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Introduction
Effect of climate change on coastal flooding
The increasing concentration of the world’s population near the ocean shores
combined with gradual changes in the Earth’s climate have greatly upsurged the
vulnerability of coastal areas. In particular, various coastal engineering structures
and especially built environments located in low-lying areas are facing large
challenges. The associated problems of adaptation to the effects of climate change,
management of the interaction of the (possibly adverse) synergies of various
changes, regulation of different conflicts in the use of the existing land and sea
resources, ensuring functioning of the necessary infrastructure and mitigation of
the multitude of marine induced risks and hazards are most vivid in urban areas
(e.g. Hall et al., 2010). On top of that, the complexity of coastal cities is rapidly
increasing.
Coastal flooding is the classic example of marine-induced hazards for nearshore
communities. According to several scenarios for future global climate changes
(e.g., Cheng et al., 2013; O’Grady and McInnes, 2010; Torresan et al., 2012;
Hallegatte et al., 2013), the related risks may be radically amplified.
A comprehensive analysis of the potential risks and associated damages is
severely complicated by the nature of the most extreme flooding events. A
devastating flooding is usually caused by the interplay of several drivers. This
interplay may have various forms, from simple synchronisation in time and space
of some physical drivers (e.g., low pressure and strong onshore winds) up to
complicated interactions of increased water level with the geometry of the
nearshore seabed and properties of beaching waves. These drivers often have
fundamentally different predictability, physical, dynamical and statistical
properties. A direct consequence of the behaviour of the drivers is a different level
of correlations between their contributions. For example, dangerous water levels
are usually produced by an unfortunate combination of high tide, low atmospheric
pressure and strong wind-driven surge. The resulting high water level may be
additionally enhanced by the impact of breaking waves (known as wave set-up).
It is often well known which component affecting water levels contributes most
to extreme coastal flooding. This thesis largely concentrates on a complementary,
but equally intriguing question: Which component (or its physical driver) of
unusually high water levels is (or can be in the future) responsible for the largest
contribution to the increase in the extreme water levels?
Even though the words “water level” and “sea level” are often used as
synonyms, it is convenient to employ these terms to denote different readings.
When talking about water level, I shall have in mind the water level at the
immediate nearshore. The relevant reading includes all local effects, most
importantly in the context of this thesis, the impact of wave set-up. The term “sea
level” is reserved to the offshore (modelled, measured or observed) readings of the
position of the sea surface. This reading, sometimes also called offshore water
12

level, includes all phenomena that are replicated by contemporary ocean models
but excludes wave set-down and set-up in the nearshore.
Many authors emphasise the importance of the current gradual increase in
global sea level and particularly the acceleration of this increase in most examples
of projected marine climate change (Cazenave et al., 2014). This process is
associated with major consequences in some regions (Hallegatte et al., 2013). The
related economic damages to low-lying coastal areas may lead to a worldwide
welfare loss of almost 2% by the end of the 21st century (Darwin and Tol, 2001;
Pycroft et al., 2016).
The rate of sea level rise varies in different parts of the World Ocean. The Baltic
Sea (Figure 1) has experienced a faster sea level rise than the adjacent regions
during the last century (Stramska and Chudziak, 2013). Most of this increase is
associated with the intensification of westerlies (Suursaar et al., 2006a; Stramska
and Chudziak, 2013). This region has several specific features that affect the course

Figure 1. Location scheme of the Baltic Sea, relative Fennoscandian uplift (mm/yr, data
from NKG2016LU release) and historical water level maxima on the Baltic Sea coasts
(cm, bold numbers; redrawn from Averkiev and Klevanny, 2010).
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of local water level. Extensive basin-wide variation in the salinity of sea water
(Ekman and Mäkinen, 1996) and spatial differences in the tectonic motions, largely
driven by postglacial uplift (Richter et al., 2012), lead to substantial variability in
long-term properties of the observed (relative) water levels in different areas of the
Baltic Sea (Scotto et al., 2009). The northern part of this basin experiences a rapid
uplift (up to 10 mm/yr, Figure 1) and an associated relative sea level decrease
(Johansson et al., 2001). A weak relative sea level rise is characteristic of the
central part of the sea (Dailidienė et al., 2004, 2006), whereas the southern sections
of the sea are affected by a gradual downlift on the order of 0.2 mm/year (Harff
and Meyer, 2011) and thus a faster sea level rise than in the rest of this water body.
The increase in global sea level contributes only a fraction to the total loss due
to marine-induced hazards. Devastating coastal floodings and associated
phenomena are economically extremely damaging (Meyer et al., 2013). While sea
level rise is a slow process and thus principally manageable, coastal floodings that
develop at timescales of a few hours may lead to massive losses of lives and
desertification of entire coastal communities (Dube et al., 2009).
Other contributors to unusually high water levels do not necessarily follow the
course of global sea level. For example, on the German North Sea coast before the
mid-1950s and from about 1990 onwards, changes in high sea levels matched mean
sea level changes. However, from the mid-1950s to 1990 the course of the highest
water levels significantly differs from that observed in the mean sea level
(Mudersbach et al., 2013).

Components of elevated water levels
Water level and its extremes at the shores are usually driven by a multitude of
contributors with greatly different predictability. Among those, tides are almost
perfectly regular and caused by extra-terrestrial drivers. A reasonable forecast of
the reaction of sea surface to low atmospheric pressure (so-called inverted
barometric effect) and the properties of wind-driven surge requires dedicated
atmospheric and ocean circulation models. The elevated water level caused jointly
by a wind surge and inverted barometric effect is customarily called storm surge.
The resulting high water levels may be additionally amplified by specific events
and mechanisms such as tide–surge interactions (Batstone et al., 2013; Olbert et al.,
2013), meteorologically driven long waves (Pattiarachi and Wijeratne, 2014;
Pellikka et al., 2014; Vilibic et al., 2014) or seiches (Vilibic, 2006; Kulikov and
Medvedev, 2013).
Most of the Baltic Sea basin is a micro-tidal area where the related water level
variations are just a few centimetres (Leppäranta and Myrberg, 2009). Only in
some locations of the eastern Gulf of Finland tide-driven fluctuations in the local
water level reach about 0.1 m (Särkkä et al., 2017). The quasi-periodic seasonal
fluctuations of the average water level form only about 10% of the total water level
variations (Raudsepp et al., 1999; Medvedev, 2014).
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Many coastal segments of the Baltic Sea are particularly vulnerable with respect
to storm surge. This phenomenon creates the highest local water levels in bayheads
of elongated relatively shallow sub-basins of the sea (Figure 1). The predominance
of westerlies among strong winds often generates such events in the eastern regions
of this water body (Suursaar et al., 2006a; Averkiev and Klevanny, 2010).
Historical water levels have exceeded 4 m in the eastern Gulf of Finland. Saint
Petersburg, for example, has experienced flooding heights up to 4.21 m (Averkiev
and Klevanny, 2010). Water levels above 2 m often occur on the eastern coast of
the Gulf of Riga. The maximum water level recorded in Pärnu is 2.75 m (Suursaar
et al., 2006b; Figure 2). Easterly storms have produced water levels of over 3 m in
some locations of the German coast of the sea.
A large part of these records is created by the possibility of generation of
extensive subtidal-scale variations in water level in semi-sheltered basins that are
connected with the open ocean via narrow and shallow straits (e.g., Chesapeake
Bay, Bosley and Hess, 2001). Namely, populations of very high water levels that
may persist for many weeks in such areas are naturally created by unfavourable
atmospheric conditions that force large water volumes into such basins. The overall
freshwater surplus usually results in the outflow of brackish water from the Baltic
Sea into the Atlantic Ocean (Leppäranta and Myrberg, 2009). Even moderate
westerly winds over the Danish straits with speeds of only 2–5 m/s can block the
outflow (Lehmann et al., 2012), reverse the typical estuarine circulation and cause
an increase in the water volume of the Baltic Sea.
A series of cyclones (Post and Kõuts, 2014) that force large amounts of the
North Sea water to flow into the Baltic Sea (Stigebrandt and Gustafsson, 2003;
Lehmann and Post, 2015; Lehmann et al., 2017) exert the largest impact to the
Baltic Sea water volume. The water level in the entire sea may rise by 1 m above
the long-term mean (Johansson et al., 2001). For many coastal segments this value
is comparable to the all-time maximum storm surge height (Averkiev and
Klevanny, 2010, Figure 1).
These fundamentally aperiodic extensive variations in the water volume of the
entire Baltic Sea are driven by atmospheric impact. They may persist from several
weeks (Feistel et al., 2008; Leppäranta and Myrberg, 2009) to a few months

