating the core 
features of such strongly nonlinear behaviour. 

A large part of the analysis in this thesis relies on nonlinear shallow-water 
equations. Their particular solutions for constant water depth are known as 
Riemann waves. Although several important features of wave propagation, such as 
dispersion or interaction with the bottom, cannot be reproduced in terms of 
Riemann waves, this framework and the CLAWPACK software package allow for 
extensive numerical study of the propagation, transformation, reflection and run-up 
of long partially breaking solitary waves of various polarities in both ideal 
conditions (in a composite basin containing a section of constant depth and a 
section with a sloping beach) and in a realistic situation in the Venice Lagoon. 

The mathematical model appropriate for the description of strongly nonlinear 
non-dispersive shallow-water waves is briefly presented in Section 1.1. It mostly 
follows Papers II and III. Section 1.2 provides a description of the CLAWPACK 
software and its upgrade used in this thesis. The course and properties of the run-up 
for incident solitary waves of elevation and depression are described in Sections 
1.3 and 1.4, respectively. A comparison of run-up characteristics for waves of 
different polarities is performed in Section 1.5. 

1.1. Mathematical model of nonlinear shallow-water waves 

As described in Introduction, in many occasions both ship-induced disturbances 
and natural wave motions may have so large amplitudes that the linear theory fails 
to describe their properties and even common weakly nonlinear approaches (such 
as the Korteweg–de Vries equation or its generalizations) are not applicable to their 
replication. Following the ideas developed by Didenkulova et al. (2006) and 
Zahibo et al. (2008), an attempt is made in Papers II and III to reproduce the key 
properties of deep ship-induced depressions using the fully nonlinear one-
dimensional shallow-water equations (Whitham, 1974): 
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Here h  is the unperturbed water depth,   is the water surface displacement with 
respect to the calm water surface located at 0z ,  t,xu  is the depth-averaged 
horizontal velocity of the water flow (called flow speed below), 819.g   m/s2 is 
acceleration due to gravity, x  is the horizontal coordinate and t  is time. 

The use of Eqs. (1) for studies of wave motion is only justified if dispersion and 
dissipation can be neglected. This condition is not always applicable to ocean 
waves. For example, even extremely long tsunami waves experience a certain level 
of dispersion (Pelinovsky, 1982). The main advantage of Eqs. (1) is that they are 
valid for waves of arbitrary amplitude and, formally, exact up to wave breaking. 
Therefore, they can be applied to the motion of relatively large waves on the 
above-mentioned condition that dispersion and breaking do not play a major role. 
Another, even more important benefit from the viewpoint of this thesis is their 
ability to describe waves of elevation and depression in the same framework. 
Differently from common weakly nonlinear equations for water waves, which 
often only allow solitary waves of elevation as their valid solutions (Grimshaw et 
al., 2014), the analytical solutions to Eqs. (1) may equally well be long-living 
waves of depression. 

It is convenient to employ Eqs. (1) in the flux form: 
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where      txxhtxH ,,   is the instantaneous thickness of the water column. 
Similarly to Eqs. (1), Eqs. (2) are exact in the framework of the shallow water 
theory and are valid for any amplitude of disturbances up to the wave breaking. 

A classical solution to Eqs. (1, 2) in a basin of constant depth is the so-called 
simple or Riemann wave. The propagation of Riemann waves can be described in 
terms of the shape of the water surface  t,xH  and the associated flow speed: 

    ttxVxHtxH ,, 0  ,       ghtxgHtxu  ,2, , (3) 

where  txH ,  reflects the relocation of the disturbance over the water surface,
 xH 0  is the initial shape of the disturbance,  txV ,  is the (local) speed of wave 

propagation, gH  and gh  are so-called linear long wave speeds (the maximum 
phase and group speed for linear surface waves at a given depth) for water depths 
of H  and h , respectively. 

Solutions of this type are widely used, e.g., in nonlinear acoustics (Rudenko and 
Soluyan, 1977; Engelbrecht et al., 1988; Gurbatov et al., 1990). Although the 
shallow-water environment (that supports surface waves with partially transversal 
motions of the medium) and media supporting acoustic waves (that are longitudinal 
waves) are not fully equivalent, this concept has also been applied in the theory of 
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shallow-water waves (Voltsinger et al., 1989). It has been demonstrated that many 
properties of water waves can be replicated and forecast (at least qualitatively) 
using the approach of Riemann waves (Didenkulova et al., 2006b; Zahibo et al., 
2008; Pelinovsky and Rodin, 2011). All analytical and numerical results of wave 
propagation and run-up presented in the thesis have been obtained using Eqs. (1). 

The solution (3) describes the nonlinear deformation of waves with the 
steepening of their front slope. A detailed analysis of such a deformation of 
shallow-water waves and changes in their spectral composition up to the breaking 
was carried out in Didenkulova et al. (2006b). 

It is straightforward to derive from Eqs. (3) the following expression for the 
(local) speed of nonlinear wave propagation: 

    ghtxgHtxV 2,3,  . (4) 

Commonly for long water waves (Pelinovsky, 1982; Dean and Dalrymple, 1991), 
this speed depends on the total water depth H  at a particular location and thus 
varies along the wave profile. 

The results of a number of numerical experiments with the propagation of 
Riemann waves over a sea area of constant depth are available in several papers 
(Stoker, 1957; Shuleykin, 1968; Pelinovsky, 1982). 

According to Eq. (3), the propagation speed of an elevation (positive 
disturbance of the water surface, wave crest) is always greater than the linear long 
wave speed. This means that the higher parts of the disturbance tend to propagate 
faster than the lower ones. As a result, over time the waves of elevation tend to 
become steeper and a single wave crest develops a steep front. 

The propagation of waves of depression to some extent deviates from the 
motion of waves of elevation. According to Eq. (4), the depressed parts of the 
disturbance propagate slower than the linear long wave speed gh . Therefore, for 
waves of depression the presence of nonlinearity is associated with the formation 
of a characteristic skewed shape with a steep rear slope (Whitham, 1974; 
Didenkulova et al., 2006b; Zahibo et al., 2008). 

While a Riemann wave of elevation can, formally, be of any height, the height 
of long-living Riemann waves of depression is indirectly limited by a specific 
manifestation of strong nonlinearity. Namely, there is an implicit limit for the 
formation of the steep rear slope. From Eq. (4) it follows that if the height of the 
initial disturbance   exceeds the threshold  h95 , the trough velocity 
becomes negative. This means that different parts of the wave profile start to 
propagate in different directions. As a consequence, the steepness of the rear front 
increases rapidly and the wave breaks almost instantaneously (or, equivalently, a 
shock wave appears) (Didenkulova et al., 2006b; Zahibo et al., 2008). Therefore, 
nonlinear effects are often more pronounced for waves of depression than for more 
common waves of elevation. 

The discussed condition is equivalent to the requirement that in long-living 
Riemann waves of depression the thickness of the water sheet at the deepest point 
of the trough should always be 
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hHH cr 9

4
 . (5) 

In other words, a Riemann wave of depression can only propagate over a 
reasonable distance if its trough is not too deep. It is not clear what exactly will 
happen if the condition (5) is no more met because Eqs. (1) fail to describe the 
further behaviour of the disturbance. Technically, at the critical amplitude the 
nonlinear wave speed V  becomes zero and the nonlinearity parameter (defined as 
the ratio of the velocity of water particles u to the wave propagation speed), 
equivalently, the Mach number V/u , becomes infinite. The wave may disintegrate 
into a smaller wave and a reflected wave from the shock front (Pelinovsky and 
Rodin, 2012). It is, however, more likely that a bore-like feature is formed and that 
intense turbulence rapidly damps the energy of the motion. 

The applicability of this approach to the description of large shallow-water 
waves and an analysis of wave propagation, transformation and reflection in the 
nearshore are addressed numerically in Sections 1.3–1.5 for a particular set-up. The 
parameters of the set-up match the dimensions used for a recent set of experiments 
performed in the Large Wave Flume (Grosse Wellenkanal, GWK, Hannover, 
Germany) (Denissenko et al., 2013; Didenkulova et al., 2013a). 

1.2. CLAWPACK software package 

Following the experience gathered in previous research (Stoker, 1957; Mei, 1986; 
Voltsinger et al., 1989; Arseniev and Shelkovnikov, 1991; Pelinovsky, 1996; 
LeVeque, 2002), the propagation of various strongly nonlinear disturbances in 
shallow water is analysed in this thesis using the software package CLAWPACK 
(Conservation LAWs PACKage). This is a free package developed by Professor 
Randall J. LeVeque (University of Washington, USA). It is written in FORTRAN 
and Python languages and is based on a Godunov-type method (a version of the 
finite-volume method). Its major advantage for studies of ship-induced long-living 
waves of depressions is its ability to properly represent solutions for dynamic 
problems that involve (or may develop) discontinuities within the computational 
domain. 

Technically, CLAWPACK was developed for solving one-, two- and three-
dimensional time-dependent hyperbolic systems of differential equations (or 
systems of such equations) that are written in the form of conservation laws. The 
condition for the equation to be hyperbolic implicitly means the guarantee that the 
problem in question, roughly speaking, is well-posed and can be locally solved for 
arbitrary initial data along any non-characteristic hypersurface (LeVeque, 2002). 
This software can be used to solve also non-conservative systems, (systems of) 
equations with variable coefficients and/or containing forcing terms. The package 
includes an algorithm for adaptive mesh refinement (AMRCLAW) and an option 
for parallel processing of the calculations (MPI, Multi Processors Interface). 
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In order to solve Eqs. (1) using CLAWPACK, the equations should be first 
written in terms of conservation laws. In the absence of external forces the most 
general form of representation of these laws can be written in the matrix form: 

   0 xt qfq . (6) 

Here the variable q  is a vector function that involves all the components of wave 
motion. This package is also capable of solving more general hyperbolic systems 
of equations, written in a non-conservative form (LeVeque, 2002): 

   t,xqt,x,qAq xt  , (7) 

where   is another vector function describing the external forces. 
The main requirement for Eqs. (2) to be eligible for the CLAWPACK package 

is that this system of equations must be strictly hyperbolic. This property means 
that the matrix A  must be real and all its eigenvalues must be different. It is 
straightforward to demonstrate that this condition is satisfied for the nonlinear 
shallow-water equations (2) in a constant-depth water body consth  . It is 
convenient to rewrite Eqs. (2) in a matrix form: 
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These equations can be equivalently rewritten in the quasilinear form: 
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The eigenvalues of the resulting equation have the meaning of the speed of wave 
propagation. The equation for the eigenvalues is 

  0
2

1
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ugHu
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The roots of Eq. (12) are the eigenvalues of the matrix (11): 
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gHu 1 ,  gHu 2 , (13) 

equivalently: 

1
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1 gq

q

q
 , 1
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2 gq

q

q
 . (14) 

The obtained eigenvalues are obviously different except in the case 0H  when 
also so-called Riemann invariants (Whitham, 1974), defined as 

gHuV 21  , gHuV 22  , (15) 

coalesce. This case corresponds to the edge of the water sheet. It is the most 
problematic issue in the calculation of wave run-up on the shore in many numerical 
approaches, including this model where it was resolved only recently. 

The corresponding eigenvectors of the matrix  qF

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The eigenvalues 1 , 2  and eigenvectors for the system in question are 
functions of q . The eigenvectors are associated with the above-mentioned 
Riemann invariants, which are widely used, for example, in nonlinear acoustics or 
shallow-water theory as the most convenient way to solve specific problems. 

The core of CLAWPACK for solving one-dimensional problems (which is the 
focus in this thesis) relies on basic algorithms for solving hyperbolic systems of 
equations. These algorithms are gradually upgraded from version to version. The 
package was implemented initially in FORTRAN 77 but from version 4.6 it was 
adapted to the modern compiler gfortran. All plugins (independently compiled 
modules, which are dynamically linked to the main program) for the user interface 
in version 4.3 have been implemented in FORTRAN 90. Starting from version 
4.6.1, the Python software is extensively used. 

The user is asked to introduce the following information in one *.py file in a 
convenient format: the number of grid cells, the size of the computational domain, 
the number of equations, the initial time step and the maximum time step (the use 
of a fixed time step is also allowed), the desired and the critical value of the 
Courant number, the type of boundary conditions to be applied at the borders of the 
computational domain (the choice is between zero extrapolation, periodic boundary 
conditions, a solid wall and user-defined boundary conditions) and the type of 
initial conditions (initial displacement and/or initial velocity). 

Simulations in the thesis are made using two versions of the CLAWPACK 
package: CLAWPACK 4.3 (released in April 2006) and CLAWPACK 4.6.2 
(released in May 2012). The earlier version of CLAWPACK for solving hyperbolic 
systems of shallow-water equations offers a finite volume method, implemented 
using the Roe scheme (Roe, 1981). This algorithm allows describing the 
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emergence and propagation of shock waves with high accuracy, which is important 
from the viewpoint of the problem in this thesis. The CLAWPACK version 4.3 was 
comparatively nonflexible in terms of user-driven modification of initial and 
boundary conditions. Adding forcing terms to the initial equations was not 
straightforward and the use (by default) of the Matlab tool for visualization of the 
results required additional efforts. 

Earlier versions of CLAWPACK such as version 4.3 did not allow for the 
replication of the movement of water on the dry shore, a process that is important, 
e.g., for modelling the propagation of waves of depression in the Venice Lagoon 
(Paper II). The modification of the algorithms towards the replication of this 
feature is given in LeVeque (2010) and was implemented in CLAWPACK, starting 
from version 4.6.2 in May 2012. The newer versions also allow adding extra 
(forcing and other) terms into Eqs. (2) and to conveniently specify many interim 
outputs. Visualization and editing of graphical results are carried out now by 
iPython native tools such as iPython sandbox. This greatly simplifies and reduces 
the cost of using CLAWPACK. Other parts of CLAWPACK do not have a 
graphical interface. As all interim results are stored in ASCII format, it is 
straightforward to employ any visualization environment. 

As the simultaneous assignment of the initial disturbance and the initial velocity 
field was not foreseen in the standard package CLAWPACK 4.6.2, the relevant 
modifications were made to the code for the purposes of this thesis. To properly 
use the software and to appropriately interpret the calculation results, I participated 
in the Gene Golub SIAM Summer School 2012 (Monterey, USA, 29 July to 10 
August 2012) “Simulation and Supercomputing in the Geosciences” where 
Professor Randall J. LeVeque provided training on CLAWPACK 4.6.2 and on the 
branch GEOCLAW. 

These packages serve as advanced tools for the numerical modelling of long 
waves in the ocean with geo-referencing. The advantages of the new version 
CLAWPACK (and, in particular, GEOCLAW) include automatic protection 
against any violation of the Courant condition 

1


x

tu
, (17) 

where t  is a time step, x  is a space step and u is a flow rate. In previous 
versions the user had only an option to passively track the instantaneous Courant 
number. If its values were not satisfactory (≥1), the calculations were halted. 
Starting from version 4.6.2, the software contains an automatic adaptation scheme 
of the spatial step to a given time step to meet condition (17). This improvement 
greatly facilitates the work with CLAWPACK in general. 

The newer versions of the software allow the use of variable water depth in the 
entire computational domain (including the real bathymetry in the one- and two-
dimensional case). This is complemented by the algorithms that are designed to 
solve the interaction of water with a dry bottom (LeVeque and George, 2008). 
Starting from version 4.6.2, a new method in the basic algorithm was implemented. 
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The user has now a choice between the so-called Roe solver mentioned above 
(first-order accuracy, representing a finite-volume method) and a finite-difference 
Lax–Wendroff method of second order (Lax and Wendroff, 1960). 

The CLAWPACK package has been extensively tested and validated in the 
international literature (e.g., LeVeque and George, 2008; Berger et al., 2011; 
Gonzalez et al., 2011). The tests include comparisons between the analytical 
solution and laboratory experiments with the run-up of a single wave on a gently 
sloping beach and on a composite beach (LeVeque and George, 2008; Gonzalez et 
al., 2011) as well as comparisons with experimental and field data about the run-up 
of a single wave on a conical island and the run-up of a tsunami on a complex 
three-dimensional island. 

Rodin and Pelinovsky (2014) provide a comparison of theoretical estimates of 
single wave’s splash on the solid wall with the results of CLAWPACK. They 
specifically tested the accuracy of the conservation laws during wave propagation. 
Both the mass (H) and momentum (Hu) conservation laws were preserved with an 
accuracy less than 10–8 for a wide range of amplitudes and spatial and temporal 
extensions of the waves. 

1.3. Run-up of waves of elevation on a beach 

The ability of the CLAWPACK package to reproduce the long-term propagation 
and reflection of nonlinear shallow-water waves over composite bathymetry (area 
of constant depth adjacent to a sloping beach) is demonstrated for the idealized 
case of wave run-up along a plane beach (Figure 1). The composite geometry of 
the bottom profile contains a 250 m long basin of constant water depth (3.5 m) and 
a plane rigid beach with a slope 1:6. The spatial step is 0.1 m and the time step is 
0.5 s in all calculations presented in this chapter. These values satisfy Courant’s 
criterion. The boundary condition at the left border of the computational domain 

0x  corresponds to free wave propagation across the border. The boundary 
condition   0, txH  at the shore reflects free oscillations of the moving shoreline
 tx . 

The initial conditions correspond to the solitary wave of elevation or depression 
(called pulse below) concentrated in the constant-depth area 250x  m and 

 

 The composite geometry of the run-up problem. 
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propagating onshore: 

L

xx
Axin

02cosh)0,(


  ,          ghxhgxu inin  0,20,  , (18) 

where L is the characteristic half-wavelength. As the hyperbolic cosine increases 
rapidly with the increase in its argument, the “step” in the water surface at 

250x  m is very small and does not affect the calculations. It is easy to show 
analytically that the rigorous solution of the system (2) for initial conditions (18) 
represents a Riemann wave (Pelinovsky and Rodin, 2011, 2012) 

    tHVxHtxH  0, , (19) 

where    0,0 xhxH in  is the initial wave shape. The characteristic half-
wavelength was set to 11L  m that corresponds to a half-wave period of 2 s in all 
simulations. The maximum of the initial pulse is located at 500 x  m. The wave 
amplitude A varied from 0.05 m to 3.5 m for waves of elevation and from –0.05 m 
to –3.49 m (to keep the water layer continuous) for waves of depression. 

Small-amplitude waves of elevation climbed the beach and reflected from it 
without breaking (Figure 2, 1.0A  m). Even though nonlinearity was weak, the 
nonlinear effects were still present and led to gradual wave steepening. This 
process is clearly seen at 30t  s. The wave run-up height for this case is 0.43 m, 
which exceeds the initial wave amplitude by more than four times and is consistent 
with observations in Section 2.4. The travel time to the shore is 40 s. The reflected 
wave has a sign-variable shape as predicted by the analytical theory. The amplitude 
of the reflected wave (0.08 m at 70t  s, Figure 2) is less than the amplitude of the 
incident wave. The decrease in the amplitude reflects both wave transformation and 
spreading in space of the initially compact pulse. The reflected wave is further 
affected by nonlinear effects and develops a very steep section on its front slope 

 

 Run-up and reflection of a small-amplitude (weakly nonlinear) solitary wave of 
elevation (A = 0.1 m) from a sloping beach. 



32 

near the crest. Interestingly, the reflected wave contains a weak elevation after the 
trough. This feature apparently emerges due to the joint impact of the wave with 
the sloping beach and the point matching the slope with constant depth. This tail is 
not observed in asymptotic analytical considerations (Didenkulova et al., 2006a, 
2007b), where the latter interaction is neglected. 

An increase in the wave amplitude leads to a much more pronounced impact of 
nonlinear effects. A pulse with the initial amplitude 5.0A  m rapidly obtains an 
almost vertical front slope. On a realistic beach it would apparently break or 
possibly split up into a number of KdV solitons depending on the amplitude of the 
initial pulse (Favre, 1935; Stoker, 1957; Nakamura, 1973; Teles da Silva, 1990; 
Docherty and Chanson, 2010), but in the simulations it is transformed into a shock 
wave that propagates faster than the weakly nonlinear wave above. The maximum 
run-up height 44.1R  m is achieved at a slightly earlier time 5.37t  s. 
Therefore, the run-up ratio 88.2AR  is less than in the previous non-breaking 
case. The decrease in the run-up ratio is related to the wave breaking and 
associated dissipation of wave energy. However, the reflected wave does not break. 
Its amplitude is equal to 0.31 m at 70t  s. 

Further increase in the wave amplitude leads to its faster propagation, earlier 
breaking and quicker dissipation. For a wave with 5.1A  m the maximum run-up 
height 83.2R  m ( 88.1AR ) is achieved at 5.34t  s. The reflected wave 
decays rapidly. Its amplitude (0.67 m at 70t  s) is almost 45% of the initial wave 
amplitude. An extremely high-amplitude wave ( 5.3A  m, equal to the water 
depth) breaks almost instantaneously. Its shape becomes triangular and its front 
moves quicker than the waves of smaller amplitude (Figures 3 and 4). 

The wave reaches its maximum run-up height of 4.84 m in 30.5 s. The run-up 
ratio decreases significantly to 1.38. The reflected wave at 60t  s has an 
amplitude of 1.24 m, which is approximately 35% of the initial wave amplitude. 
The length of the reflected wave increases with an increase in its amplitude. This 

 

 Run-up and reflection of a very high solitary wave of elevation (A = 3.5 m) from 
a sloping beach. 
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reflects the properties of shock waves approaching the beach: they have a longer 
spatial extension than the incident wave. Interestingly, the reflected waves have 
always a smooth shape in contrast to large-amplitude breaking incident waves. 

The run-up of waves of elevation induces significant flooding of the coast 
(Figure 5). The extension of the flooding increases with an increase in the initial 
wave height. The ebb (run-down) is much weaker than the run-up and the 
maximum water dropdown decreases with an increase in the initial wave height. 

 

 Run-up and reflection of a very high solitary wave of elevation (A = 3.5 m) from 
a sloping beach: x–t diagram. The scale at the right indicates the distance of the water 
surface from the bottom. 

 Vertical oscillations of the waterline for various amplitudes of the initial solitary 
wave of elevation. 
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For waves of very large amplitude (2.5 m) there is almost no ebb stage at all. 
The duration of the flooding is also longer than for the temporal extension of the 
ebb phase, and it increases with an increase in the initial wave amplitude. The 
simulated behaviour of the oscillations of the waterline for weakly nonlinear non-
breaking wave run-up matches well the predictions of the analytical theory 
(Figure 6) obtained using the procedure described in Didenkulova (2009) and 
Didenkulova et al. (2006a, 2007b). 

1.4. Run-up of waves of depression 

The run-up of a solitary wave of depression (a single trough) of small amplitude 
(0.1 m) in the same geometry leads, in general, to a sign-inverted pattern of the 
run-up of waves of elevation (Figure 7). The maximum run-up height 17.0R  m 
is approximately half of the run-down level (0.33 m), but still higher than the initial 
wave amplitude. The run-down ratio 3.3ˆ AR  is less than the corresponding run-
up ratio for an equivalent wave of elevation. The reflected wave starts from a 
trough that is followed by a wave crest. Due to the resulting large surface elevation 

 

 Comparison of numerical simulations with predictions of the analytical theory 
for a 0.05 m high weakly nonlinear wave of elevation. 

 Run-up and reflection of a solitary wave of depression with A = 0.1 m from a 
sloping beach. 
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difference at the wave front, its steepness increases significantly as a result of 
nonlinear effects. 

When the initial pulse amplitude is 0.5 m, the maximum run-up and run-down 
heights of the wave are 53.0R  m and 83.0ˆ R  m, respectively. Importantly, the 
time to reach the maximum run-up/run-down height is longer than the small-
amplitude case. This feature reflects the property of depression waves discussed in 
Section 1.1: their (nonlinear) speed of propagation is less than the linear speed of 
long-wave propagation. The run-down ratio 66.1ˆ AR  is also less than in the 
previous case, apparently because of breaking effects that are also visible in the 
shape of the reflected wave. With an increase in the wave amplitude, nonlinear 
effects leading to wave breaking become more prominent. 

A wave of depression with an almost limiting amplitude 499.3A  m involves 
only a very thin film of water at the bottom below the wave trough. As expected, in 
this case nonlinear effects are the largest and result in a strong and rapid wave 
transformation (Figure 8). The wave breaks almost immediately. This process leads 
to a significant decrease in the wave amplitude (Figure 9) and the maximum run-up 
and run-down heights (0.83 m and 1.49 m respectively, this is about 40% less than 
the initial wave amplitude). The reflected wave also breaks after some time. 

The run-up of a solitary wave of depression leads to a comparatively strong ebb 
and flood (Figure 10). As expected, the duration and magnitude of the ebb are 
generally longer than those of the flood. Both run-up and run-down heights 
increase with an increase in the initial wave amplitude. Similarly to the analysis of 
the run-up of waves of elevation in Section 1.3, numerical results for the non-
breaking run-up of comparatively small waves of depression match well the 
predictions of the analytical theory (Figure 11). 

 

 Run-up and reflection of a solitary wave of depression with an almost limiting 
amplitude (A = –3.499 m) from a sloping beach: x–t diagram. The scale at the right 
indicates the distance of the water surface from the bottom. 
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 Run-up and reflection of a solitary wave of depression with an almost limiting 
amplitude (A = –3.499 m) from a sloping beach. 

 

 Vertical oscillations of the shoreline for various amplitudes of solitary waves 
of depression. 

 

 Comparison of numerical simulations with predictions of the analytical theory 
for initially 0.05 m high weakly nonlinear solitary waves of depression. 
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1.5. The effect of solitary wave amplitude and polarity on the run-up 

Sections 1.3 and 1.4 have demonstrated that both run-up and run-down heights 
increase with an increase in the initial wave amplitude of both waves of elevation 
and depression. The analytical theory of the run-up of weakly nonlinear waves 
predicts a linear dependence of these heights on the initial amplitude. The 
simulated relationships between these parameters are far from linear (Figure 12). It 
is likely that this deviation for large-amplitude (strongly nonlinear) waves is related 
to the energy dissipation due to wave breaking. 

The run-up height of waves of elevation increases with an increase in the wave 
amplitude, while the run-down height behaves non-monotonically and tends to zero 
for large-amplitude waves. The run-down height of waves of depression exceeds 
the associated run-up height, but these values approach a constant and remain 
comparable even for very large initial amplitudes similarly to non-breaking waves 
(Didenkulova et al., 2014). The ratios of run-up or run-down heights to the initial 
wave amplitude decrease monotonically with an increase in the amplitude of waves 
of elevation (Figure 13). It is likely that this feature again reflects wave breaking 
effects. The ratio of run-down heights to run-up heights (Figure 14) is a non-
monotonic function of the initial wave amplitude for waves of depression. Its 
minimum value (1.55) is achieved for initial wave amplitudes of 0.5–1 m (about 
15–35% of the undisturbed water depth). For waves of elevation, the difference in 
run-down and run-up heights is significantly larger than for waves of depression. 

The behaviour of wave travel time (to the instant of the maximum run-up 
height) is also different for waves of different polarity. For waves of elevation it 
decreases with an increase in the wave amplitude. This property is explained by the 
formation of a high-amplitude wave or a shock wave that propagates faster than a 
linear wave (Figure 5). Contrariwise, the travel time of waves of depression 

 

 Run-up and run-down heights versus the initial wave amplitude. 
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increases with the increase in the wave amplitude as a deep trough or a shock wave 
of negative polarity propagates slower than a linear wave (Figure 9). 

For practical applications it is important to know how soon the maximum 
inundation occurs after the wave front arrives. For waves of elevation, the flood 
front duration initially decreases with an increase in the wave amplitude. This can 
be explained by an increase in the steepness of the wave climbing the beach. For 
very large initial waves strong dissipation damps the wave front and the flood is 
governed by the tail of the shock wave, and the duration of the flood front increases 
again. For waves of depression, the ebb front duration monotonically grows with 
an increase in the initial amplitude. This reflects the asymmetry of the depression 
waves: the flood duration is governed by a shock wave at the rear of the entire 
disturbance. 

 

 Run-up/run-down ratios versus the initial wave amplitude. 

 Ratio of run-down heights to run-up heights Rdown/Rup versus the initial wave 
amplitude. 
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2. Observed run-up of vessel waves 

The frequent presence of large and long water waves induced by high-speed 
vessels in Tallinn Bay is a major new factor of hydrodynamic pressure (Soomere, 
2005a) that may even override the natural hydrodynamic activity in this part of the 
Baltic Sea during relatively calm seasons (Kelpšaitė et al., 2009). The leading ship-
induced waves have considerably longer periods and often approach the shore from 
directions, from which storm waves are infrequent. These features enhance the 
potential of ship wakes to modify the natural course of beach processes 
(Didenkulova et al., 2011c; Pindsoo et al., 2014) and to disturb marine habitats in 
the coastal zone (Erm and Soomere, 2006; Erm et al., 2011). 

This chapter and Paper I address another potential reason for the unexpectedly 
strong impact of vessel waves on the shores of Tallinn Bay. Namely, the specific 
group structure of the wave wake in combination with general properties of the 
run-up of single waves may substantially modify the run-up process of single 
vessel waves. The analysis is based on a detailed experimental study of the impact 
of the group structure of these wakes on run-up heights of single vessel waves at 
Pikakari Beach in Tallinn Bay. The specific structure of frequency modulated wave 
packets induced by high-speed vessels leads to a long sequence of very high wave 
run-up events at the coast, even when the offshore wave heights are moderate. The 
analysis is complemented with the evaluation of the ratio of the run-up height to 
the offshore wave height. 

Section 2.1 provides a short insight into the major problems associated with 
high vessel-induced waves in the coastal zone largely following Paper III. The 
study area in the Baltic Sea and the experimental set-up for the measurements of 
vessel waves and their run-up are described in Section 2.2. Statistical properties of 
vessel waves and their amplification during the run-up process are discussed in 
Section 2.3. Section 2.4 is devoted to the analysis of interrelations of the height and 
run-up of individual waves. The presentation in Sections 2.2–2.4 follows Paper I. 

2.1. The complexity of ship-induced wave systems 

As discussed in Introduction and in Papers I–III, the system of ship-induced waves 
changes considerably when ships sail at depth Froude numbers larger than about 
0.5. The related effects became common after the new generation of large and 
powerful ships operating at cruise speeds up to 30 knots and regularly sailing at 

6.0dF  was introduced in the 1990s (Parnell and Kofoed-Hansen, 2001; Parnell 
et al., 2007; 2008; Soomere, 2007). A large part of the energy of the resulting wave 
systems is concentrated into two or three packets of long waves that are only 
weakly dispersive (Figure 15). 