Figure 2. Contribution of different components of high water level in Pärnu (location
shown in Figure 1) during the storm Gudrun 09.01.2005.
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(Paper IV). Their occasional presence markedly complicates the analysis of the
extreme values and return periods of local water level. The most devastating surges
in many coastal segments of this sea are created by storms that approach after a
series of previous storms have forced unusually large water volumes into the Baltic
Sea (Johansson et al., 2001).
Several sections of the coast of the eastern Baltic Sea do not host the abovediscussed extremely high water levels. The test area in several studies in this thesis
is an urban area in the vicinity of the city of Tallinn at the southern coast of the
Gulf of Finland (Figure 3). This area, like the entire Baltic Sea, is micro-tidal and
water level is mostly governed by the atmospheric forcing. Its shores are sheltered
from the most frequent storms that blow from the south-west and the all-time
maximum water level has only reached 1.52 m since the end of the 19th century
(Averkiev and Klevanny, 2010). The typical high water levels in this area are about
0.7–0.9 m above the long-term mean during the autumn–winter stormy season. As
a result, some parts of the city of Tallinn are not protected even against a moderate
water level rise. For example, several low-lying areas (such as the 1980 Olympic
sailing centre) were flooded on 8–9 January 2005.
On top of these relatively large-scale phenomena, wave-induced processes
contribute substantially to the total water level under certain conditions. As ocean
waves are not perfectly linear, their propagation induces a mass transport with the
intensity proportional to the squared wave height (Starr, 1947). The propagation of
such waves into shallower water leads to a decrease in local water level. This
phenomenon is called (wave-induced) set-down (Dean and Dalrymple, 1991). The
lowest average water level occurs at the breaking line.
The nature of the impact of waves strongly depends on their approach angle.
The waves that approach the coast under relatively large angles with respect to the
shore normal mostly produce alongshore current (Dean and Bender, 2006). Further
propagation of breaking waves through the surf zone towards the shore under a
relatively small angle with respect to the shore normal is accompanied by the
transport of water towards the coast. Differently from the generation of set-down,
the transport here is owing to the release of the momentum carried by ocean waves
in the process of breaking. As a result, the average water level at the shoreline can
be considerably higher than beyond the surf zone. This phenomenon is called wave
set-up.