Paper III provides a short overview of specific effects that may become evident 
when ships are sailing at large Froude numbers. The wave groups produced by 
ships sailing at depth Froude numbers in a so-called high-speed subcritical range 
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0.5–0.85 usually consist of a few crests. As such groups often remain compact over 
substantial distances, they may serve as a source of great danger to the people 
(Hamer, 1999) and the environment. While the wakes of ships sailing at lower 
depth Froude numbers are usually problematic only in the immediate vicinity of the 
sailing line, the wakes generated at larger Froude numbers remain dangerous at a 
distance of many kilometres from the sailing line (Soomere, 2005; Parnell et al., 
2007). 

The system of vessel-induced undulations is often preceded by solitary waves of 
elevation called precursor solitons (Ertekin et al., 1984). Such solitary disturbances 
may be generated already starting from depth Froude numbers as low as about 0.2 
(Ertekin et al., 1986). Although their amplitude is normally very small, their 
propagation is often associated with high water velocities (Neuman et al., 2001), 
elevated shoreline water levels (Soomere et al., 2011) or the ability of building 
long-living rogue waves in shallow water (Peterson et al., 2003). 

Recently, it has been demonstrated that an increase in the length-based Froude 
number may cause specific types of ship wave systems that resemble the Mach 
cone (Rabaud and Moisy, 2013; Darmon et al., 2014). While in the classic Kelvin 
wave theory the highest waves are located at the border of the Kelvin wedge, for 
Mach-type wakes the highest waves may occur inside this wedge (Noblesse et al., 
2014). 

These high waves are often much longer than natural waves in sheltered or 
semi-sheltered environments. They may seriously threaten ecosystems (Ali et al., 
1999) and serve as a source of acute danger for the users of the nearshore (Hamer, 
1999) and the coast (Krylov, 2003). These impacts are a natural consequence of 
intense traffic of large and powerful ships in regions where the levels of natural 
wave energy are normally small. In many regions of the world that are exposed to 
heavy ship traffic, even in coastal areas with relatively high natural wave energy 

 

  Scheme of the wave pattern excited by a high-speed vessel sailing at a 
subcritical speed (Soomere, 2009). 
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levels, vessel wakes have become a major factor in the dynamics of the coastal 
zone (Parnell and Kofoed-Hansen, 2001; Soomere, 2007). 

The ever widening impact of ship-induced waves and the growing awareness 
about the related adverse effects has led to various attempts towards the regulation 
of ship traffic. The first attempts in this direction focused on the limitation of 
maximum wave heights (Stumbo et al., 1999; Parnell and Kofoed-Hansen, 2001; 
Varyani, 2006). More generally, the existing regulations aim at setting limits for a 
single property of the wave field (usually the highest waves) or, alternatively, for a 
characteristic single wave component of the entire vessel-driven system of 
disturbances (Macfarlane et al., 2014). 

These attempts, although appreciable, only provide a partial solution because a 
craft that operates at comparatively large speeds in relatively shallow water 
normally produces a variety of disturbances. This system may contain, additionally 
to more or less regular undulations, also solitary waves of elevation or depression, 
or drive an elevation of the water level in the nearshore (Soomere et al., 2011). The 
resulting extremely complex wave pattern may substantially vary both in physical 
and spectral space (Torsvik and Soomere, 2008; Sheremet et al., 2013; Torsvik et 
al., 2015). As a limiting case, a ship in a channel may even produce a conditionally 
stable supercritical bore (Gourlay, 2001; Gourlay and Cook, 2004) that causes an 
abrupt elevation of water level and may result in a surge wave at the coast. 

Many of the listed components are capable of providing serious damage to the 
coastal environment. Their impact may substantially depend on the local 
conditions. For example, in the Marlborough Sounds, New Zealand, the wakes of 
high-speed ferries caused rapid and significant accretion of sediment (Parnell and 
Kofoed-Hansen, 2001). In contrast, in Tallinn Bay, Estonia, basically similar 
groups of vessel waves resulted in rapid erosion of the normally accreting beach at 
the island of Aegna (Parnell et al., 2008; Soomere et al., 2009). 

The highest and longest ship waves recorded at the coasts of Tallinn Bay often 
reached over 1 m above still water level. Several examples extended even higher 
than 1.5 m above calm water level (Didenkulova et al., 2009a; Torsvik et al., 
2009a). On a few days there was evidence of overwash deposits at heights about 
2 m above still water level (Soomere et al., 2009). The presence of vessel wakes 
led to rapid loss of sediments, with a rate up to 1 m3 per metre of the coastline by a 
wake of one vessel (Soomere et al., 2009). The combined effect of vessel wakes 
and wind waves produced a stable convex nearshore beach profile at Pikakari 
Beach of Tallinn Bay (Didenkulova and Soomere, 2011). It has a specific shape 
that allows anomalous “non-reflecting” wave behaviour (Didenkulova et al., 
2009b). 

The ability of the groups of long and long-crested waves to modify the shores 
(incl. the capability to easily smooth out the emerging berm) may be connected 
with their ability to exert very large run-up events (Didenkulova et al., 2009a; 
Soomere et al., 2009). These events and records motivated a detailed study of run-
up properties of vessel waves in Paper I. 
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2.2. Experimental study of ship wakes in Tallinn Bay 

Tallinn Bay (Figure 16) is one of the most famous venues of studies into waves 
produced by ships sailing at relatively high speeds in comparatively shallow water 
(Parnell et al., 2008). It is one of the few locations open to relatively high waves 
where high and long vessel waves substantially contribute to the overall 
hydrodynamic activity (Kelpšaitė et al., 2009) and sediment transport processes 
(Pindsoo et al., 2014) during certain seasons. The background for this uncommonly 
large proportion of vessel wakes is that this bay, located in the almost tideless 
Baltic Sea, is sheltered from predominant storm directions. The bay is 
characterized by a relatively mild (the significant wave height exceeds 0.5 m with a 
probability of 10%) but extremely intermittent (100-yr maximum wave heights 
exceed 4 m) wind wave climate. As the fetch length is relatively short, the peak 
periods of wind waves are usually well below 3 s, reach 4–6 s in strong storms and 
only infrequently exceed 7–8 s (Soomere, 2005b). 

This water body with a size of about 10 km  20 km hosts intense traffic of 
large high-power ferries that sail at cruise speeds up to 30 knots (depth Froude 
numbers 0.6–0.8; Parnell et al., 2008) at a distance of about 2.5 km from the coast 
(Torsvik et al., 2009a; Soomere et al., 2011). The main reason for extensive 
environmental impact of vessel waves in Tallinn Bay is that vessel wave periods 
(8–15 s, since 2007 usually below 10 s) considerably exceed typical periods of 
wind waves in this bay (Soomere, 2005a; Parnell et al., 2008). The heights of the 
largest waves were up to 2 m before 2007 (Soomere, 2005a) but have remained 
below 1.4 m since 2008 (Parnell et al., 2008; Kurennoy et al., 2009, 2011). 

As the waves produced by powerful large ships normally approach in well-
defined groups of ~10 single crests, the associated wave set-up is usually minor. It 
is possible to recognize the run-up of almost all wave crests and to associate the 

 

 Sketch map of the Baltic Sea and location of the study site in Tallinn Bay 
(Paper I). 
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run-up values with the properties of single waves seaward from the surf zone. 
Paper I provides an insight into measurements of the properties of vessel wakes 
and their impact on coasts. The experiment was performed at Pikakari Beach 
(Figure 16) in 2009 under reasonable environmental conditions (wind wave heights 
mostly about 10 cm and reaching 40 cm during three days). The focus was on the 
waves produced by three conventional ships with lengths of about 200 m and 
operational speeds of 25–27.5 knots, sailing from Helsinki to Tallinn. The 
parameters of vessels, generated waves and the variability and internal structure of 
the wakes are described in Kurennoy et al. (2009) and Torsvik et al. (2015). 

The wave profiles were recorded from 17 June till 1 July 2009 at 5 Hz using a 
downward-looking ultrasonic echosounder. The device was mounted on a stable 
tripod in about 2.7 m deep water approximately 100 m from the shoreline and 
2.4 km from the sailing line. The record contains 66 clearly identifiable wakes: 29 
from the Star, 23 from the SuperStar and 14 from the Viking XPRS. The maximum 
wave heights (up to 1 m) corresponded to the longest waves with periods of 8–10 s. 
As typical wind wave periods were 2–3 s, these vessel waves were clearly 
distinguishable from the natural wave background. 

The maximum run-up heights were evaluated visually following the inundation 
of each wave crest (Figure 17). The video recordings started on 12 June, that is, 
earlier than the echosounder was mounted (Paper I) and this data set contains more 
recordings of vessel waves: 86 wakes in total, 36 from the Star, 31 from the 
SuperStar and 19 from the Viking XPRS. As the distance between the echosounder 
and the shore was about 2–3 wavelengths (Figure 17), large waves kept their 
identity and it was possible to follow the propagation of each crest up to the shore 
and to link the properties of each wave measured by the echosounder and its run-up 
at the shore. 

2.3. Statistics of single vessel waves and their run-up 

The data set described in the previous section allows for a detailed study of the 

    

 High-speed vessel wakes at Pikakari Beach. Run-up was tracked with the help 
of the measurement staff at the shore. Wave properties were recorded farther using a tripod 
(Paper I). 
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statistics of vessel-induced waves and corresponding run-ups. All measured wave 
systems had a structure characteristic of ships sailing at high but still subcritical 
depth Froude numbers about 0.6–0.8 (Soomere, 2007; Parnell et al., 2008). The 
chirp-like signal (Torsvik et al., 2015) recorded by the echosounder consisted of 
frequency modulated packets. The largest and longest waves arrived first and both 
the amplitude and period of subsequent waves gradually decreased (Figure 18). 
The cases where the groups of waves with different heights and periods are clearly 
separable (Figure 18a) evidently reflect ships sailing at larger depth Froude 
numbers. The highest waves (with a height of up to 1 m and exerting a run-up up to 
1.4 m) usually belonged to the first group. 

Single waves were extracted from the signal using the classical zero-upcrossing 
method (IAHR, 1989). The empirical distributions of the wave heights generated 
by the three ships were very similar to each other, peaked at 8–10 cm and 
moderately skewed towards larger wave heights. Most of the waves were <30 cm 
high. The number of very high waves was rather small. The distributions rapidly 
decayed starting from 0.14 m (Paper I). Waves higher than 40 cm constituted, on 
average, about 2% of all waves (1% for the Viking XPRS, 2% for the Star and 3% 
for the SuperStar). 

The similarity of these distributions for all ships (Paper I) evidently reflects the 
similarity of lengths, widths, draughts and operational speeds of the three ships 
(Parnell et al., 2008; Kurennoy et al., 2009). The average distribution of wave 
heights that incorporates 66 events (Figure 19) reasonably replicates the shape and 
properties of similar distributions for different ships. All the distributions in 
question had a general appearance resembling either a Rayleigh or a Weibull 
distribution. Based on this appearance, the distributions of single vessel wave 
heights H  were approximated by these commonly used probability density 
functions (PDF) in wave statistics. A Rayleigh distribution 
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is fully described by only one (scale) parameter   and describes, e.g., amplitudes 
of narrow-band wave fields (Longuet-Higgins, 1952). The scale parameter of a 

 
 Vessel wakes from a) the SuperStar (18 June 2009, 16:15), b) the Star (20 June 

2009, 12:10) (Paper I). 
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Rayleigh distribution equals to the mode of the pool of values. 
As the PDFs of realistic ocean wave heights often deviate from a Rayleigh 

distribution, a more general Weibull distribution is often used for the description of 
both single wave heights and wave fields with various average properties (Battjes, 
1971). This distribution has a PDF described by two parameters – a scale parameter 
  and a shape parameter q : 

The parameters of these theoretical PDFs are evaluated for all discussed 
empirical distributions of vessel wave heights using a nonlinear least-squares 
method. A Rayleigh distribution unsatisfactorily matches the joint empirical PDF 
(Figure 19) and similar distributions for single ships (Paper I). The best fit is 
observed for the Viking XPRS that sails at lower speeds than the other ships 
(Parnell et al., 2008; Kurennoy et al. 2009). This observation suggests that the 
mismatch of the empirical distribution and a Rayleigh distribution may be a 
specific feature of sailing at large depth Froude numbers. 

A Weibull distribution seems to be a fairly good model for the heights of waves 
of each ship (Paper I) as well as for their joint distribution (Figure 19). Although it 
slightly underestimates the proportion of small (~10 cm) waves, it describes well 
the distribution of larger wave heights (>15 cm). The underestimation of small 
waves may reflect the presence of the wind wave background that contained an 
appreciable amount of small waves <10 cm on several days of the experiment. 

The scale parameter   was almost the same (0.12 m) for the distribution in 
Figure 19 and for similar distributions for particular vessels (0.12 m for the Star, 
0.13 m for the SuperStar and 0.11 m for the Viking XPRS). It was slightly larger for 
Weibull distributions: 0.16 m for the joint distribution and for the SuperStar, and 
0.15 m for the Star and the Viking XPRS. 
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 Averaged distribution of all recorded vessel wave heights. The red dashed line 
corresponds to the Rayleigh distribution ( = 0.12 m) and the black solid line to the 
Weibull distribution ( = 0.16 m, q = 1.53), fitted using the maximum likelihood estimate 
(Paper I). 
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The shape parameter q  in the Weibull distribution varies more significantly. It 
was 1.53 for the overall distribution, 1.45 for the Star, 1.52 for the SuperStar and 
1.71 for the Viking XPRS. Paper I provides an interpretation of this variation based 
on the physical meaning of this parameter from the viewpoint of the Glukhovsky 
distribution. This distribution was developed semi-empirically for the description 
of wind wave statistics at intermediate depths in the coastal zone of the Caspian 
Sea by including the water depth as an additional parameter (Glukhovsky, 1966). 
Both the Weibull and Glukhovsky distributions represent a generalization of the 
Rayleigh distribution. For their comparison it is convenient to consider cumulative 
distribution functions (CDF). For Weibull distributions it has the following form: 
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The CDF of the Glukhovsky distribution is (Glukhovsky, 1966) 
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where H  is the mean wave height and h  is the water depth. A comparison of 
Eqs. (22) and (23) reveals that the two CDFs are identical if 
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The water depth at the location of the tripod was 72.h  m and the mean height of 
all waves reflected in Figure 19 was 140.H  m. These values correspond to 

 Averaged distribution of all recorded run-up heights of vessel waves. The red 
dashed line corresponds to the Rayleigh distribution ( = 0.38 m) and the black solid line 
to the Weibull distribution ( = 0.56 m, q = 2.77), fitted using the maximum likelihood 
estimate (Paper I). 
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160. m and 12.q  , which are close to the values evaluated from the original 
data. 

The distributions of run-up heights of waves of single ships and the joint 
distribution (Figure 20) are almost symmetric. They are all peaked at 0.3–0.6 m 
and have almost coinciding modes at 0.4–0.5 m (Paper I). Paper I makes an attempt 
to approximate these distributions by Rayleigh and Weibull distributions PDFs 
(Figure 20). While the Rayleigh distribution fails to match the shape of the 
empirical distributions of run-up heights, the Weibull distribution works quite well 
for this data set. However, its shape parameters are more diverse for run-up 
heights. The mode of the Rayleigh distribution is 380.  m for the joint 
distribution and for waves produced by the Star, 0.40 m for the SuperStar and 
0.33 m for the Viking XPRS. Similarly to vessel wave heights, the scale parameter 
in Weibull distributions for run-up heights is larger than for the Rayleigh 
distribution. It is 560.  m for the joint distribution and for the Star, 0.59 m for 
the SuperStar and 0.49 m for the Viking XPRS. The shape parameter is 772.q   
for the overall distribution, 2.75 for the Star, 2.93 for the SuperStar and 2.70 for 
the Viking XPRS (Paper I). 