Wave-induced addition to water level
Wave set-up is one of the most dangerous components of devastating floodings. In
unfortunate conditions, the set-up height may reach about 1/3 of the offshore wave
height (Vetter et al., 2010). Set-up events of about 2 m in height have been
observed in numerous locations (Heidarzadeh et al., 2009; Hoeke et al., 2013;
Melet et al., 2016). The role of set-up is relatively large at coasts with a narrow and
rapidly deepening shelf (more generally, in regions where the wind surge remains
moderate) and a limited tidal range. Such coasts usually host a moderate range of
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variation in water level. For example, in Florida wave set-up can be 30–60% of the
total 100-yr storm surge (Dean and Bender, 2006).
The quantification of the magnitude and timing of wave set-up is crucial to
understanding the full scale of extreme events because it may additionally raise the
already high water level. The relevant knowledge is vital for the design of coastal
engineering structures and low-lying infrastructure in locations that are open to
high waves. The impact of wave set-up may become evident at the entrances to
shallow-water inlets or lagoons (Bertin et al., 2009; Irish and Canizares, 2009;
Torres-Freyermuth et al., 2012). For example, rough seas that elevate the water
level in the inlets to the Venice Lagoon may considerably contribute to the
formation of the “aqua alta” in Venice even when they do not hit the shore
(L. Cavaleri, personal communication, 2010).
The analysis of the potential of wave set-up is currently often included into
various mapping exercises of flood hazards (e.g., Cariolet and Suanez, 2009;
Harper et al., 2009; Jain et al., 2010a, b). This approach is increasingly important in
the context of potential changes in the directional structure of the wind and wave
climate (McInnes et al., 2009). The quantification of the contribution of wave setup is crucial for adequate estimates of the erosion of the higher parts of the beach
where unprotected sediment is often particularly vulnerable (Trenhaile, 2009).
Various ways for the evaluation of wave set-up are included into forecasts
performed using the classic wave models (SWAN Technical Documentation, 2007;
Roland et al., 2009; Moghimi et al., 2013). However, acquiring an adequate
estimate of the contribution from this phenomenon is one of the largest challenges
in the modelling of storm surges and associated inundation (Dukhovskoy and
Morey, 2011; Melet et al., 2016).
Even though several attempts in this direction have been made in the context of
the Baltic Sea (Alari and Kõuts, 2012; Paper II), the existing flooding maps and
operational water level forecasts in Estonia generally do not take this phenomenon
into account (Lagemaa et al., 2013). The above-mentioned maximum water levels
have been measured in the locations that are not strongly affected by wave set-up.
Therefore, they basically characterise the offshore water level. The actual water
level during certain storms may be much higher in some sections of the coast. For
example, even a moderate wave set-up, say, about 0.5 m, may lead to serious
consequences in certain segments of the city of Tallinn.
A major reason for this situation is that the relationship between the offshore or
breaking wave properties and the wave set-up height is still under extensive
discussion (Hsu et al., 2006; Shi and Kirby, 2008; Nayak et al., 2012). The results
of the conversion of wave-driven momentum into the development of elevated
water levels depend on many local factors such as the nature of the seabed of the
surf zone (Apotsos et al., 2007). As these factors may largely vary in time and
space, and may depend on the sea level, it is natural that the relevant estimates
diverge radically (Stockdon et al., 2006). The SWAN model usually hindcasts the
set-up height that is in the range of 10–15% of the offshore wave height (Filipot
and Cheung, 2012; Nayak et al., 2012). The set-up height may even become
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negative (i.e., approaching high waves may lead to a local decrease in the average
water level at the shoreline) in the presence of a specific kind of vegetation and/or
very rough bottom (Dean and Bender, 2006).
High wave set-up events certainly occur only during severe storms or extreme
swell events. Their magnitude often strongly varies along relatively short coastal
sections. As wind and wave directions, wave periods and water levels in various
heavy storms may be somewhat different, refraction-driven changes in wave
properties are also different. Thus, the particular locations hosting the highest wave
set-up and maximum water level elevations normally vary from one storm to
another. This feature complicates the estimation of the maximum water level and
associated city planning exercises along urbanised coastal stretches with
complicated geometry (Valdmann et al., 2008). A natural solution to this problem
is the use of a long time series of wave properties to properly resolve the gaps in
data sets associated with infrequent occurrence of storms from certain directions,
which may affect some vulnerable locations.
The problem of building an accurate “climatology” of set-up events is very
acute in micro-tidal, semi-enclosed water bodies such as the Baltic Sea (Figure 3).
These water bodies are vulnerable to the increase in the offshore water level and
also to changes in the wave approach directions. Such changes have recently been
identified for several regions (Räämet et al., 2010; Charles et al., 2012b). The
situation is furthermore complicated in urban areas. Coastal floodings are a
particular challenge to modellers and managers in such areas because of possible
interactions between surface and sewer flows (Dawson et al., 2008).
The properties of wave set-up crucially depend on the approach angle of waves.
Generally, this angle varies in time and space according to the nearshore
bathymetry, properties of offshore waves and the instantaneous local water level.
An additional problem in the Baltic Sea is that the outcome of wave modelling
substantially depends on the particular wind information (Nikolkina et al., 2014).
However, long-term statistical properties of wave fields are still reasonably
reproduced by even relatively low-quality wind information (Räämet et al., 2009).
The properties of wave set-up are customarily associated with the approach angle
at the breaker line. This angle is well defined only if the nearshore is homogeneous
in the alongshore direction and the wave field is monochromatic (Larson et al.,
2010; Viška and Soomere, 2013; Lopez-Ruiz et al., 2014, 2015). Consequently, it
is relatively easy to predict the properties of wave set-up on long, basically straight
coastal sections (O’Grady et al., 2015). It is customary to use simplified schemes
for the evaluation of the impact of refraction and shoaling on wave properties in the
nearshore of such coastal segments (e.g., Larson et al., 2010). In many occasions it
is acceptable to assume that waves propagate directly onshore (O’Grady et al.,
2015). A direct generalisation of this viewpoint is the approach used in Paper I
where only the properties of the highest waves that approach from a relatively
narrow range of directions are taken into account.
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The course and distribution of high water levels in the Baltic Sea
The traditional methods for the analysis of the course of water level and forecast of
extreme situations rely on long-term water level records and numerical simulations.
Along with the direct search for the worst-case scenarios (e.g., Averkiev and
Klevanny, 2010), extreme water levels and related risks are often addressed using
the probabilistic approach. The classic targets are extreme water levels and their
return periods (e.g., Purvis et al., 2008; Haigh et al., 2010a, b; Arns et al., 2013)
and various statistical parameters of water level variations (Serafin and Ruggiero,
2014; Fawcett and Walshaw, 2016). The same approach has been broadly applied
to the analysis of average and extreme wave properties (e.g., Orimolade et al.,
2016; Rueda et al., 2016a), and more recently towards understanding the properties
of meteotsunamis and their potential contribution to marine coastal hazards (Geist
et al., 2014; Bechle et al., 2015).
The empirical distribution of deviations of the water level from its long-term
average resembles a normal distribution in the eastern Baltic Sea (Johansson et al.,
2001; Suursaar and Sooäär, 2007). The factual distribution is slightly skewed: the
elevated water levels are more probable than the equivalent low water levels. The
difference from a relevant Gaussian distribution is insignificant for moderate
deviations of both signs. Also, extremely large deviations from the average
exclusively correspond to elevated water levels (Johansson et al., 2001), high water
levels are usually short-living transient events and low water levels often persist for
a much longer time. The largest discrepancy between normally distributed values
and measured or modelled water levels is evident for extreme surges (Johansson et
al., 2001; Suursaar and Sooäär, 2007).
A natural reason for the mismatch between the empiric distributions of different
water levels and a Gaussian one is that many processes may contribute to the
formation of the water level. The appearance and properties of probability
distributions of various contributors to extreme water levels are fundamentally
different. A typical example in this context is the Baltic Sea. As discussed above,
the total water level in this sea is formed as a joint impact of two components. The
first component, the empiric probability distribution of the extensive subtidal or
weekly-scale variability matches well the classic quasi-Gaussian distribution. The
other component that reflects the local storm surge has an exponential distribution
and apparently mirrors a Poisson process (Soomere et al., 2015b). Further, the
probabilities of occurrence of different single wave heights follow either a
Rayleigh (Longuet-Higgins, 1952), Weibull (Forristall, 1978) or Tayfun (SocquetJuglard et al., 2005) distribution. Similarly, the empirical probabilities of average
or significant wave heights usually resemble a Rayleigh or, more generally, a
Weibull distribution (Muraleedharan et al., 2007; Feng et al., 2014). In contrast,
meteotsunami heights have been shown to better match Pareto-type distributions
(Bechle et al., 2015).
The drivers of the most devastating coastal floodings are usually not completely
independent. It is therefore necessary to consider multivariate distributions of their
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properties in order to build an adequate understanding of their potential danger. It
is customary to address the possibility of a simultaneous occurrence of storm
surges and large waves (e.g., Hawkes et al., 2002; Wadey et al., 2015; Rueda et al.,
2016b) but joint distributions of wave heights, periods and directions are less often
considered in this context (Masina et al., 2015).
The above-discussed features naturally complicate the analysis of certain
properties of water levels. Limited deviations of the empirical distribution of single
water level recordings from a Gaussian distribution are insignificant in the analysis
of commonly occurring water levels (Stramska, 2013), spatial and seasonal
variations and trends of sea level (Hünicke and Zorita, 2008; Scotto et al., 2009;
Hünicke, 2010; Stramska et al., 2013), or certain quantiles of water levels
(Barbosa, 2008; Donner et al., 2012). The non-Gaussian properties may have a
much larger impact on calculations of probabilities of rare events and projections
of extreme water levels and their return periods (Suursaar and Sooäär, 2007;
Johansson et al., 2011). Such projections usually extrapolate the core properties of
the water level statistics far beyond the time interval covered by observations or
model hindcasts. This is not always acceptable in basins like the Baltic Sea (e.g.,
Mudersbach and Jensen, 2009). It is therefore not surprising that different methods
frequently yield significantly different predictions of extreme water levels (e.g.,
Sterl et al., 2009) or large spreading of the results obtained using the same
technique but with slightly different options or model parameters (Arns et al.,
2013). Also, even the initial de-trending of a set of water level recordings, often
applied as a background procedure, may modify the results of the projections in
question.
The problem is further complicated by the above-discussed skewness of the
distribution of water levels that leads to a much higher increase in the annual
maxima compared to the mean values (Jaagus and Suursaar, 2013). The long-term
course of water levels is not necessarily linear in many locations (Donner et al.,
2012). This is the case in the Baltic Sea where a shift in the water level trend
occurred in the 20th century (Johansson et al., 2001, 2014; Dailidienė et al., 2006).
Another hidden problem is that the generic features of extreme value statistics (see
Section 2.3) are not necessarily granted when the set of water level values contains
a population with completely different properties. For example, if the water level
time series has a large number of outliers, its extreme values not necessarily obey
any classic (Fréchet, Weibull or Gumbel; Coles, 2001) extreme-value statistics.
This is also the case in the Baltic Sea where extreme water level events in some
locations (e.g., Pärnu, Figure 2) cannot be adequately described by any single
commonly used extreme value distribution (Suursaar and Sooäär, 2007).
A promising way to circumvent this problem is to use an ensemble approach
(Christiansen et al., 2010) for the evaluation of projections of rare water level
events. This alternative is a standard approach for approximately solving the
problems that are highly sensitive with respect to the input data or model
parameters (Araủjo and New, 2006). The basic idea is that a certain average of a
cluster of projections often provides a much better forecast than any single model
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(Cheung, 2001). This approach is widely used in the neighbouring seas (e.g., Sterl
et al., 2009; Mel et al., 2013) but has only recently been applied to the Baltic Sea
conditions to project the local mean sea level rise (Johansson et al., 2014).