The established parameters of theoretical distributions allow calculating the 
corresponding mean wave and run-up heights from the analytical expressions of 
the relevant distributions: 

 



0

dHHHfH , (25) 

where  Hf  stands for any of the above-discussed distributions. As expected, the 
values of mean wave and run-up heights, calculated from the original data and 
reconstructed from the obtained Rayleigh and Weibull distributions, have a 
reasonable match for the overall statistics and for each vessel (Figure 21). 
Theoretical values calculated from Eq. (23) for the Rayleigh distribution tend to 
underestimate the observed average run-up height by 10–20%. 

 Mean run-up and wave heights in the wakes, calculated from the original data 
(red squares) and reconstructed from the Rayleigh (blue circles) and Weibull (black 
triangles) distributions. Blue solid and black dashed lines correspond to the regression 
curves fitted to the results calculated from the Rayleigh and Weibull distributions, 
respectively (Paper I). 
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The performed analysis makes it possible to relate the heights of vessel waves 
in the 2.7 m deep nearshore and the run-up heights (Paper I) and thus to some 
extent quantify the wave amplification at the shore (Figure 21). Although the 
corresponding regression lines are based on only four points, they still indicate an 
interesting trend. The average run-up heights can be expressed as follows:  

HQR  , (26) 

where 1.3Q  for the best-match Rayleigh distribution and 5.3Q  for a similar 
Weibull distribution. Consistently with the underestimation of run-up heights, 
fitting to the Rayleigh distribution gives a smaller amplification rate at the coast. 

The validity of this estimate can be roughly evaluated by comparison of the 
theoretical amplification rates of non-breaking sinusoidal waves with a period of 

10T s (which is the period of the largest vessel waves). The amplification rate 
HR  of such a wave on a plane beach in the framework of shallow-water theory is 

(Didenkulova et al., 2007a) 

6
2


ghT

L

H

R  . (27) 

Here 100L  m is the distance to the shore and 72.h  m is the water depth. Thus, 
the average amplification rate of vessel waves’ height in the realistic run-up 
process is about half the one predicted by Eq. (27). The difference can be explained 
by the impact of the breaking of vessel waves (see Figure 17). 

 

 
 Wave heights (blue circles) and corresponding run-up heights (red triangles) 

within the wake from a) the SuperStar (19 June 2009, 19:15), b) the Star (20 June 2009, 
12:10) and c) the Viking XPRS (21 June 2009, 13:50) (Paper I). 
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2.4. Run-up of individual vessel waves 

Paper I also presents an attempt to better understand the link between the nearshore 
wave heights and run-up properties of individual waves on the example of three 
sets of vessel waves in question. Careful synchronization of the clocks of the 
echosounder and the video system made it possible to identify the run-up of most 
of the waves higher than 10 cm in the wake. The analysis was performed for a 
wake from the SuperStar on 19 June 2009 at 19:15, from the Star on 20 June 2009 
at 12:10 and from the Viking XPRS on 21 June 2009 at 13:50. 

A comparison of the relevant data (Figure 22) indicates a fairly good correlation 
between wave and run-up heights. Although larger waves generally produce larger 
run-up heights, the maximum run-up events do not always correspond to the 
maximum wave height. Moreover, numerous unremarkable waves result in an 
almost the same run-up height as the outstanding highest wave (Figure 22). This 
can be partially explained by different periods of single waves. 

The subsequent approach of three wave groups with different periods is clearly 

 

  
 Wave amplification rate on Pikakari Beach for waves from a) the SuperStar, b) 

the Star, c) the Viking XPRS. Dashed lines correspond to Eq. (27), dotted lines to the 
calculation of breaking run-up with the characteristic periods of 6 s (blue) and 14 s (black) 
and the black solid line corresponds to Eq. (28). Some smaller waves with heights <20 cm 
may have the amplification rate matching that of theoretical estimations for non-breaking 
waves (black dashed line) (Paper I). 
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seen in the time-frequency spectrum (Paper I). The first group with a peak period at 
8 s arrives first. The second group with a peak period of 5 s arrives three minutes 
later and a group of waves with periods about 4 s approaches after three more 
minutes. This structure of the entire wake is characteristic of ships sailing at depth 
Froude numbers 0.6–0.8 (Soomere, 2007; Torsvik et al., 2015). 

The presence of relatively large run-up events in the later phase of the arrival of 
vessel waves is consistent with Eq. (27), which signals that the run-up height 
increases with a decrease in the wave period (Paper I). This effect may partially 
explain why vessel waves often cause rapid beach erosion (Soomere, 2005; Parnell 
et al., 2007). The group structure of the wake dictates that, unlike narrow-banded 
groups of wind waves, vessel waves with very large run-up heights arrive over a 
long time interval, and this may result in an anomalous impact on the coast. 

As discussed above, wave breaking may substantially affect the beaching of 
large waves and reduce their run-up. Very often the largest vessel waves break far 
before they reach the shoreline (Figure 17). Smaller waves have generally stronger 
amplification rates than the larger ones (Figure 23). The observed properties 
qualitatively match the results of the numerical simulation of the amplification of 
waves approaching Pikakari Beach, performed with the CLAWPACK package 
using the original profile of Pikakari Beach measured during the experimental 
campaign (Section 1.2). Consistently with observations, the calculated 
amplification rate decreases with an increase in the wave height. The evolution of 
larger waves that are more prone to breaking, matches well the simulated results 
for breaking waves, while smaller waves behave similarly to the results of 
simulations of non-breaking waves. 

The amplification rates for waves produced by all three vessels (Figure 23) 
match well the empirical power regression curve derived in Paper I 

baH
H

R  , (28) 

where the coefficient b varies within 0.75 ≤ b ≤ 0.95 depending on the vessel and 
the dimensional coefficient a changes within the range 0.4 ≤ a ≤ 1.0. The 
approximation (28) can be used for estimates of run-up heights from vessel-
generated waves. 
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3. Ship-induced solitary waves of depression 

The properties of waves generated by large and powerful vessels have received 
considerable attention in the international scientific literature (Soomere, 2005, 
2009). The high hydrodynamic loads associated with the leading large and long 
waves are often considered to be of the largest environmental significance (Parnell 
and Kofoed-Hansen, 2001). With the exception of studies of sediment resuspension 
and turbidity (e.g., Rapaglia et al., 2011; Göransson et al., 2014), only few studies 
treat the impacts of depression waves produced by ships (Forsman, 2001). While 
the generation of a depression wave (Bernoulli wake) by ships sailing in shallow 
water has been known for a long time and the associated phenomenon of squat is 
well understood, it was recognized only recently that ship-induced depressions may 
occur at a substantial distance from the fairway (Rapaglia et al., 2011) where they 
eventually propagate as free waves. 

This chapter focuses on deep depression waves excited by ships of fairly modest 
size and sailing at moderate depth Froude numbers in the Malamocco–Marghera 
channel in the Venice Lagoon. Section 3.1 presents a short insight into the relevant 
literature (mostly following Paper III) and then depicts the study area of large 
waves of depression and experimental set-up in the Venice Lagoon in spring 2014. 
Section 3.2 presents an overview of the properties of the largest measured 
depressions on banks of the navigation channel (Paper II). As their amplitude is 
comparable with the water depth, it is reasonable to use the technique of Riemann 
waves and the relevant software described in Chapter 1 for their analysis. 

Section 3.3 is targeted to the development of a simple approach for the 
replication of these depression waves by means of the specification of a smooth 
disturbance at a certain distance from the shallow area and by letting it to propagate 
along the slope of the navigation channel. This includes a comparison of real wakes 
and their numerical counterparts on the banks. Finally, Section 3.4 aims at 
understanding how far such structures can propagate into the lagoon as compact 
entities of potentially dangerous height. The field data measured in spring 2014 are 
used to initialize simulations of the propagation of their idealized counterparts – 
solitary Riemann waves of depression. 

3.1. Ship-induced depressions in shallow areas 

It is often assumed that among vessel-generated disturbances long and high leading 
waves of the entire wake provide the most significant environmental impacts 
(Soomere, 2005a, 2009). These groups are almost non-dispersive in relatively 
shallow sea areas and, similarly to tsunamis (Didenkulova et al., 2011c), may 
propagate over considerable distances as compact entities. They may cause 
environmental damage and hazard to people and property even at remote locations. 
Their height and steepness (and consequently water velocities) are often amplified 
by shoaling and/or in the process of run-up (Section 2.3). 
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This viewpoint implicitly reflects the properties of solutions of common 
equations for weakly nonlinear water waves such as KdV or Kadomtsev–
Pethviashvili equations. As discussed in Introduction, these equations may only 
have waves of elevation as their valid solitary-wave solutions. Indeed, ships sailing 
at moderate depth Froude numbers usually produce also solitary waves (precursors) 
of elevation (Ertekin et al., 1986; Neuman et al., 2001; Soomere, 2007). 

The system of disturbances excited by a moving ship is richer than just a set of 
waves of elevation or undulations. Several effects become evident when sailing at 
moderate and high depth Froude numbers (equivalently, in relatively shallow 
water). In such a regime the formation of a depression region (often called 
Bernoulli wake) is as common as the production of waves of elevation (Akylas, 
1984; Grimshaw and Smyth, 1986; Lee et al., 1989). 

The presence of a depression can be to a certain extent analysed by another 
common class of weakly nonlinear disturbances – solutions of the KdV equation 
called undular bore. The related phenomena have been known theoretically for 
more than 60 years (Benjamin and Lighthill, 1954; Peregrine, 1966) and are 
common in numerical experiments of one-dimensional ship motion. The vessel 
moving at a constant speed produces a gradually lengthening region of depression 
of nearly uniform depth (Baines, 1997; Torsvik et al., 2007, 2009a). This is a 
reflection of a well-known drawdown effect called squat in navigational channels 
(Constantine, 1961; Graff, 1962; Naghdi and Rubin, 1984). This major source of 
danger for navigation in very shallow channels and especially at large blocking 
coefficients (Millward, 1996; Gourlay, 2003) has been well documented (e.g. 
Gourlay and Tuck, 2001; Gourlay, 2006) and its forecast is made routinely for 
major navigation channels (El-Kader et al., 2003). 

Possible problems of ship-driven depressions are commonly related to their 
penetration to harbours adjacent to the navigation channel (Forsman, 2001) or to 
their potential impact on river banks (Balzerek and Kozlowski, 2007). Another 
issue has been raised for ships sailing in channels dredged into the very shallow 
Venice Lagoon where they produce very large waves of depression (Rapaglia et al., 
2011; Gelinas et al., 2013), whereas waves of elevation are insignificant. As the 
channels are surrounded by extensive lagoon areas, these depressions can 
propagate to a considerable distance (up to 500 m, Rapaglia et al., 2011) away 
from the navigation channel. These disturbances drive possibly significant but 
likely not exceptional water velocities (cf. Rapaglia et al., 2011) in the channel 
itself but serve as an important agent of resuspension in large parts of the lagoon. 

The Venice Lagoon is known as the biggest lagoon not only in Italy but in the 
entire Mediterranean region (Brambati et al., 2003; Madricardo and Donnici, 
2014). While its surface area is as large as about 550 km2, its average depth is only 
0.8 m. Water circulation and dynamics in this extremely shallow water body is 
mainly controlled by tides that have excursion between 0.3 and 1.1 m. The lagoon 
has only three tidal inlets with depths ranging from about 10 to >17 m for the 
Malamocco inlet. Water exchange between the open sea and the interior of the 
lagoon is conducted by numerous tidal channels (Paper III). 
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The lagoon has been subject to extensive anthropogenic interventions through 
the centuries. The natural sediment deposition around the city of Venice was 
prevented by diversions of the Brenta and Piave Rivers directly into the sea. These 
works were completed already in the 16th century. Simultaneously, the barrier 
islands separating the lagoon from the Adriatic Sea were stabilized with seawalls in 
the 18th century. The three inlets were protected by the construction of jetties by 
the early 20th century (Brambati et al., 2003). These works were complemented by 
dredging several artificial waterways that today have depths of 10 m or more. 

One of the largest interventions was the construction of a navigation channel 
that connects the Porto Marghera Industrial Zone (Figure 24) to the Malamocco 
inlet. The Malamocco–Marghera channel (locally known as Canale dei Petroli) 
first leads to the south of Porto Marghera along the mainland coast for 14 km and 
then turns towards the Malamocco inlet (Rapaglia et al., 2011). It has a total length 
of 20 km, a total width of about 200 m in the east–west section and 100 m in the 
north–south section and a width of the navigable bottom of 60 m. With a design 
depth of 12 m, this channel is able to accommodate relatively large vessels. 

Although the channel definitely has a great role in the development of the 
economy of the entire region, its environmental impacts have been of significant 
concern (Rapaglia et al., 2011; Gelinas et al., 2013). Bathymetric surveys (Sarretta 
et al., 2010) have indicated intense erosion of the central lagoon from 1970 to 
2000. This process has been partially related to the ship traffic in this channel. 

The measurements, data from which are used in Papers II and III, were 
performed in the north–south oriented section of the Malamocco–Marghera 
channel (Figure 24). The cross-section of the channel is slightly asymmetric. The 
bottom of the channel (the navigable area) is 11–12 m deep (Figure 25) and is 

 

 The study area in the Malamocco–Marghera industrial channel. White triangles 
in the inset indicate the locations of pressure sensors in Figure 25 (Papers II and III). 
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surrounded by relatively steep slopes (~10%) that have a width of 30–40 m. 
A specific feature of the channel is the presence of wide gently sloping shallow 

banks at both sides. The western (mainland) bank is about 150 m wide, has an 
almost constant slope of ~3% from the channel margin and ends with an about 1 m 
high erosion scarp at the shoreline. The eastern (lagoon) bank gently (with a slope 
of ~2%) rises from the channel margin over about 90 m wide area to a depth of 
about 2 m. At this location a semi-permeable rock wall prevents the propagation of 
ship-generated wakes into the lagoon (but still ensures water exchange between the 
channel and the rest of the lagoon). 

The measurements of the properties of ship-induced disturbances presented in 
Paper II and used in Paper III to initialize the simulations of wave propagation into 
the lagoon were performed at eight locations at the banks (Figure 25). Wave 
properties were reconstructed from pressure fluctuations that were recorded at 
either 2 or 5 Hz. Four sensors were mounted on the seabed (locations B1–B3 and 
W1–W3 in Figure 25) or connected to the channel markers (B0 and W0). The 
instruments had a maximum synchronization error of ±10 s (Paper II). The possible 
de-synchronization is immaterial from the viewpoint of studies in Papers II and III 
that rely on the magnitude and shape of the ship-generated disturbances. 

3.2. Ship-induced solitary waves of depression in the Venice Lagoon 

The records of vessel wakes contain four sampling periods of 2 to 6 days in March 
and April 2014. The original record involves semi-diurnal tidal signal (Figure 26). 
The entire data set contains about 90 examples of ship wakes (Paper II). The data 
for three ships in Figure 27 illustrate the range of appearances of the wakes for 
ships with similar parameters. Consistently with Rapaglia et al. (2011) and Gelinas 
et al. (2013), the ships did not produce any large-amplitude wave groups or 
precursors of elevation. This feature is not fully unexpected as the speeds of ships 
(retrieved from data transmitted by the Automatic Identification System) were in 
the range of 7–11.4 knots, which corresponds to 53.034.0 dF  (Paper II). 

 

 Cross-section of the Malamocco–Marghera channel at the measurement site 
(Figure 24). The location of pressure sensors (B0–B3, W0–W3) is indicated by triangles. 
The distance is referenced to the western channel marker and the depth is referenced to the 
local tidal datum (0.26 m below mean sea level) (Paper II). 
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The predominant feature of all large ship-induced water level disturbances was 
a deep depression. The depressions had an almost perfectly symmetric shape 
(understood as the shape of the course of the water level in time coordinates) at the 
margins of the channel (locations B0 and W0 in Figure 27). The simulations based 
on weakly nonlinear approaches suggest that ship-induced depressions should 
develop an elongated almost horizontal trough with time (Torsvik et al., 2009b; 
Torsvik et al., 2009a). The recorded depressions, however, had a characteristic 
V-shaped trough, although the ships have already sailed along the channel for a 
relatively long time. This feature suggests that the depressions apparently had 
strongly nonlinear nature. 

The clearly distinguishable depression lasted typically ~80 s. The deep trough 
was often preceded by a small wave of elevation and followed by another wave or 
sequence of waves. The typical duration of the entire disturbance to the calm water 
level was ~400 s. Similarly to the extensive variability in the properties of waves of 
elevation excited by ships sailing at relatively large depth Froude numbers in water 
of basically constant depth (Kurennoy et al., 2009), the properties of the depression 
waves recorded at the study site varied significantly. The largest water level 
dropdown at the western edge of the channel (location B0) was 2.52 m (measured 
from still water level; 2.58 m when measured from the crest of a small but quite 
long wave of elevation that preceded the depression) at the coastal side of the 
channel in the wake of the Abu Dhabi Star. This was a relatively large but not 
exceptional ship sailing at a moderate speed (Paper II). The largest depressions 
reported in Paper II were >1.5 m and thus considerably exceeded the similar 
parameters of waves of depressions reported in the scientific literature (Balzerek 
and Kozlowski, 2007; Rapaglia et al., 2011; Göransson et al., 2014). 

The properties of the largest depressions and accompanying smaller waves were 
often markedly different on opposite sides of the channel. For example, the water 

 

 An example of 24-h-long record of water level, restored from the pressure 
signal, at the banks of the Malamocco–Marghera channel. The location of the devices at 
the western (coastal, B0–B3) and eastern (lagoon, W0–W3) sides of the channel are 
indicated in Figure 25. The record begins at 12:00 on 01 April 2014. Data for locations W2 
and W3 (used to characterize the wake of the Abu Dhabi Star below and in Paper II) are 
partly missing due to equipment failure. Note that gauge B3 was moved by a strong wake 
about 3 h after the record began (Paper III). 
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level dropdown excited by the above-discussed passage of the Abu Dhabi Star was 
much less, about 1.6 m at the lagoonside channel marker. It is hypothesized in 
Paper II that this feature may be associated either with a shifted position of the ship 
with respect to the channel axis or with the different morphology of the channel 
slopes and banks. 

The shape of the depression and of the entire wake system changed when the 
wave propagated over the banks. The depth of the largest troughs usually decreased 
to some extent but did not change significantly when the wake was propagating 
over the banks starting from devices B1 and W1. Only at site B3 (in very shallow 

 

 

  
 Disturbances induced by the Abu Dhabi Star, Domenico Ievoli and Pessada. 

Data for W0 for the passage of the Pessada are missing due to equipment failure. The 
largest depressions caused the drying of the coastal slope at location B3. The position of 
the surface is presented according to the actual water depths at the time of ship passage 
(Paper II). 
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water) a certain increase in the wave height was observed. 
The most significant process during the wave propagation from the channel 

margin was an increase in the asymmetry of the wave profile. The wave front 
became gradually less steep. The rear slope rapidly steepened and became bore-like 
already at locations B1 and W1. In some occasions a relatively short wave of 
elevation was developed immediately after the steep rear slope had passed. This 
asymmetry is characterized in Paper III in terms of the ratio of typical values of the 
rear slopes to front slopes. This ratio is usually <1.5 at sites W0 and B0 but 
increases to the level of 2–3 at sites B1 and B2, and becomes as large as ~10 at 
sites W3 and B3. 

The typical shape of the depression wave on the banks is strongly skewed V-like 
disturbance. A step or a sequence of steps is often present on the rear slope of the 
depression wave. It is debatable which mechanism causes this feature. For 
example, incipient undular bore formation probably modifies the wake of the 
Pessada at W1–W3 (Figure 27). Alternatively, reflection from the bottom may 
impact the wake of the Domenico Ieovoli at sites B3 and W1–W3. This property 
matches a similar feature in numerical simulations of Riemann waves (Rodin and 
Pelinovsky, 2014). 

Paper II discusses several environmental consequences of the propagation of 
such waves of depression into the shallow lagoon. It is natural to assume that the 
greatest water velocities and thus intense sediment resuspension would occur 
during the passage of the rear slope of the waves. The associated highly energetic 
events may resuspend large amounts of fine sediment from the lagoon bed. This 
suspended material can be transported by tidal currents to various locations, 
including the navigation channel that may need frequent dredging, or the material 
may be carried out of the lagoon (Rapaglia et al., 2011; Gelinas et al., 2013). 

3.3. Numerically simulated Riemann waves 

The material presented in Section 3.2 and in Paper II shows that linear and weakly 
nonlinear approaches fail to replicate the properties and propagation of the largest 
depressions already at the margin of the Malamocco–Marghera channel. None of 
the recorded depressions had an elongated trough with an almost horizontal bottom 
that is suggested by weakly nonlinear simulations of ship motion in shallow 
channels (Torsvik et al., 2007, 2009a). Even though the depressions had an almost 
symmetric shape in time coordinates at the margins of the channel, they rapidly 
became asymmetric when propagating over the banks (Figure 27). 

Consistently with the weakly nonlinear propagation of solitary depression 
waves (Grimshaw et al., 2014), the ship-induced troughs developed a sequence of 
waves of elevation at the end of the rear slope. The maximum surface elevation 
often exceeded the undisturbed level for some time after the rear slope had passed. 
This feature, together with the development of steps at the rear slope, is also 
consistent with the strongly nonlinear propagation of such disturbances as 
described below. 
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The level of nonlinearity is often evaluated as the ratio of the height of the 
disturbance to the water depth. This ratio is usually ~0.1 for larger ships and about 
0.25 in extreme occasions (like for the wake of the Abu Dhabi Star). This ratio is 
mostly reasonable (~0.3) even for the largest depression waves at the border of the 
navigation channel. Even though the heights of some depression waves decrease to 
some extent away from the channel margin, a depression of about 0.5 m often 
penetrates to the 2–4 m deep banks where it is evidently strongly nonlinear. 

Papers II and III make an attempt to employ the framework of simple or 
Riemann waves (Section 1.1) to describe and model the evolution and propagation 
of ship-induced solitary depression waves. As discussed in Chapter 1, Eqs. (2) do 
not take dispersion and breaking into account and thus Riemann waves only 
conditionally describe shallow-water waves. In spite of its obvious limitations, this 
technique has been successfully applied to the analysis of long waves 
(Didenkulova et al., 2006b; Zahibo et al., 2008; Pelinovsky and Rodin, 2012). 

As the crests of ship-induced waves are generally parabolic and have relatively 
low curvature at longer distances from the hull (Lee and Grimshaw, 1990; 
Didenkulova et al., 2011c), it is apparently acceptable to assume that the 
depression waves have (at least locally) straight crests. The motion of very long 
waves over very shallow water in ideal conditions can then be approximately 
described by Eqs. (1) (Whitham, 1974). The typical duration of ship-induced 
depressions (60–80 s) indicates that they are extremely long when propagating over 
the banks of the channel with a depth of 2–4 m, and even longer (in comparison 
with the water depth) in 1–2 m deep water in the rest of the lagoon. 

The most interesting question is how far such disturbances may travel into the 
lagoon. To answer this question to some extent, the wave measurements described 
in Section 3.2 and in Paper II are used to initialize the calculations of the 
propagation of Riemann waves of depression over shallow areas in conditions 
similar to the banks of the Malamocco–Marghera channel in Paper III. 

A comparison of the wave speed with the arrival of the deepest part of the 
disturbances at subsequent sites (Figure 27) indicates that the wave front moved 
obliquely (at an angle of about 45o according to Rapaglia et al. (2011)) with respect 
to the channel margin. This means that the surface elevation recordings at sites B1–
B3 and W1–W3 reflect different parts of the wave crest. As the existing data set 
did not allow for a reliable specification of the wave direction, the analysis in 
Papers II and III proceeds from the assumption that the channel and its banks are 
homogeneous along the sailing line and the ships are moving at a constant speed. 
In such a situation the mismatch of the wave propagation direction with the 
orientation of the line of measurement devices (Figure 24) only leads to a certain 
shift in the timing of the measured and simulated disturbances and thus is 
immaterial for the results of the study. 

The tracking of ship-induced wave propagation and transformation is performed 
in Papers II and III using the CLAWPACK software described in Section 1.2. 
During the simulations, the mass conservation law was satisfied with an accuracy 
of 10–6%, which is at the same level as in earlier numerical experiments with 
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Riemann waves (Didenkulova et al., 2011a). To avoid wave energy reflection from 
the border of the computational domain, Sommerfeld-type artificial radiation 
conditions (Sommerfeld, 1949) were applied at each side of the domain. 

The bottom profile within the channel and its banks in Figure 25 was linearly 
interpolated to a grid with a step of 20 cm based on measurements that had a 
resolution of approximately 1 m (Paper II). A refinement of the grid step by 2–3 
times led to maximum differences in wave amplitudes of less than 0.5%. The water 
depth was assumed to be constant in the interior of the lagoon. The time step (0.5 s) 
was restricted by the Courant–Friedrichs–Levy condition. 

The measured data sets describe the temporal evolution of the water surface at a 
certain location, while the simulation of waves of depression using Eqs. (2) 
requires information about the spatial structure of the wave. It is not 
straightforward to use for this purpose the measured depressions because it is not 
clear whether they were forced disturbances or were already propagating as free 
waves. To resolve this problem, an indirect way of the initialization of the 
simulations was used in Papers II and III. The approach is based on the assumption 
that the leading wave of depression of ships moving in a strongly nonlinear regime 
is a generally symmetric trough with a shape that resembles an inverted (negative 
polarity) PDF of a Gaussian distribution (Torsvik and Soomere, 2008; Torsvik et 
al., 2009b). The simulations were initialized with such a function. This procedure 
makes use of the tendency of the formation of a specific skewed V-like shape of the 
depression at the channel margins. This shape is a natural consequence of the 
evolution of initially symmetric depressions (Pelinovsky and Rodin, 2012). 

Therefore, it was implicitly assumed that the trough was already a free wave at 
the margin of the channel and that after some time (or at a certain distance from the 
sailing line) the basic features (shape, asymmetry, etc.) of the troughs are no longer 
directly connected with the properties of the ship hull and are defined by generic 
rules that govern the propagation of depressions of a certain amplitude. This 
assertion was tested by a series of simulations, in which the initial shape matched 
an inverted KdV soliton. The exact shape of the initial pulse only insignificantly 
affected the results of numerical simulations at the channel margins. 

Based on the listed arguments, simulations in Papers II and III used a Gaussian 
bell shape of negative polarity 
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to initialize the shape of the water surface matching ship-driven disturbances. Here 

0A  is the initial amplitude of the trough and l is its characteristic half-width. The 
flow speed was defined using Eqs. (3) and the sign of the velocities was chosen to 
match the wave propagation away from the channel. 

The amplitude, location (in space) and width of the initial shape were adjusted 
iteratively, using the philosophy of inverse modelling to match the maximum depth 
and width of the measured depression at sites W0 or B0. The evolution of the 
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initial disturbance (29) was first simulated over some distance along the channel 
bottom, and then it was let to propagate along the slope of the channel (Figure 28). 

The resulting trough shape was visually compared with the measured wave 
profiles for a medium-sized ship Vigor SW at the channel margin (Figure 29). This 
vessel was chosen for the comparisons because its wake had a depth of almost 
exactly 1 m. The best match of the two shapes was found for the initial propagation 
time of 150 s along the channel bottom (Figure 28). This time was used to initialize 
all simulations. The parameters of the initial disturbance were found separately for 
each wake from the match of the simulated depression with the measured signal at 
the channel margins (W0 or B0). The initial amplitude 0A  was adjusted to match 
the maximum simulated depression with the measured water level dropdown. 

The parameter l in Eq. (28) was adjusted so that the widths of the simulated and 
measured depressions coincided at the level of 1/3 of the maximum depth (cf. 

 

 The appearance of a depression pulse with an initial amplitude of 1 m in the 
navigation channel and over its lagoonside slope at time instants 0, 150 and 300 s. Note the 
development of a counter-propagating reflected wave at 150 and 300 s. The bold line in 
the right upper part of the panel represents the model seabed (only shown for the water 
depths <5 m) (Paper III). 

 Water surface time series in a wake produced by the Vigor SW on the western 
(coastal) side of the channel around 13:20 on 01 April 2014 (Paper III). 
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Didenkulova et al., 2008). As expected from earlier numerical experiments with 
solitary Riemann waves of depression (Pelinovsky and Rodin, 2011, 2012; Section 
1.4), the height of the initial smooth Gaussian-shaped depressions slightly 
increased during this part of numerical propagation and rapidly upsurged at the 
slopes of the channel. 

In spite of this indirect manner of specification of the initial wave profile and 
long propagation along the channel for 600–700 m (Figure 28), the appearance of 
the simulated signal replicates the well-known features of the propagation of 
solitary depressions such as a gradual decrease in the front slope and simultaneous 
increase in the rear slope (Figure 30). A certain time shift between the measured 
and simulated waves evidently reflects the mismatch of the propagation direction 
of the simulated and measured depressions. 

The further development of rear–front asymmetry (defined above) and the 
course of the wave height are appreciably replicated at the lagoonside sites W1 and 
W2 (Figure 30) but less satisfactorily at the coastal side sites B1 and B2 
(Figure 31). The asymmetry of the simulated trough at times exceeds the 
asymmetry of the measured depression wave by an order of magnitude. This 
mismatch is usually associated with the development of a step in the rear slope of 
one of the profiles. The emergence of such steps (or a sequence of steps) is 
characteristic of the propagation of large-amplitude Riemann waves of depression 
from smooth initial disturbances (Didenkulova et al., 2011a). The replication of 
these steps (that are apparently fingerprints of reflected waves that occur if 

 hmax 95 , Section 1.1) is not perfect although qualitative match is evident at 

 

 Propagation of a numerically simulated Riemann wave matching the 
depression created by the Pessada over the lagoonside bank of the channel at measurement 
sites W1–W3 (data from W0 are absent due to equipment failure) on 28 March 2014 at 
8:30. Red: measured profiles; blue: simulated profiles (Paper III). 
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all sites. 
The propagation of the largest depressions, both measured (Figure 30) and 

simulated along the western (coastal) bank of the channel, led to almost drying out 
of the seabed (Paper II) and the condition  hmax 95  was often met starting 
from a certain location. It is likely that the wave propagated into the even shallower 
area as a bore. These cases can still be reasonably well described by the numerical 
solution in use (Pelinovsky and Rodin, 2012). 