Increasing trends in the extreme water levels in the Baltic Sea
The contributions of various drivers of water levels can be considered as mostly
independent of each other. This assertion greatly simplifies the analysis and
forecast of maximum water levels because of the possibility of considering
separately the course of water level variations driven by each driver (e.g., Losada et
al., 2013; Howard et al., 2014; Weisse et al., 2014). Detailed analysis of the
behaviour of single components of the water level is particularly relevant and
convenient in situations where contributions to the elevated water levels act at
largely different time scales.
For example, the classic approach in this field is to separate the total water level
into components driven by fundamentally different mechanisms. Examples of such
components are the long-term mean and its slow variations (e.g., driven by
postglacial uplift), tides (driven by extra-terrestrial forces) and storm surges driven
by local atmospheric impacts (Pugh and Vassie, 1978, 1980; Haigh et al., 2010a).
Another way of separation is to split the total water level into periodic and random
components (Haigh et al., 2010b). Such attempts are widely used in notably
different environments, including the sites that host a substantial range of so-called
subtidal (time scales from diurnal to seasonal) water level variability (Percival and
Mofjeld, 1997; Wong and Moses-Hall, 1998; Guannel et al., 2001; Wilson et al.,
2014).
The impact of multiple drivers on the formation of elevated water levels
explains why sea level extremes usually do not follow any simple rule (Weisse et
al., 2014). The situation is particularly complicated in the eastern Baltic Sea. Water
level time series in certain sites of the eastern part of this sea contain a few
extremely high recordings. These values are considered as statistically
unpredictable outliers (Suursaar and Sooäär, 2007; Suursaar et al., 2015), but are
nevertheless caused by storms of reasonable strength. It is likely that they are
produced when a strong storm occurs during a time period characterised by an
increased water level of the entire sea.
The distinction of the impact of different drivers on the total water level is a
complicated problem. The relevant approaches range from various filtering and
averaging techniques to the use of wavelet methods (Percival and Mofjeld, 1997;
Bastos et al., 2013; Johansson, 2014).
A simple classic approach to the analysis of the basic features of the past
behaviour of high water levels is to look at linear trends of water level maxima and
at similar trends of the counterparts of these maxima. This tool has been useful for
obtaining a first approximation of the magnitude of the overall sea level rise
(Cazenave et al., 2014) and identifying its contribution to the increase in the local
water level maxima (Mudersbach et al., 2013; Xu and Huang, 2013). The technique
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of the evaluation of linear trends has highlighted an increase in the magnitude of
local storm surges on the coasts of the open ocean (Sun et al., 2013; Talke et al.,
2014), shelf seas (Weisse et al., 2012) and semi-enclosed basins (Ullmann et al.,
2007; Wiśniewski and Wolski, 2011; Masina and Lamberti, 2013).
The use of this technique is complicated in areas where long-term trends are
superposed by extensive short-term or quasi-periodic variations in the course of
water level. The Baltic Sea hosts several variations of this kind in different parts of
the sea. Johansson et al. (2001) demonstrated that several statistical properties of
short-term sea level variability have clearly changed in the northern Baltic Sea over
the 20th century. The frequency and duration of storms have increased in the
German Bight but no trend is evident in the height of storm surges in this region
(Gönnert, 2003). The trends in maxima of water levels systematically exceed
similar trends in water level minima (Barbosa, 2008). The most interesting feature
is extensive variation (from about 2 to 9 mm/yr, Suursaar and Sooäär, 2007) in the
slopes of trends in the local water level maxima along the Estonian coast.
Importantly, the changes in the mean and maximum water levels are almost
uncorrelated.
The analysis of spatial variations in the slopes of these trends provided in this
thesis was inspired by the circumstance that two components can be clearly
distinguished in the total water level observed or simulated in the nearshore of the
eastern Baltic Sea (Soomere et al., 2015b). One of these components (weekly-scale
average water level, interpreted as a proxy for the entire Baltic Sea level)
represents a quasi-Gaussian process while the other one (the total water level minus
the weekly average, interpreted as the local storm surge (Haigh et al., 2010a))
reflects a Poisson process. Even though the probability distributions of these
components are different, the distinction of these components makes it possible to
shed more light on their role of in the decadal changes in the maximum water
levels.
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The objectives and outline of the thesis
Many aspects of annual and seasonal fluctuations, as well as extreme values of the
water levels at the Estonian coasts have been studied during several decades. There
are still many gaps in the understanding of how the total water level is created and
which mechanisms play a governing role in the formation of the highest water
levels.
This thesis addresses the properties of three mechanisms that most contribute to
the formation of extreme water levels at the Estonian coast: the behaviour of the
water volume of the Baltic Sea, the local storm surge and the wave-driven addition
to the local water level. The central hypothesis, supported by a wide range of
evidence, is that the contributions from these mechanisms vary strongly along the
Estonian coasts and also in time. The properties of these variations, however, are
largely unknown.
The main idea is to separate the contribution of each component from the
measured, observed or modelled water level time series, and to complement the
outcome with the results of high-resolution wave modelling in selected areas. The
core assumption is that the relevant contributions to the total water level are largely
independent and thus can be, to a first approximation, analysed separately. As the
interplay of these mechanisms is apparently most complicated in coastal areas with
complex geometry and the resulting danger is the greatest in low-lying urban areas,
a large part of the research deals with the urban area of the city of Tallinn.
The main objectives of this thesis are as follows:
 to quantify the potential contribution of the wave set-up phenomenon to
the nearshore water level along a low-lying urban area with complex
geometry (the coastline of the city of Tallinn) affected by winds from a
wide range of directions;
 to evaluate the magnitude of spatial variations in set-up height, specify
long-term temporal changes in its maxima, identify the underlying changes
in the “climate” of storms and distinguish its contribution to the formation
of the total water level extremes;
 to develop a technique for detecting a systematic contribution of wave setup to local water level observations or measurements;
 to establish the role of the major components contributing to the increase in
the total water level maxima and associated coastal floodings on the
eastern coast of the Baltic Sea.
To fulfil these objectives, Chapter 1 starts from an insight in to the importance
of wave-induced set-up in the formation of the local water level. The magnitude of
the set-up height is governed by parameters of the approaching waves and certain
features of the nearshore. The properties of waves are found using a highresolution triple-nested version of the spectral wave model WAM. To reach an
adequate replication of nearshore wave properties, the wave model is forced with
high-quality marine winds recorded in the central part of the Gulf of Finland at
Kalbådagrund since 1981. This chapter mainly follows Paper I and highlights the
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main feature of the “climate” of wave set-up heights, establishes a relationship
between the particular storms and stretches where a remarkably high water level
may occur in idealised conditions, and provides evidence showing that wind
direction in a part of strong storms may have rotated over decades.
The results presented in Paper I raise the question about whether and how the
contribution from wave set-up to the total water level could be detected. Chapter 2
starts with the presentation of an attempt to indirectly distinguish the contribution
of wave set-up from the other components of high water levels. The main idea is to
compare historically measured water level data sets at harbours with the outcome
of contemporary ocean circulation models. These models adequately describe the
offshore water levels that are affected by variations in the total water volume of the
Baltic Sea and the local storm surges but ignore wave set-up. The impact of wave
set-up most likely becomes evident from the projections of extreme values of water
levels. The influence is identified using the ensemble approach of extreme value
projections built based on the block maxima method (Paper II). Further on, Chapter
2 also addresses the question of whether very high offshore water levels may occur
simultaneously with extreme wave set-up heights. Similarly to Chapter 1, this
analysis is performed for the shores of the Tallinn area (Paper III). The simple
answer is: the synchronisation of extreme offshore water levels and large set-up
heights often occurs in coastal segments that are open to the predominant wind
directions and never in segments that are sheltered from such winds.
The most intriguing question is: which of the two major components of the
Baltic Sea water level makes the greatest contribution to the rapidly increasing
extreme water levels on the Estonian coasts? This problem is only addressed from
the viewpoint of offshore water levels in Chapter 3 of this thesis. The extreme
offshore water levels are created here when a strong storm surge occurs during a
time interval of a largely increased water volume of the entire Baltic Sea. The
components are separated by a simple filtering technique (Soomere et al., 2015b).
The analysis reveals not only great variations in the role of these two components
in the increase in the extreme water levels at the Estonian coasts but also signals
that wind direction may have changed in a part of storms (Paper IV).
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Approbation of the results
The basic results described in this thesis have been presented by the author at the
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Pindsoo K., Soomere T. 2017. Trends in the extreme water levels of the Baltic
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Pindsoo K., Soomere T. 2016. Trends in the components of extreme water
levels signal a rotation of winds in strong storms in the eastern Baltic Sea. Poster
presentation at the European Geosciences Union General Assembly 2016 (17–22
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Pindsoo K., Soomere T. 2015. Laineaju panus ekstreemsetesse veetasemetesse
Tallinna ümbruses (The contribution of wave set-up into extreme water levels in
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Estonia).
Pindsoo K., Soomere T. 2015. Spatial variability in the trends in extreme water
level components in the Eastern Baltic Sea. Oral presentation at the Baltic
Earth/Gulf of Finland PhD Seminar (19 November 2015, Tallinn, Estonia).
Pindsoo K., Soomere T. 2015. Trends in extreme water levels of the eastern
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2015, Riga, Latvia).
Pindsoo K., Soomere T. 2015. Contribution of wave set-up into the total water
level in the Tallinn area. Oral presentation at the 10th Baltic Sea Science Congress:
Science and innovation for future of the Baltic and the European regional seas
(15–19 June 2015, Riga, Latvia).
Pindsoo K., Soomere T., Eelsalu M. 2015. Ekstreemsete veetasemete
tulevikuprojektsioonid (Projections of extreme water levels). Oral presentation (in
Estonian) at the conference Eesti veeteaduse horisondid (Horizons of water
resources research in Estonia) (28 April 2015, Limnoloogiakeskus, Estonia).
Pindsoo K., Soomere T. 2015. Contribution of wave induced set-up into total
water level in the urban area of Tallinn. Poster presentation at the International
Scientific Seminar on Climate Modelling and Impacts: From the Global to the
Regional to the Urban Scale (10 March 2015, Hamburg, Germany).
Pindsoo K., Soomere T. 2014. Wave set-up climatology in the city of Tallinn,
Estonia. Poster presentation with 10 minutes oral introduction at the IUTAM
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Pindsoo K., Soomere T. 2014. Signal of wave climate change reflected by wave
set-up height. Poster presentation at the 2nd International Conference Climate
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Region (12–15 May 2014, Szczecin, Poland).
Pindsoo K., Eelsalu M., Org M., Soomere T. 2014. Trends in long-term
components and rapid variations in the water level: a case study for Tallinn Bay.
Poster presentation at the Baltic Earth Workshop "Natural Hazards and Extreme
Events in the Baltic Sea Region" (30–31 January 2014, Helsinki, Finland).
Pindsoo K., Soomere T. 2013. Wave set-up in the urban area of the City of
Tallinn, Estonia. Poster presentation at the 9th Baltic Sea Science Congress (26–30
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Pindsoo K., Soomere T. 2012. The water level rise caused by wave set-up in
the urban area of the city of Tallinn, Estonia. Oral presentation at the 6th
International Student Conference "Aquatic Environmental Research" (17–19
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1. Quantification of the role of waves affecting the water
level in the vicinity of the city of Tallinn
Many sections of the Estonian coast are open to the predominant strong wind
directions and therefore often host substantial wave set-up heights. The magnitude
of this phenomenon is evidently highly variable along our coasts because of very
complicated coastal geometry. This chapter addresses the “climate” of set-up
heights along the waterfront of the city of Tallinn and its vicinity, including a large
area to the east of Tallinn that is open to the north-east. This mostly urban shore
contains several vulnerable sections open to large waves.
The time series of wave properties in the nearshore, reconstructed numerically
with a spatial resolution of about 0.25 nautical miles (470 m), form the startingpoint of the analysis. This data set is used to (i) identify the coastal sections prone
to the highest set-up in Paper I, (ii) analyse the timing of the highest offshore water
levels and very large wave set-up events in Paper III and (iii) establish the wind
directions associated with the most dangerous situations in which the total water
level at the waterline considerably exceeds the all-time maximum for the offshore
water level in Paper III. The analysis allows highlighting the link between
particular storms and stretches where an unexpectedly high water level apparently
occurred. It is shown that almost each coastal section had its “own” (perfect) storm
in the last three decades that produced the 30-yr highest set-up in this section
(Paper I). The results of the analysis suggest that the direction of storms has
undergone some interesting decadal-scale variations, first of all the rotation of the
approach direction of the largest waves from the beginning of the 1980s.

1.1. Reconstruction of wave properties
A number of recent studies have focused on the basic properties of the wave
climate and fluctuation of the water levels in the Baltic Sea basin. A thorough
overview of the relevant results is presented by Hünicke et al. (2015). The majority
of such studies have not related these phenomena to each other. This viewpoint is
to some extent justified for regions where strong waves and high sea levels
normally do not occur simultaneously. This is the case, for example, for many
sections of the western Baltic Sea coast where strong winds usually blow in the
offshore direction.
The situation is more complicated in regions where high waves and elevated
water levels may occur simultaneously. An example of such a coastal section is the
vicinity of Tallinn Bay in the north-eastern Baltic Sea at the southern coast of the
Gulf of Finland (Figure 3). This region has extremely complicated geometry. Its
coastal sections are open to various directions, from the west over the north to the
east. The area also includes low-lying urbanised segments that are most vulnerable
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to extreme events. Therefore, even a moderate additional water level rise may
cause problems in this area.
The typical tidal range in this part of the Baltic Sea is a few centimetres
(Leppäranta and Myrberg, 2009) and water level fluctuations in the entire Gulf of
Finland are mostly governed by atmospheric forcing. On the one hand, the ever
highest recorded water level is 1.52 m above the long-term mean (1.55 m
according to Hünicke et al. (2015)). These values have been measured at the
entrances to Tallinn Old Harbour and Muuga Harbour (Figure 3). As the water
depth in these locations is >10 m, the discussed values are not affected by wave
set-up and characterise the offshore water level (called sea level in what follows).
On the other hand, significant wave height, e.g., in the interior of Tallinn Bay may
exceed 4 m in the strongest north-north-western (NNW) storms. Such waves may
create set-up heights up to 1 m in ideal conditions (Dean and Dalrymple, 1991).
The evaluation of possible events of wave-induced set-up requires detailed
information about wave properties, first of all the significant wave height, wave
period and propagation direction. As the coastline in the vicinity of the city of