3.4. Propagation of ship-induced depressions into the Venice Lagoon 

Paper III provides results of simulations of all large depression waves recorded 
during one of the observation campaigns represented in Figure 26. The data set 
involves three continuous records, about 30–36 h each, and contains 20 identifiable 
wakes. The larger wakes were associated with 12 different ships (Table 1 in 
Paper III). Five smaller wakes remained unidentified. To make the results 
comparable with the ones presented above and in Paper II, the simulations of the 
wake of the Domenico Ievoli recorded on 22 April 2014 were added into the pool. 
As separate runs were made for waves measured at each of the channel margins, 40 
simulations were used in the analysis. The numerical results were compared with a 
total of 269 records of the depressions from single measurement devices. The 
undisturbed water level in each simulation was chosen to match the actual water 
level at the time of the relevant ship passage. 

 

 Propagation of a numerically simulated Riemann wave matching the 
depression created by the Vigor SW over the beachside bank of the channel at 
measurement sites B0–B3 on 01 April 2014 at 13:20. Red: measured profiles; blue: 
simulated profiles (Paper III). 
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The wake of the Vigor SW with a height of 1 m at the lagoonside channel 
margin is chosen in Paper III to represent typical examples of relatively large 
depressions (Figures 30 and 31). The further propagation of this wake is analysed 
over both the beachside and lagoonside banks of the channel. The height of the 
depression is underestimated at intermediate locations W1, W2, B1 and B2 
(Figure 31). On some other occasions it is replicated adequately at all measurement 
sites (Figure 30). Interestingly, the match of the simulated and measured wave 
heights is particularly good at locations W3 and B3. The mismatch is larger for the 
largest wakes (Figure 27). 

The numerical model tends to overestimate the wave height in most of the 
locations (Figure 32). If locations B0 and W0 used for the calibration are excluded, 
the formal linear regression line is 

32.027.0 maxmax  )(simulated(measured) HH . (30) 

The simulations overestimate, on average, the wave amplitude by more than 40%. 
It is natural that the match of measured and simulated heights is almost perfect for 
the locations, based on which the parameters 0A  and l in Eq. (29) were evaluated. 
The maximum water level dropdown is often overestimated by a factor of two or 
even more in locations B1, B2, W1 and W2. 

Consistently with above, Figure 32 demonstrates that, on average, the match of 
the measured and simulated wave heights is much better at the most remote 
measurement sites B3 and W3. This feature suggests that the numerical approach 
in use may fail to exactly reproduce some properties of the short-term propagation 

 

 Simulated and measured trough amplitudes for all 12 vessels. Blue dashed line: 
the regression lines for measurement sites B1–B3 and W1–W3; black dotted line: the 
regression line for the most distant sites B3 and W3 (Paper III). 
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of depression waves over the banks of the channel. However, it seems to 
adequately replicate the long-term evolution of these waves and eventually gives a 
good insight into their fate in the lagoon interior. In general, it demonstrates a fair 
agreement between calculated and real data, notwithstanding the crudeness of the 
introduced approximations. 

The average deviation of the simulated wave heights numR  from the measured 
ones realR  at different measurement sites is evaluated in Paper III using the 
classical root-mean-square (rms) difference 
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Here N is the total number of comparable pairs of the wave heights. The rms 
difference   reaches 0.36 m for the entire pool of data at W1–W3 and B1–B3. The 
average deviation is much less, 0.26 m, for the lagoonside most remote site W3. 

Paper III makes an attempt to estimate the practical significance of the 
permeable rock wall at the lagoonside bank of the Malamocco–Marghera channel 
in terms of the risk of penetration of high-amplitude depressions followed by bore-
like phenomena into the Venice Lagoon if the wall were absent. This numerical 
experiment is relevant for many other sections of the channel that are not protected 
by such a wall. The idea was to ignore the wall and to look at the further 
propagation of the above-discussed waves of depression in water of a constant 
depth of 2 m. As the above simulations were in good agreement with the measured 
data at the most distant site W3, it is likely that the simulations give a fair insight 
into the fate of such solitary troughs in the lagoon interior. The use of a constant 
water depth in the lagoon is motivated simply by the absence of high-resolution 
data from the lagoon. This simplification overlooks the situation during low tide 
when the water depth is generally much less than 2 m. As the focus of Paper III 
was the far-field behaviour of the vessel wakes, also the possible fate of those 
depressions was investigated that actually propagated towards the coast. 

A usual requirement for the “safe” vessel-induced wave height maxH  (in metres) 
is (Parnell and Kofoed-Hansen, 2001) 

T
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.Hmax

54
50 . (32) 

This height should be measured at a still water depth of 3 m. The usual period T 
of high vessel waves is 9–12 s (Parnell and Kofoed-Hansen, 2001; Soomere, 2007). 
For waves with a period of 12.5 s the “safe” height is maxH  0.3 m and 
expression (32) becomes irrelevant for even longer waves. It is likely that waves of 
depression <0.3 m are already weakly nonlinear in the Venice Lagoon and 
evidently rapidly lose their bore-like appearance (Grimshaw et al., 2014). Based on 
these arguments, it was assumed that a “safe” trough amplitude in the Venice 
Lagoon is 0.3 m. 

An initial depression (29) with 10 A  m and 200l  m matches well the 
appearance of the wake of the Vigor SW (Figure 31) and is generally representative 
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of the relatively large wakes that occur frequently in the Malamocco–Marghera 
channel. The height of such waves would remain well over 0.3 m after a long 
incursion into the lagoon (Figure 33). Its height decreases to 0.3 m only after the 
wave has travelled about 1500 m over the lagoon. Even if the possible 
overestimation of the height of the depression is taken into account (cf. Eq. (30)), 
the wave will cover at least 700–900 m before it decreases to 0.3 m. The results 
match the data from Rapaglia et al. (2011): a 0.8 m high wave remained >0.3 m 
high at a distance of about 300 m from the channel margin. 

The properties of different simulated wakes evolve in a similar manner 
(Figure 34). The wave amplitude increases rapidly when the wave propagates along 
the side slope of the channel and reaches a maximum value near the channel 
margin. The amplitudes of different initial disturbances level off rapidly (after 
~50 s or ~200 m in the lagoon). Further changes in the depressions are almost 
independent of the initial properties. 

As the ship that produced the largest depression waves (Abu Dhabi Star, 
Section 3.2) was not the largest one and was sailing at a reasonable speed, even 
higher wakes may be possible in the Malamocco–Marghera channel. To understand 
how even larger-amplitude troughs may behave over the banks of the channel and 
in the lagoon, a hypothetical case with a characteristic half-size 5.182l  m and an 
extremely high initial amplitude of 2.5 m was considered in Paper III. This 
hypothetical initial disturbance evolves into an unrealistically deep depression 
(almost 6 m) at a certain location along the channel slope. As expected, its height is 
rapidly reduced to the level comparable to measured wakes. 

The heights of all simulated wakes level off rapidly after reaching the bank of 
the channel (Figure 34). Therefore, wakes of several ships may produce 

 

 Space–time (x–t) diagram of the simulated wave profile produced by the 
depression wave with the initial amplitude 10 A  m propagating into the lagoon with a 
constant water depth of 2 m (Paper III). The scale at the right indicates the distance of the 
water surface from the undisturbed position. 
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depressions of the maximum possible amplitude in the Venice Lagoon. Their 
further propagation is almost independent of their initial amplitude. Consequently, 
even relatively modest depressions may persist over long distances. 

Although detailed shapes of the depressions in question may be substantially 
different at the channel margins (Figures 30 and 31) these shapes also become 
similar after some time (Figure 35). They keep a characteristic gently sloping front 
and a very steep rear even at a distance of >1 km from the channel. Therefore, it is 
likely that the bore-like shape of the rear depression waves is preserved over 
substantial distances. 

 

 Numerically simulated trough profiles in the lagoon after 300 s propagation 
time. The different locations of the wave trough are caused by different propagation speeds 
in Eq. (4) (Paper III). 

 

 Temporal evolution of the amplitude of initial Gaussian-shaped depressions 
matching the measured wakes at the channel margin. The parameters in Eq. (28) are as 
follows: Vigor SW (01 April 2014 at 13:20): 10 A  m, l = 200 m; Domenico Ievoli (22 
April 2014 at 06:50): 92.00 A  m, l = 100 m; Pessada (28 March 2014 at 8:30): 

0A  = 0.65 m, l = 182.5 m; Abu Dhabi Star (01 April 2014 at 15:38): 0A  = 0.8 m, 
l = 195 m (Paper III). 
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4. Rogue waves and extreme run-up in the coastal zone 

Storm waves are one of the major sources of risk not only to offshore seafarers but 
also to the users of the nearshore and the coast. Among those, rogue waves that 
literally emerge from nowhere and similar events of extreme wave run-up during 
strong storms apparently have the largest damaging potential. The generation of 
rogue waves by various mechanisms may occur in both deep ocean and in the 
nearshore (Didekulova et al., 2013c). However, the effects originating from the 
presence of cross-seas or from the redirection of waves by other processes 
obviously are more frequent in shallow water because of the impact of bathymetry 
(Soomere, 2010). Moreover, several types of geometric focusing often occur in 
coastal areas. Therefore, it is likely that rogue wave phenomena might happen even 
more frequently in the nearshore regions. 

This chapter starts with a short introduction in Section 4.1 into the basic concept 
of rogue waves and an insight into the existing studies of the damaging potential of 
rogue waves in the nearshore. The appearance of small-amplitude rogue waves that 
develop on the wind wave background in relatively shallow water is described 
based on records of sea surface elevation in Tallinn Bay, the Baltic Sea (Section 
4.2). The statistics of different kinds of rogue events, rogue wave crests and 
troughs and the overall frequency of occurrence of rogue waves identified using 
zero-upcrossing and zero-downcrossing methods is presented in Section 4.3 
following Paper IV. 

The analysis of the potential wave run-up and associated maximum inundation 
on a selection of Estonian coasts of the Baltic Sea, conducted based on 35-year 
wind wave simulations with the wave model WAM, is presented in Section 4.4. 
The numerically calculated run-up of severe storm waves using the CLAWPACK 
software (see Section 1.2) for 18 beach profiles is based on the 35-year maximum 
significant wave heights and corresponding periods. The estimates of maximum 
run-up are compared with the estimations made using different run-up formulas, 
available in the literature. This analysis mostly follows Paper V. 

4.1. Rogue waves in the nearshore 

Studies of unexpectedly high (so-called rogue) waves were boosted after the so-
called “New Year Wave” was unambiguously measured on 1 January 1995 at the 
Statoil-operated Draupner platform in the North Sea. This event made clear that 
such waves not only exist but also constitute a serious threat for navigation and oil 
and gas platforms. 

The phenomenon of freak or rogue waves is an intrinsic quality of ocean wave 
fields. The frequency of occurrence of single waves of different height in a narrow-
banded wave field (that is common in seas and oceans) can be adequately 
approximated with a Weibull distribution discussed in Section 2.3. A fundamental 
feature of this type of wave fields is that there is no formal limitation for the wave 
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height. The most probable maximum height of a single wave in a storm that 
contains N waves is NHh S ln5.0ˆ

max   (Longuet-Higgins, 1952). Therefore, the 
longer the storm with a given significant wave height SH  is, the higher single 
waves may be. 

Extremely large waves are unlikely because wave storms are usually not very 
long. Values exceeding SH2  are expected to occur once out of 28918 e  waves, 
that is, once in ~10 h in the open ocean conditions or once in 6–7 h in the Baltic 
Sea. They, however, occur with a certain frequency and even cases with the wave 
height of SH4  have been recorded. Waves with the height exceeding SH2  (in 
some definitions SH2.2 ) are called freak or rogue waves (Kharif et al., 2011). As 
they have basically the same periods as their neighbours, they are much steeper and 
thus much more dangerous to ships and offshore and coastal engineering structures. 

The research into the properties and driving mechanisms of rogue waves has 
historically been focused on rogue events in deep water. A large number of ship 
accidents are associated to collisions with rogue waves (Toffoli et al., 2005). 
However, the discussed specification of rogue waves does not include any 
limitation for the water depth. As discussed in the Introduction, rogue waves also 
occur at the coast and in the nearshore. These areas are often populated by smaller 
(fishing or recreational) boats and yachts and by people swimming or staying on 
the beach. Due to the more intense use of such regions the number of accidents 
with smaller vessels and associated loss of lives are substantially larger in the 
coastal zone than in deep waters (Nikolkina and Didenkulova, 2011, 2012). This 
feature underlines the importance of studies into rogue waves in shallow water and 
in the coastal zone and in particular the necessity of their direct measurements. 

The existing pool of studies of rogue events and relevant records in the coastal 
zone is rather limited (Chien et al., 2002; Cherneva et al., 2005; Baschek and Imai, 
2011). Relatively recent studies on the statistics of rogue waves in the coastal zone 
of the Baltic Sea based on measurements conducted near the coast of Aegna in the 
northern part of Tallinn Bay have highlighted the presence of different populations 
of small-scale rogue waves. This area seems to host two different types of rogue 
waves with respect to their typical amplification factor (the ratio of the height of a 
single rogue wave to the significant wave height of the background wave field) 
(Didenkulova and Anderson, 2010; Didenkulova, 2011). 

4.2. Wind wave measurements and data processing 

The data set analysed in Paper IV has been collected in the southern part of Tallinn 
Bay in the nearshore of Pikakari Beach (Figure 16). The equipment and setup of 
measurements are described in Section 2.1 and in more detail in Paper I. The data 
used here represent a two-week (from 17 June to 1 July 2009) high-resolution and 
high-frequency record of water surface elevation at 5 Hz in relatively calm weather 
conditions. As the daytime sections of the record contain an almost incessant field 
of vessel-generated waves, only night data (from 0:00 to 7:00 when ship traffic was 
low or missing) are employed. The events associated with occasional ship passages 
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during the night were removed manually. Such removal was possible because ship-
induced waves had a different period and a specific wake structure (Didenkulova et 
al., 2013b; Torsvik et al., 2015). 

The records that contained only wind waves were divided into 274 sections with 
a duration of 20 min. Single waves were selected using both up-crossing and down-
crossing methods (IAHR, 1989), after which the significant wave height SH  was 
calculated for each section. Although these methods led to almost coinciding 
statistical properties of wave fields within the sections (Figure 36), they allowed 
identifying different rogue wave events. The significant wave height was rather 
low (below 40 cm) during the entire experiment and most of the time even below 
10 cm. 

Following the classical rogue wave definition, single rogue waves and 
sequences of rogue waves (rogue events) were identified as the waves whose wave 
height fH  at least twice exceeds the significant wave height within the given 
20-min interval, that is, the waves for which 2/ Sf HH  (Kharif et al., 2009).  

The up-crossing method revealed 51 rogue waves or events and the down-
crossing method 55 rogue waves out of almost 180 000 single waves. According to 
a Rayleigh distribution, a rogue wave would occur once in about 3000 waves 
(Section 4.1); that is, about 60 times for our data set. Thus, the Rayleigh 
distribution tends to slightly overestimate the frequency of occurrence of rogue 
waves in our record. This feature matches similar results for the northern part of 
Tallinn Bay, near the coast of Aegna (Figure 16) (Didenkulova and Anderson, 
2010). 