Figure 3. Computational areas of the sequence of wave models designed to evaluate the
time series of wave properties in the Tallinn Bay area. Small cyan squares along the coast
in the lower right panel reflect the grid points from which the wave data are used in Paper I
and Paper III. The offshore water level is represented by values evaluated in 11 nearshore
grid cells (grey squares) of the Rossby Centre Ocean (RCO) circulation model (Paper III).
Adapted from Paper III.
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Tallinn is mostly curved, such information is needed separately for each short
section of the shore.
Even though wave observations in Tallinn Harbour have a long history
(Soomere, 2005), the existing visually observed and instrumentally measured data
do not have the spatial resolution necessary for adequate estimates of wave set-up
properties. For this reason contemporary wave models are used in this thesis to
reconstruct wave properties in the nearshore of the study area.
The wave properties necessary for the analysis of the “climate” of wave set-up
were calculated using a triple-nested version of the third-generation spectral wave
model WAM (Komen et al., 1994). This model was originally constructed for open
ocean conditions and for relatively deep water (Komen et al., 1994). Its earlier
versions are known to overestimate the wave height at very small depths in the
study area (Alari and Raudsepp, 2010). However, with an enhanced spatial
resolution the model is capable of producing auspicious results even in the
archipelago conditions of the northern Gulf of Finland (Soomere et al., 2008a;
Tuomi et al., 2011, 2012, 2014).
Large ocean waves have often periods of 12–15 s. Such waves start to lose part
of their energy owing to wave–bottom interactions at depths of 50–60 m (Ardhuin
et al., 2003). Typical Baltic Sea waves with a period of 5.5 s develop the same
near-bottom orbital velocity at a much smaller depth (about 17 m, Soomere and
Eelsalu, 2014). Due to relatively small typical wave periods in the Baltic Sea
(Broman et al., 2006; Soomere and Räämet, 2011) compared to open ocean swells,
the WAM model for the Baltic Sea gives acceptable results at much smaller depths.
As waves are usually even shorter in semi-enclosed sub-basins of the Baltic Sea,
the WAM model is able to passably describe the wave properties until depths of
about 5 m, that is, usually at a distance of about 200–300 m from the coastline
(Soomere, 2005).
The analysis in Paper I and Paper III uses the same configuration of the wave
model. A relatively coarse grid (with a spatial step of about 5.5 km) covered the
whole of the Baltic Sea (Figure 3). The results of the wave model run for this grid
were used to provide information about wave properties at the entrance to the Gulf
of Finland. A model with a grid step of about 1.8 km was implemented for this
gulf. The bathymetry data used in these two modes is based on the data collection
of Seifert et al. (2001), with a resolution of 1 along latitudes and 2 along
longitudes. At each grid cell, 600 components of the two-dimensional wave
spectrum were calculated. These components represent wave components
propagating in 24 evenly spaced directions and having 25 discrete frequencies
ranging from 0.042 to 0.41 Hz with an increment of 1.1.
It is commonly understood that to resolve the major local topographic and
bathymetric features in most of the nearshore of Estonia and, consequently, for
adequate representation of the nearshore wave fields, it is necessary to evaluate
wave properties with a spatial resolution of at least 500 m. For this reason we
employed a wave model with a spatial resolution of about 470 m (1/4 along
latitudes and 1/2 along longitudes) in the Tallinn Bay area. The bathymetry data
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for this model grid are constructed using the maps provided by the Maritime
Administration of the Republic of Estonia (Soomere, 2005; Andrejev et al., 2010).
The frequency range of this nearshore wave model was extended to 2.08 Hz (42
evenly spaced frequencies) for wind speeds 10 m/s in order to reasonably
represent the wave growth in low wind and short fetch conditions (Soomere, 2005).
A detailed description of the model is provided in Paper I where wave parameters
are calculated for years 1981–2012. Paper III uses the same model but covers the
years 1981–2014.
The quality of wave reconstructions critically depends on the quality of wind
information used for wave modelling. The reliability of wind information seems to
be the largest bottleneck in wave studies in the Baltic Sea region where simulations
of wave climate performed using different wind data may lead to largely deviating
results (Nikolkina et al., 2014). The problem is even more complicated if one
wishes to have long temporal coverage. The main reason is the complicated
geometry of the Baltic Sea and high elevations in many of its surrounding areas. As
a result, surface-level offshore winds are often influenced by the mainland. The
global wind data have a rather low resolution. For the use of wave modelling this
information has to be downscaled (Schmager et al., 2008; Samuelsson et al., 2011)
and artificially modified (e.g., using simulated gustiness to adequately replicate the
air–sea interaction in the Baltic Sea region (Höglund et al., 2009)). All these steps
may introduce distortions. As a result, some wind data sets are only reliable in the
vicinity of the country that has produced them (Räämet et al., 2009). Another
problem is that modelled high-resolution winds, especially those coupled with
properties of windseas, are homogeneous only during very limited time intervals
(Tuomi et al., 2012).
The situation is even more complicated due to rather specific features of the
wind and wave regime of the Gulf of Finland (Soomere et al., 2008b; Pettersson et
al., 2010). The strongest winds tend blow obliquely across this water body. It is the
most likely reason for the frequent mismatch in the direction of even the best
modelled wind fields and high-quality wind records (Keevallik and Soomere,
2010). As wave set-up largely depends on the wave approach directions, this
mismatch is a crucial problem in the reconstruction of wave set-up.
To avoid problems related to insufficient accuracy of representation of wind
directions by numerical models in the study area, the triple-nested wave model
described above was forced with high-quality marine wind data. Such data from a
location that is practically not affected by the mainland are available from a
measurement site operated by the Finnish Meteorological Institute at the caisson
lighthouse of Kalbådagrund. This lighthouse is located in the central part of the
Gulf of Finland at a distance of several tens of kilometres from the mainland
(Figure 1, 59º59′ N, 25º36′ E; Figure 3).
The automatic weather station is mounted at the lighthouse at a height of 32 m
above the mean sea level. The factors to reduce the recorded wind speed to a
reference height of 10 m are 0.91 for neutral, 0.94 for unstable and 0.71 for stable
stratifications in this region (Launiainen and Laurila, 1984). Following the
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experience of simulations of wave climate in this region (Soomere, 2005), the
constant factor 0.85 was used in the computations in this thesis.
To speed up wave calculations, I employed a simplified scheme of the
evaluation of wave properties based on the speed, direction and duration of wind
conditions (Soomere, 2005). Such schemes are applicable to relatively small sea
areas (such as the Gulf of Finland) because of two favourable features. Firstly, the
properties of strong winds (that create all significant wave events) are often highly
homogeneous over such water bodies. In other words, wind speed and direction
change insignificantly in different areas of the sea. It is therefore acceptable to
assume that wind properties are constant over the entire study area and to use onepoint wind data as the input for the wave model in the entire area in question.
Secondly, wave fields have a relatively short memory (normally no longer than
12 h in the Gulf of Finland) of wind history (Soomere, 2005). Consequently, to a
first approximation, an instant wave field in Tallinn Bay is basically a function of a
short section of the wind dynamics. This feature allows splitting the wave
calculations into sections with a duration of 3, 6, 9 or 12 h and with almost constant
wind properties. The geometry of the Baltic Proper and the Gulf of Finland is such
that the waves excited in the Baltic Proper by most wind directions (except for
western winds) normally do not propagate into the Gulf of Finland. It is therefore
acceptable to assume that remote wind conditions in the open Baltic Sea
insignificantly contribute to the local wave field in Tallinn Bay even if the
properties in the Baltic Sea deviate significantly from those measured at
Kalbådagrund. The wave fields excited by western winds are reconstructed based
on the assumption that the wind properties in the northern part of the Baltic Proper
match those observed at Kalbådagrund. These assumptions are correct in Tallinn
Bay for about 99.5% cases (Soomere, 2005). The entire wind data-set covers the
time interval of 01.01.1981–04.02.2014 and contains 93 016 measurements. In
8554 cases (less than 10%) either wind speed or direction was missing. These data
were left out of further analysis.
The presence of ice was ignored in wave calculations. The mean number of ice
days varies from 70 to 80 annually (Climatological Ice Atlas, 1982; Sooäär and
Jaagus, 2007) and ice is present during a large part of the windiest season (Mietus,
1998). This simplification therefore leads to a certain bias in the results, in general,
to a certain overestimation of the reconstructed wave and set-up heights. The
computed parameters of wind waves and wave set-up are somewhat overestimated
and represent average wave properties realistic for the years with no extensive ice
cover.
The wind information starting from 1981 was at first available only once in 3 h.
In order to keep the reconstructed wave time series homogeneous, only wind data
with the temporal resolution of 3 h were used in all calculations of wave set-up.
Thus, I employed the time series of significant wave height, peak period and mean
wave direction that were evaluated once every three hours. The extracted data set
of the time series of nearshore wave properties in the Gulf of Finland serves as the
basis of the analysis in Paper I and Paper III.
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1.2. The highest waves in the nearshore of Tallinn
The geometry of the nearshore of the urban area of Tallinn and its vicinity is fairly
complicated. The study area contains four relatively large bays (Tallinn Bay, Kopli
Bay, Kakumäe Bay and Muuga Bay, Figure 4) that are deeply cut into the mainland
and are open to greatly different directions (north-west, NNW and north-east).
Winds from the NNW are somewhat less frequent than south-western winds but
contain the strongest winds in the northern Baltic Proper (Soomere, 2001). Easterly
winds are usually thought to be less frequent and weaker than westerly or NNW
winds (Soomere and Keevallik, 2003) but extremely strong eastern winds may
occur in the area (Pettersson et al., 2013).
The coasts of the interior of Tallinn Bay are relatively well protected against
most directions. Muuga Bay is widely open to the north-east. Beaches at the
bayheads of the two other bays and along the Viimsi Peninsula are open to some of
the predominant wind directions. Many coastal stretches possess the features that
are favourable for the formation of high set-up. Some such stretches are adjacent to
low-lying existing and planned residential areas.
The nearshore of the study area (Figure 4) was divided into 174 sections with a
typical length of 0.5 km (Paper III). In Paper I, only 105 sections located to the