The characteristic wave periods varied from 2 to 4 s and were sometimes even 
shorter. In these cases the sampling rate (5 Hz) was insufficient to properly resolve 
steep slopes of rogue waves (Figure 37). These records (10 identified using the up-
crossing and 12 using the down-crossing method) are marked as low-resolution 
records in Paper IV 

In addition to single rogue waves, three rogue wave groups were identified by 
the down-crossing method (Figure 38) on 25 June 2009 under mild wave 

 Frequency of occurrence of significant wave heights in different sections of the 
record. White and blue bars correspond to the values of SH  obtained using down-crossing 
and up-crossing methods, respectively (Paper IV). 
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conditions (wave heights no more than 15 cm). One of these events represents a 
typical envelope-like shape for the deep-water wave group that contains two high 
waves (Figure 38a). 

This group was measured just before the weather changed and the wave 
amplitude started to grow. In other two cases two groups contained two rogue 
waves that were separated by slightly lower waves (Figure 38b). The periods of all 
three rogue waves were in the range of 1.5–1.8 s. This corresponds to values of kh 
in the range of 3.3–4.8 that are larger than kh > 1.36. Therefore the observed rogue 
wave groups represented deep-water rogue waves. No similar groups were 
identified in 2008 during an experiment near the coast of Aegna (Didenkulova and 
Anderson, 2010; Didenkulova, 2011). 

4.3. Statistics of rogue waves in low wind conditions 

A comparison of the rogue wave height fH  with the significant wave height SH  
in the corresponding section of the record for different wave shapes among the 
total of 51+55 rogue waves (Figure 39) indicates that the identified cases are 
mostly close to the sf HH 2  line. Only a few rogue waves (mostly low-
resolution ones) are markedly higher than SH2 . This feature is consistent with the 
typical statistics of rogue waves (Kharif et al., 2009) as very large rogue waves are 
unlikely to occur in relatively short wave records. 

The amplification factor (Figure 40) also indicates that this ratio is close to 2 for 

  

 Examples of low-resolution short rogue waves measured on 30 June (a) and 17 
June 2009 (b) (Paper IV). 

 Groups of rogue waves measured on 25 June 2009 (Paper IV). 
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larger rogue waves but is occasionally much larger for some low resolution rogue 
waves. This feature was also observed in 2008 near the coast of Aegna 
(Didenkulova and Anderson, 2010). Similarly to the analysis in Didenkulova and 
Anderson (2010), no clear relationship between the amplification factor and fH  or 

SH  can be identified. 
The distributions of the frequency of occurrence of the heights of the two rogue 

wave sets identified from the up-crossing and down-crossing analysis (Figure 41) 
are fairly similar. This feature suggests that the associated distributions of the 
steepness of front and rear slopes are also similar. Smaller rogue waves (<20 cm) 
tend to have a steep front. The majority of low-resolution waves had intermediate 
values of 

fH (30–70 cm). 
The distribution of the heights of rogue wave crests and troughs (measured from 

the undisturbed water surface, Figure 42) reveals a certain asymmetry. At a very 
low wave background (wave amplitudes below 10 cm) rogue waves have more 
likely a deep wave trough, while for wave fields with amplitudes over 40 cm the 
presence of a high rogue crest is more probable. 

4.4. Run-up of severe storm waves on the Estonian coast 

Paper V focuses on the problem of the evaluation of maximum inundation on 

 

 Scatter diagram for rogue wave height 
fH  and significant wave height SH  for 

rogue waves identified using up-crossing (a) and down-crossing (b) approaches. Red 
squares correspond to low-resolution rogue waves (Paper IV). 

 Amplification factor of rogue waves identified using up-crossing (a) and down-
crossing (b) approaches. Red squares show low-resolution rogue waves (Paper IV). 
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selected segments of the Estonian coasts of the Baltic Sea through wave run-up 
during the severest storms. The idea was to compare the results of calculations 
based on Eqs. (1) and predictions of the common relationships for the dependence 
of the run-up height on the beach slope   and the incident wave height H that are 
often used in coastal engineering. 

More than half century ago Hunt (1959) proposed the following empirical 
formula for the run-up height R based on numerous flume tests: 

HR  , where 
0H

  . (33) 

Here H0 is the mean wave height and  is the length of incident waves in deep 
water. The quantity ξ is the so-called Iribarren number, also called the surf-
similarity parameter. 

Battjes (1974) included significant wave height SH  into Eq. (33) instead of 
mean wave height. The maximum run-up height on a dissipative sandy beach can 
be described as a linear function of SH  (Guza and Thornton, 1982): 

  
 Distributions of the crest heights A+ (a) and trough depressions A– of rogue 

events (b). White and red bars correspond to all rogue events found using the up-crossing 
method and to only high-resolution events respectively; light and dark blue bars 
correspond to all rogue events found by the down-crossing method and to only high-
resolution events, respectively (Paper IV). 

 Distributions of rogue wave heights identified using the up-crossing (a) and 
down-crossing (b) approaches. White columns correspond to the full rogue wave dataset 
and blue columns to high-resolution events (Paper IV). 
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SHR 71.0035.0  . (34) 

Powell (1990) introduced the following expression for the highest run-up on a 
gravel beach based on experiments with random waves in a flume: 

.29.44369.6286.2
2



























SS

S

HH
HR  (35) 

Sandy beaches may be fairly different, from reflective to dissipative ones. 
Based on extensive measurements, Holman (1986) and Nielsen and Hanslow 
(1991) proposed the following formula for beaches with slopes <0.1: 

,05.0 rmsHR   (36) 

where 2Srms HH   is the deep-water rms wave height. As most of Estonian 
sedimentary coasts have gentle slopes, almost all the profiles used in Paper V are 
flatter than this value. For beaches with slopes 0.1 the run-up height is 

.6.0 R  (37) 

Wave conditions along the entire Estonian coast have been extracted from 35-
year wind wave simulations with the wave model WAM forced by COSMO winds 
in the presence of ice (Nikolkina et al., 2014). The analysis is applied to a pool of 
representative beach profiles along the Estonian Baltic Sea coast, where repeated 
topographic profilings have been performed by the Geological Survey of Estonia in 
the framework of the state monitoring programme of beaches (Figure 43). Small-
scale and temporary features of these profiles were eliminated and the most typical 
bottom profile for each beach was specified by using an average of the entire set of 
the profiles measured in 2006–2011 (Suuroja et al., 2007, 2008, 2009, 2010, 2011) 
in 18 different locations of the Estonian coast. If the profile was too short for 
numerical calculations (incl. the cases when its highest point remained below the 
maximum run-up height of the severest numerically modelled waves), it was 
extended using GEBCO maps (http://www.gebco.net). The range of beach slopes 
turned out very diverse: from 0.009 for Harilaid to 0.121 for Naissaar coasts. Most 
of the slopes were, however, between 0.02 and 0.05. 

The maximum significant wave heights and corresponding peak periods in these 
locations were detected in the grid cells of the WAM model nearest to the 
shoreline. Such cells had water depths from 9 to 28 m and were located at distances 
from 1 to 8 km from the shore (Paper V). The peak periods during the roughest 
seas varied from 8 to 11 s and the significant wave heights ranged between 3.3 and 
7.5 m. 

The run-up of waves on the selected beaches was evaluated in Paper V in the 
framework of the shallow-water approximation using the CLAWPACK software 
package (Section 1.2) and the above-described measured profiles. The time and 
space steps were 1 m and 1 s, respectively, in all calculations. The beaching waves 
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were assumed to be regular and monochromatic (with the height matching the 
numerically simulated largest significant wave height and the associated peak 
period matching the simulated period) and to approach the shore incidentally. 
While the first two assumptions are realistic and widely used, in many occasions 
the highest waves approach the Estonian coastline under relatively large angles 
(Soomere et al., 2013; Viška and Soomere, 2013). 

Wave parameters, numerically calculated run-up heights and inundation 
distances (Paper V) suggest that the maximum run-up heights of about 3 m are 
likely at Aegna, Naissaar and Osmussaar. Such events may lead to the flooding of 
several houses located near the waterline on Aegna where the inundation distance 
can be up to 35 m. Large inundation distances (23–27 m) are likely at Osmussaar, 
Nõva (where the run-up height was modest, about 1.2 m) and Harilaid (run-up 
height 1.6 m). The wave run-up of about 2 m is expected at the Kakumäe location 
but owing to the large coastal slope the inundation distance is only 14 m. This 
densely populated area is, however, highly vulnerable to wave-induced hazards. 
The inundation distance was comparatively large, 19 m, for Pirita. In other 
considered locations the maximum run-up heights were below 1.6 m and the 
associated inundation distances less than 14 m. 

Express formulas (34) and (35) generally provide larger estimates of run-up 
heights than numerical results (Figure 44). The mismatch apparently stems from 
the specific type of the studied beaches (Soomere and Healy, 2011), to which these 
formulas are not directly applicable. For instance, Eq. (35) was elaborated based on 
experiments (Powell, 1990) with random waves in a 42 m long flume with a water 

 

 Locations of 18 beach profiles along Estonian coasts used in Didenkulova et al. 
(2013b) and Paper V. 
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depth of 0.7–0.9 m. The composition of the beach matched the granular 
composition of typical United Kingdom beaches. Consistently with this feature, 
Eq. (35) gives a reasonable estimate for gravel beaches at the shores of Aegna and 
Osmussaar (Paper V). 

The linear dependence of the run-up height on the wave height expressed in Eq. 
(34) obviously has a limited scope of applicability. It was elaborated for dissipative 
sandy beaches based on field data from the Pacific coast of the United States of 
America (California, Torrey Pines Beach). The underlying data set included only 
certain wave regimes from those that occur in this area. The beach slope varied 
between 0.02 and 0.05 and incident wave heights from 0.5 to 1.5 m (that is, much 
less than the above-considered values for Estonian coasts). The mismatch between 
the estimates using Eq. (34) and simulated results is thus not surprising. 

The match of the results in Paper V with the outcome of approximations (33) 
and (36)–(37) is better apparently because some of the wave regimes used in their 
derivation overlapped with those applied at the Estonian coasts. Formula (33) was 

 

 Comparison of calculated and estimated run-up heights (Paper V). 

 Calculated and estimated run-up heights versus significant wave height 
(Paper V). 
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based on flume experiments, where run-up heights were measured on a porous, 
rough beach with a constant slope from 0.1 to 0.33 (Hunt, 1959). The data set 
covers a wide range of wave regimes. Approximations (36)–(37) were derived 
using field data from natural beaches of the US Atlantic coast in North Carolina. 
The incident wave heights varied from 0.4 to 4 m (Holman, 1986), wave periods 
from 6 to 16 s and beach slopes from 0.07 to 0.20. 

Although all listed express formulas and simulations show that the run-up 
height increases with an increase in the significant wave height (Figure 45), the 
growth rates estimated from different approximations are fairly different. The 
smallest growth is observed for approximations (33) and (36)–(37) (Figure 46). 

In conclusion, the run-up heights of extreme wind waves estimated by some 
widely used engineering formulas match well the numerical calculations performed 
in the framework of nonlinear shallow-water theory. However, some express 
formulas deviate from these calculations. 

 

 Wave amplification on the beach (ratio of the run-up height to the significant 
wave height) versus significant wave height (Paper V). 
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Conclusions 

Summary of the results 

The presented studies address various aspects of the propagation, transformation, 
reflection and run-up of long strongly nonlinear waves in idealized conditions and 
in the marine environment. The focus is on the long-term evolution of solitary 
waves of both polarities and on the properties of the run-up of extreme storm 
waves and short wave groups excited by ships sailing in relatively shallow water. 

The run-up of long partially breaking solitary waves of elevation and depression 
was studied numerically in the framework of the nonlinear shallow-water theory 
for a composite beach geometry where a section of constant depth ends with a 
sloping beach. An increase in the initial amplitude of waves of elevation leads to an 
increase in the run-up height of wave crests. The run-down height first increases 
but decreases for even larger waves and almost vanishes for very large waves. The 
properties of the run-up of waves of depression (single troughs) vary in a 
qualitatively similar manner. The asymmetry of the process becomes clearly 
evident for large waves: a shock wave is formed at the rear slope of depressions. 
Both run-up and run-down heights of waves of depression increase with an 
increase in the initial wave amplitude, resulting in comparable magnitudes of flood 
and ebb distances. Thus, an initially negative pulse is able to exert substantial run-
up on a beach. Nonlinear effects impact the waves of depression more strongly 
than the waves of elevation and lead to wave breaking and energy dissipation. 

The experiments conducted at Pikakari Beach in Tallinn Bay, the Baltic Sea, 
show that a Weibull distribution appropriately describes the distribution of both 
offshore wave heights and the corresponding run-up heights of waves generated by 
large ships sailing at reasonable Froude numbers. The run-up of vessel waves is, on 
average, about 3.5 times as large as their height at a distance of 100 m from the 
shoreline. Owing to the characteristic group structure of the wake of such vessels 
(the largest and longest waves are followed by lower and shorter waves), large run-
up heights occur during almost the entire duration of the wake. This feature may 
result in uncommonly large impact of vessel wakes on the shore, the rapid beach 
erosion included. This property is further enhanced by the impact of breaking on 
the run-up of the largest waves. Smaller waves (<20 cm) exert relatively large run-
up and can be described in terms of long non-breaking waves on a plane beach. 

Based on measurements in the Venice Lagoon it was shown that unexpectedly 
high (up to 2.5 m) solitary depression waves were generated by moderately-sized 
ships sailing at moderate depth Froude numbers (<0.5) and blocking coefficients 
(<0.14) in the Malamocco–Marghera channel with shallow banks. These extremely 
long (typical periods of 40–50 s and lengths of 250–300 m) waves were described 
in terms of nonlinear simple or Riemann waves in very shallow water (2–3 m). 
Nonlinear effects rapidly (within less than 10 s and over a distance of a few tens of 
metres) build up a steep, bore-like rear slope of such waves. A temporary step-like 
profile of the rear slope is also occasionally observed. 
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The possibility for these depression waves to propagate virtually freely away 
from the navigation channel and to penetrate onto wide and shallow shoals 
(estuary, river bank, shallow lagoon, etc.) was analysed numerically. These 
extremely long waves experience transformations characteristic of strongly 
nonlinear Riemann waves on the water surface. Their front keeps a modest slope 
but their rear develops an extremely steep, near-breaking slope, or even a bore-like 
feature at a distance of much less than 100 m from the channel margin. The 
resulting water velocities and the overall possible environmental impact are likely 
much larger than those derived from common expressions for linear or weakly 
nonlinear waves. 

The simulations demonstrate that disturbances of considerable amplitude 
continue to move as a strongly nonlinear wave to a substantial distance. Their 
amplitudes rapidly (within 20–30 s) level off and the multi-step structure of the 
rear slope disappears. The disturbance obtains a shape characteristic of Riemann 
waves of depression: a relatively gentle slope followed by a steep rear. 

The amplitude of these solitary waves of depression for the disturbances that are 
representative of the wakes frequently occurring in the Venice Lagoon remains at 
dangerous levels (>0.3 m) for distances of more than 1 km in the idealized 2 m 
deep lagoon. As the lagoon depth is commonly even smaller, the nonlinear effects 
are eventually greater than in the performed simulations and the steep bore-like 
feature may persist for an even longer time. The heights of all such depressions 
become almost independent of their initial properties. This suggests that even ships 
of inconsiderable size, sailing speed and blocking coefficient may generate wakes 
that travel as compact entities over extensive areas of the lagoon and provide 
increased levels of environmental impact. 