Figure 4. Study area in the vicinity of the city of Tallinn. The selected nearshore grid
points of the wave model are numbered from west to east. Analyses in Paper I are
performed for the grid cells 1–105. The study area is extended until grid cell 174 in
Paper III. Reproduced from Paper III.
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west of the Viimsi Peninsula were considered. The average orientation of the coast
was defined for each section. The sections roughly correspond to the nearshore
computational cells of the innermost wave model with a resolution of about 470 m.
The quality of reconstructions of wave properties can be implicitly evaluated by
considering the spatial pattern of the highest waves along the selected nearshore
sections. The overall maximum modelled wave height hmax reached 5.4 m
(Figure 5) during a furious storm on 18–19 October 1998. This estimate reflects
well the properties of extreme waves in the central part of the Gulf of Finland. A
significant wave height of 5.2 m has been recorded twice in the neighbourhood of
the study area: in November 2001 in a western storm and on 30 November 2012 in
an eastern storm (Pettersson et al., 2013).
The wind speed in the westerly storm on 18–19 October 1998 was 25 m/s
during two sequential recordings, so over at least 3 h. The relevant nearshore area
has a depth of 13 m and is completely open to the west, north-west and north, that
is, to the directions of the largest waves. Figure 5 suggests that severe waves with a
significant wave height >2.5 m may occur in the interior of Tallinn Bay at Pirita
Beach and along the eastern coast of the Viimsi Peninsula. This reflects the
anisotropy of wind fields in the area and the common understanding that western
and NNW storms usually produce the largest waves in the study area.
The propagation direction of the highest waves varies considerably in the study
area, from east to south-south-west (Figure 6). Figure 4 demonstrates that different
coastal segments are open to the waves approaching from different directions. This
signals that the overall highest waves that occur in different segments are usually

Figure 5. Maximum wave heights, higher quantiles and median wave height in the
nearshore of the study area in 1981–2012. Thin lines indicate the modelled wave heights
and bold lines show values for the breaking wave heights calculated from Eq. (5).
Geographical locations are indicated in Figure 4. Reproduced from Paper I.
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produced by various storms. This feature, in essence, simply mirrors the complex
coastal geometry of the study area and the possibility of having large waves
approaching from various directions in different storms.
All the reconstructed highest ever waves occurred in six storms in the study area
(Figure 7). Among these, the storm of 15–16 November 2001 established the alltime highest waves in the Gulf of Finland (significant wave height 5.2 m,
Pettersson and Boman, 2002) and set the all-time second highest maximum water
level (1.35 m) in Tallinn Bay (Suursaar et al., 2006a). Three of the listed storms
created the highest waves in most of the study area. The storm of 29 November
1999 produced the highest waves in four coastal sections of deeply cut bays that
were usually sheltered against high storm waves.
Probably the most famous storm of this century on 8–9 January 2005 produced
the all-time highest water levels in many parts of the eastern Baltic Sea (Suursaar et
al., 2006b) and excited unusually high waves in the northern Baltic Proper
(Soomere et al., 2008a). Interestingly, it did not bring very high waves to any
section of the study area. Figure 7 shows that all the highest waves have occurred
in the study area during the last two decades after the year 1995. This feature may
reflect an increase in the wind speed in strong storms. However, below I shall
demonstrate that a more adequate explanation is that the predominant wind
direction during the strongest storms has rotated over the time interval in question.

1.3. Joint impact of shoaling and refraction
The WAM model does not reproduce the properties of waves in the surf zone. To
adequately estimate the properties of wave set-up, the model grid cells should be
chosen as close to the coast as possible but still offshore from the surf zone in the
area where the wave model adequately reflects the parameters of waves. In other
words, the water depth in the model grid cells should be larger than the breaking
depth of waves.

Figure 6. Propagation directions of the highest numerically simulated waves in single
segments of the study area in 1981–2012. Notice that wave models traditionally indicate
the direction in which waves propagate. Reproduced from Paper I.
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Figure 5 and earlier numerical simulations indicate that strong storms may
produce significant wave heights >4 m in grid cells that are open to the north and
north-west. For example, a strong NNW storm (wind direction 330°, 23 m/s) on
15–16 November 2001 apparently created wave fields with the significant wave
height around 4 m in a large part of the interior of Tallinn Bay (Soomere, 2005).
The significant wave height in another very strong storm on 8–9 January 2005 was
4.5 m to the west of Naissaar (Soomere et al., 2008a).
Therefore, the nearshore grid cells in coastal segments where the nearshore
wave heights may exceed 3 m should be chosen in at least 5–6 m deep water where
waves are not yet intensively breaking. The water depth may be smaller in other
segments but still at least 4 m. To follow these arguments, the wave data were
mostly calculated for nearshore grid cells that had the water depth of 4–8 m. In a
few locations near headlands or at points which are not vulnerable to high set-up
for other reasons, the water depth in the selected cells was 20–27 m.
The classic estimates of wave set-up heights rely on the wave height at the
seaward border of the surf zone (Dean and Dalrymple, 1991). While in some cases
the output of the wave model adequately reflects the properties of (almost)
breaking waves, in the majority of occasions the numerically simulated wave
properties are valid at a distance of hundreds of metres from the surf zone. To
properly evaluate the wave set-up height it is therefore necessary to take into
account the transformation of waves from the grid cells to the breaker line.
It is assumed in earlier applications that waves approach the shoreline under a
small angle with respect to the breaking line. This property makes it possible to use
simplified approximations of shoaling and refraction (Dean and Dalrymple, 1991).