The frequency of occurrence of rogue waves (waves whose height is at least 
twice the significant wave height) in low wave conditions in the nearshore was 
studied based on the two-week high-resolution record of the water surface in the 
coastal zone of the Baltic Sea. Rogue waves were identified using both zero-
upcrossing and zero-downcrossing methods. A Rayleigh distribution slightly 
overestimates the frequency of occurrence of rogue waves. Almost all rogue 
waves, except the three identified by the down-crossing method, are single waves. 
In very low wave conditions (wave amplitudes <10 cm) it is more probable to meet 
a single rogue trough than a high wave crest, while for wave amplitudes >40 cm a 
high crest is more probable. For smaller waves (wave heights below 20 cm) a steep 
front can be observed, rather than a steep rear slope. 

The specific coastal hazard associated with unexpected run-up of severe storm 
waves was assessed for a selection of Estonian coasts on 35-year wind wave 
simulations with the WAM model forced by COSMO winds. The wave run-up 
height and inundation distance were evaluated numerically using nonlinear 
shallow-water theory. The results were used to analyse the applicability of common 
empirical express formulas to wind wave run-up. It was shown that the most 
vulnerable zones among the selected segments were located at the coasts of Aegna 
and in the Kakumäe area. 
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Main conclusions proposed to defend 

1. The properties of the run-up of long strongly nonlinear solitary waves of 
different polarities were compared on the basis of numerical simulations using 
the CLAWPACK software. Nonlinear effects and energy dissipation caused by 
wave breaking are more prominent for waves of depression rather than for 
waves of elevation. 

2. Interrelations between the heights of single waves and their run-up heights 
were analysed for transient groups of waves generated by large ships sailing at 
a relatively large speed in water of limited depth. The experimental data from 
Tallinn Bay, the Baltic Sea, show that both wave heights and the associated 
run-up heights are well described by a Weibull distribution. On average, the 
run-up heights of vessel waves are ~3.5 times as large as their heights at a 
distance 100 m from the shoreline. 

3. The main reason for a long sequence of very large run-up heights during almost 
the entire duration of the wave wake from vessels sailing at relatively large 
depth Froude numbers is the chirp structure (the largest and longest waves are 
followed by lower and shorter waves) of such wakes. This feature may be a 
major reason for the rapid reaction of beaches to fast vessel wakes. 

4. Based on the measurements in the Venice Lagoon it is shown that up to 2.5 m 
high solitary depression waves are generated by ships of moderate size sailing 
in a navigation channel with shallow banks. These waves, interpreted as 
strongly nonlinear simple or Riemann waves, rapidly build up a bore-like rear 
slope and occasionally a step-like profile. Their main properties are replicated 
using the CLAWPACK software. 

5. The penetration of vessel-generated solitary depression waves into the Venice 
Lagoon was analysed numerically using the nonlinear shallow-water theory 
and the CLAWPACK software. The measured depressions were replicated 
using initially smooth free waves. It is demonstrated that vessel-driven 
depressions of substantial height (>30 cm) often propagate for more than 1 km 
into the lagoon. Their front slopes become gradually less steep but the rear 
slopes preserve extremely steep bore-like appearance. 

6. The properties of small-scale rogue waves in the coastal zone were studied 
based on the experimental data measured in Tallinn Bay, the Baltic Sea. The 
rogue wave troughs are more likely to occur at low wind wave conditions 
(amplitudes below 10 cm), while rogue wave crests are more probable for wave 
amplitudes over 40 cm. 

7. The potential of unexpected run-up of severe storm waves on Estonian coasts 
was assessed based on a 35-year wave reconstruction. It is demonstrated that 
several express methods for run-up properties are not applicable to storm 
waves on the Estonian coasts. The most vulnerable coastal segments in terms 
of inundation were found on the island of Aegna and in the Kakumäe area. 
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Recommendations for further work 

Several results of this thesis have been obtained in highly idealized situations and 
are thus only conditionally applicable to the practical use in the marine 
environment or in other water bodies. A relatively simple first step would be to 
understand whether or how long various disturbances maintain a certain 
information about their initial shape, equivalently, for which distances it is 
acceptable to replace the initial (e.g., vessel-induced) wave by a smooth 
counterpart that only matches the core feature of the disturbance. Combined with 
the feature established in the thesis (that after a certain propagation time the height 
of the waves of depression mostly depends on the propagation distance), this 
knowledge may eventually be converted into simple express formulas and methods 
for the evaluation of far-field properties and associated environmental impact of, 
e.g., ship-induced waves of depression. 

A major limitation is that the analysis, although it takes various nonlinear 
effects into account, is restricted to the one-dimensional setting in the framework 
considering the waves approaching perpendicular to the coast. Even though this 
viewpoint is often acceptable in the open ocean conditions where remote swells 
frequently approach the shore almost incidentally, in the majority of realistic cases, 
from ship wakes to tsunamis, the waves either approach the coast obliquely or the 
nearshore cannot be adequately approximated by a plane seabed. Therefore, in 
order to obtain more reliable results for applications it is necessary to establish how 
the disturbances addressed in the thesis would behave in common versions of the 
two-dimensional geometry of the basin. This research should be complemented 
with a detailed analysis of the processes that occur if such disturbances obliquely 
approach a shore with a simple geometry. A further research in this direction would 
involve running simulations of the propagation of long nonlinear waves on a real 
bathymetry to take all local bathymetric and topographic effects into account. 

A justification of the simple classical model of nonlinear shallow-water 
dynamics used in this thesis is its simplicity that allows for straightforward 
interpretation of a large part of the results and to a certain extent guarantees the 
applicability and stability of the numerical scheme. Its major drawback is that it 
neglects several core processes that intrinsically affect the dynamics of waves in 
the marine environment such as dispersion and dissipation. Also, wave breaking is 
considered in a rather primitive and generalized way, so that many related 
processes, from whitecapping to various kinds of wave transformation due to wave 
plunging or spilling, are not taken into account. In order to evaluate the adequacy 
of this simplified approach, I definitely plan to address these effects with more 
advanced models, such as fully nonlinear Euler or Navier–Stokes equations, 
potential flow theory, or SPH-models. 

Although, formally, the framework of Riemann waves seems to have very good 
performance for the replication of properties of long-living ship-induced 
depressions in very shallow water, the results should still be understood as 
indicative. The technique of Riemann waves has been developed and works 
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properly for acoustic waves but water waves are intrinsically different. In 
particular, the results and scenarios that incorporate self-reflection of the deepest 
part of the trough may be problematic and cannot be relied upon without a further 
proof. The obtained results are definitely correct within the limits of shallow-water 
approximation used in the thesis but real water waves are a part of a much more 
complicated system. It is likely that the formation of a steep rear of such waves is 
accompanied by intense generation of turbulence. This process may suppress or 
even prevent the self-reflection. To shed further light on this problem, I would like 
to re-model the propagation of deep solitary depression waves using fully nonlinear 
(and fully dispersive) Navier–Stokes equations, for example, using the popular 
MITgcm model. 

Finally, the thesis does not address the most intriguing question why ships of 
moderate size and sailing at fairly low Froude numbers produced exceptionally 
large waves of depression in the Malamocco–Marghera channel but at the same 
time virtually failed to produce any considerable waves of elevation or undulations. 
It is likely that the reason is somehow connected to the specific geometry of the 
situation: the navigation channel has wide shallow banks. Further numerical 
experiments with fully nonlinear three-dimensional equations of hydrodynamics 
may shed light to this question as well, and I would like to initiate such 
experiments in the future. 
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Abstract 

The thesis addresses the dynamics of long waves and the properties of their run-up 
in the framework of nonlinear shallow water theory as well as related topics of 
rogue waves and run-up of extreme storm waves and transient wave groups. The 
focus is on the evolution of long-living solitary waves of depression in the marine 
environment. 

The transformation and run-up of long partially breaking solitary waves of both 
polarities is studied numerically using the CLAWPACK software for a composite 
basin containing a section of constant depth and a section with a sloping beach. It is 
demonstrated that nonlinear effects and energy dissipation by wave breaking are 
more pronounced for waves of depression than for waves of elevation. These 
processes lead to a marked asymmetry of the run-up for waves of different 
polarities, to the formation of a shock wave at the rear slopes of depressions and to 
substantial run-up heights of the depression waves on a beach. 

Interrelations between the offshore wave height and the run-up height of single 
waves are studied numerically in the above framework and experimentally for 
transient groups of vessel-induced waves with chirp-like group structure in the 
marine environment recorded at Pikakari Beach (Tallinn Bay, the Baltic Sea). The 
wave heights within a wake and their run-up heights are reasonably described by a 
Weibull distribution. It is shown that the specific group structure of vessel wakes 
(frequency modulated packets with gradually decreasing periods and heights) leads 
to a sequence of high wave run-up events, even when the original wave heights are 
rather moderate, and potentially to uncommonly large impact on the coast. 

Based on wave recordings in the Venice Lagoon it is established that 
unexpectedly high (~2.5 m) solitary depression waves may by generated by ships 
of moderate size and sailing at relatively low speeds in a channel having shallow 
banks. The properties of these waves (interpreted as long-living strongly nonlinear 
solitary Riemann waves of depression) are reproduced numerically. Such waves 
rapidly develop up a steep bore-like rear slope that occasionally contains a 
temporary multi-step profile. It is demonstrated that such vessel-driven depressions 
of substantial height (>0.3 m) may propagate for more than 1 km from channel into 
the nearby lagoon while keeping the steep bore-like rear slope. 

The statistics and appearance of small-amplitude rogue waves in shallow water 
are analysed based on records of sea surface elevation in Tallinn Bay in relatively 
calm weather conditions. Almost all identified rogue waves are single waves. A 
Rayleigh distribution slightly overestimates the frequency of occurrence of rogue 
waves. In very low wave conditions (<10 cm) single rogue troughs are more 
probable than a crest, while for amplitudes >20 cm high crests are more probable. 

The extension of maximum inundation of Estonian coasts is evaluated based on 
the outcome of 35-year wind wave simulations and numerical simulations using the 
CLAWPACK software. The results were used to analyse the applicability of 
common empirical express formulas to wind wave run-up. 
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Resümee 

Doktoritöös käsitletakse pikkade tugevalt mittelineaarsete üksiklainete dünaamikat 
madalatel merealadel madala vee võrrandite raames, lainerünnaku (run-up) proble-
maatikat laevalainete ja ekstreemsete tormilainete kontekstis ning ebatavaliselt 
kõrgete üksiklainete esinemise statistikat väikese lainekõrguse tingimustes. Keskne 
teema on erinevat liiki laevalainete (pikaealiste üksikute lainevagude ja kindlapii-
riliste lainerühmade) kaugmõju väga madalatel merealadel ja nendega külgnevatel 
rannikutel. 

Mittelineaarsete üksiklainete levimist ja lainerünnakut analüüsitakse numbrili-
selt (CLAWPACK tarkvaraga) idealiseeritud situatsioonis, kus lai konstantse süga-
vusega mereala külgneb tasapinnalise rannaga. Näidatakse, et mittelineaarsed 
efektid ja murdumisest tulenev sumbumine ilmnevad üksikute lainevagude puhul 
märksa tugevamalt kui üksikute laineharjade puhul. Need tingivad erineva polaar-
susega lainete levimise ja lainerünnaku omaduste tugeva asümmeetria. Lainevao 
taganõlval moodustub hüpe või lööklaine ning lainevao jõudmisel rannale võib vesi 
jõuda peaaegu sama kaugele sisemaale kui laineharja puhul. 

Avamerel esinenud lainekõrguse ja üksikute lainete lainerünnaku kõrguse vahe-
lisi seoseid analüüsitakse nii numbriliselt kui ka Tallinna lahes Pikakari rannas 
mõõdetud laevalainete rühmade omaduste alusel. Nii laevalainete kõrgused kui ka 
nende lainerünnaku kõrgused kirjelduvad hästi Weibulli jaotusega. Näidatakse, et 
laevalainete kindlapiiriliste rühmade spetsiifilise nn. siristuse (chirp) struktuuri 
(pikkadele lainetele järgnevad lühemad) tõttu jätkuvad kõrged lainerünnakud pikka 
aega ka siis, kui laevalainete kõrgus aegamisi väheneb. Seetõttu mõjutab laevade 
järellainetus randu märksa tugevamini kui sama kõrgusega tuulelained. 

Veneetsia laguunis läbi viidud mõõdistuste alusel demonstreeritakse, et sealse-
tes kanalites suhteliselt tagasihoidlike mõõtmetega ja mõistliku kiirusega liikuvad 
laevad tekitavad väga sügavaid (~2,5 m) lainevagusid juhul, kui kanalit ümbritseb 
lai madalaveeline ala. Selliseid lainevagusid interpreteeritakse tugevalt mitteli-
neaarsete Riemanni üksiklainetena. Nende omadusi analüüsitakse numbriliste 
meetoditega. Näidatakse, et nende lainete taganõlv areneb kiiresti järsuks 
booritaoliseks struktuuriks. Taolised V-kujulised üksiklained levivad enam kui 
0,3 m sügavuste ohtlikult järsu tagaseinaga häiritustena rohkem kui 1 km kaugusel 
laevateest. 

Tagasihoidliku kõrgusega loodusliku lainetuse foonil arenevate mini-hiidlainete 
esinemissagedust ja kuju analüüsitakse Pikakari ranna lähistel tehtud veepinna kuju 
täppismõõdistuste alusel. Mini-hiidlainete seas domineerivad üksikud laineharjad 
või -vaod. Rayleigh jaotus hindab nende esinemissagedust veidi üle. Väga väikeste 
lainekõrguste puhul (<10 cm) on ülekaalus sügavad lainevaod, kuid >20 cm laine-
kõrguse puhul on ülekaalus üksikud kõrged laineharjad. Maksimaalse lainerünnaku 
parameetreid 18 Eesti ranniku lõigus analüüsitakse neis kohtades 35 aasta jooksul 
esinenud kõrgeimate lainete omaduste alusel CLAWPACK tarkvaraga. Demonst-
reeritakse, et vaid osa avaookeani randade jaoks tuletatud lainerünnaku hindamise 
ekspressmeetoditest sobivad Eesti tingimuste jaoks. 

jane.vork
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Paper II  

Parnell K.E., Soomere T., Zaggia L., Rodin A., 
Lorenzetti G., Rapaglia J., Scarpa G.M. 2015. Ship- 
induced solitary Riemann waves of depression in Venice 
Lagoon. Physics Letters A, 379, 555–559. 
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Paper III 

Rodin A., Soomere T., Parnell K.E., Zaggia L. 2015. 
Numerical simulation of the propagation of ship-induced 
Riemann waves of depression into the Venice Lagoon. 
Proceedings of the Estonian Academy of Sciences, 64, 
22–35. 
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Paper IV 

Didenkulova I., Rodin A. 2012. Statistics of shallow 
water rogue waves in Baltic Sea conditions: the case of 
Tallinn Bay. In: IEEE/OES Baltic 2012 International 
Symposium, 8–11 May 2012, Klaipėda, Lithuania; 
Proceedings. IEEE, doi: 10.1109/BALTIC.2012.6249221 
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Paper V 

Rodin A., Didenkulova I., Nikolkina I. 2014. Run-up of 
large storm waves on Estonian coasts of the Baltic Sea. 
In: IEEE/OES Baltic 2014 International Symposium, 26–
29 May 2014, Tallinn, Estonia; Proceedings. IEEE, doi: 
10.1109/BALTIC.2014.6887886 
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