Figure 7. Six storms that caused the highest waves in different coastal sections of the
study area in 1981–2014. The horizontal lines indicate the storms that produced the
highest wave set-up in at least one section. Each storm is marked with a different colour.
The colours vary cyclically. Note that wind records are missing in the Kalbådagrund data
set during the maximum and aftermath of an extreme eastern storm on 29–30 November
2012 when the all-time highest significant wave height of 5.2 m was recorded for the
second time in the Gulf of Finland (Pettersson et al., 2013). Therefore the largest waves
approaching from the east may be missing in our reconstructions. See Figure 4 for the
numbering of coastal sections. Adapted from Paper III.
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The shoreline of the study area (Figure 4) has extremely complicated geometry and
its different segments are open to very different directions. This means that in
many coastal segments high waves may often approach the shoreline under large
angles. In such occasions the simplified representations of refraction (Lopez-Ruiz
et al., 2014, 2015) may lead to large errors. To properly evaluate the magnitude of
wave set-up it is necessary to take into account full refraction and shoaling in the
nearshore (Viška and Soomere, 2013; Paper I, Paper III).
The technique for the evaluation of changes in wave properties owing to the
joint effect of shoaling and refraction during wave propagation from the grid cells
to the breaking line was presented, to my knowledge, for the first time in Paper I.
The presentation here follows this paper. The changes are evaluated using the
following assumptions: (1) the numerically evaluated wave field is monochromatic,
(2) the wave height is equal to the modelled significant wave height, (3) the wave
period is equal to the modelled peak period and (4) the wave propagation direction
matches the evaluated mean direction. It is also assumed that within each coastal
section the isobaths seaward of the breaker line are straight and parallel to the
average orientation of the coastline (Figure 8).
If one denotes the height, group speed and celerity (phase speed) of such a
monochromatic wave field at a given nearshore grid cell as h0 , c g 0 and c f 0 ,
respectively, then the height hb of waves that are about to break is (Dean and
Dalrymple, 1991)

Figure 8. Wave transformation from the grid cell where wave properties were calculated
until the breaking point of waves. Source for the background: Estonian Land Board WMS
service, www.maaamet.ee.
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(1)

Here  0 is the angle between the wave direction and the normal to the coastline
(attack angle) at the calculation point, b is the similar angle at the breaking line
(Figure 8) and c gb is the group speed at the breaking line.
Equation (1) can be reduced to a relatively simple relationship for the breaking
wave height under the assumption that the waves that approach the coast always
break when their height exceeds a certain depth called breaking depth d b . This
assumption is usually expressed via the so-called breaking index  b that expresses
the relationship between the breaking wave height and water depth. We employ the
commonly used assumption that the ratio  b  hb d b between the breaking wave
height and water depth is constant (Dean and Dalrymple, 1991). A discussion of
the validity of this assumption is presented in Paper I and Paper III.
Changes in the wave height in the process of refraction are expressed via Snell’s
law. This law requires sin  c f  const along the wave rays. It is commonly
assumed that breaking waves are long waves, consequently, their group speed and
phase speed are equal: c gb  gd b  ghb  b , c fb  cgb . This assumption makes it
possible to considerably simplify the appearance of Snell's law for waves at the
breaker line and to write

sin  b  sin  0

c fb
cf0

ghb  b

 sin  0

cf0

(2)

,

where g is acceleration due to gravity. Substituting Eq. (2) into Eq. (1) yields the
following equation for the breaking wave height hb (Paper I):
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Equation (3) is an algebraic equation of 6th order with respect to the breaking wave
height hb . Out of its three non-zero terms, the coefficient at the leading term and
the constant term have the same sign while the coefficient at hb5 has the opposite
sign. Therefore, Eq. (3) has maximally two real positive solutions (Kangro, 1962).
Real solutions exist if





66 g 4 h04cg20 sin10  0 1  sin 2  0  55  b4c10
f0.

(4)

Equation (3) has a double real solution if the expressions at the right- and left-hand
sides of Eq. (4) are equal. As shown in Viška and Soomere (2013), an estimate of
the breaking wave height is given by the smaller real solution (Figure 9).
The described solution is a straightforward generalisation of a simpler
expression for the breaking wave height that is commonly used for open ocean
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Figure 9. A typical shape of the graph of the polynomial in Eq. (3).

conditions. The constant term of Eq. (3) vanishes for incident waves, for which
 0  0 . In this case there is no refraction and Eq. (3) reduces to

hb5

g

b

(5)
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(Dean and
from which the breaking depth can be expressed as hb  h04cg20 g b
Dalrymple, 1991).
The output of the wave model is presented in terms of the wave period T. To
evaluate the wave number k, in Paper I and Paper III the linear dispersion relation
of surface waves   2 T  gk tanh kd , where  is the angular frequency and
d is the water depth at the cell of the WAM model, is solved with the precision of
replication of decimal numbers in a 32-bit computer (that is, with about seven
correct decimal digits). The values of the wave number were used to calculate the
phase and group speed of the modelled waves in this cell. To replicate the
behaviour of the largest waves, I used the peak period calculated by the WAM
model. In a few cases of very small waves the root-finding subroutine failed and
then an approximate value corresponding to the solution of Eq. (3) with a zero
constant term was applied.

1.4. Evaluation of wave-induced set-up
The classic concept of wave set-up (Longuet-Higgins and Stewart, 1964) relates
the local increase in water level with the onshore component of radiation stress. For
a small depth (incl. the area near the breaker line) the beaching waves can be
described using the approximation of long waves and this component of radiation
stress can be approximated as follows:
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S xx    cos2   E .
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(6)

Here E   gh rms 8   gh S 8 is the wave energy,  is water density, g is
acceleration due to gravity, hrms is the root mean square wave height and h S is the
significant wave height.
A scheme of variations in the nearshore water level owing to surface waves is
presented in Figure 10. The phenomenon of wave set-down (Dean and Dalrymple,
1991) to some extent decreases the effective water depth under large waves in
relatively shallow water. The magnitude of this effect is (Longuet-Higgins and
Stewart, 1964)

d  

h2k
,
8 sinh 2kd

(7)

where h is the wave height and d is the undisturbed water depth in the absence of
waves. This phenomenon is active seawards from the breaker line and usually has
the largest impact in the immediate vicinity of this line.
In the surf zone the mechanism of wave set-up generates an increase in the
average water level. A straightforward estimate of this increase can be derived
under the assumption that waves gradually break in the nearshore. Similarly to the
above, it is assumed that the so-called breaking index  b  hb d b remains constant
in the entire surf zone. If the beach is impermeable and has a planar shape, and
waves propagate directly onshore (   0 ), the maximum set-up height (McDougal
and Hudspeth, 1983; Dean and Dalrymple, 1991) is

max 

5
 b hb .
16

(8)

Therefore, even though radiation stress (1) and wave set-down (7) are, similarly to

Figure 10. Wave-driven variations in the average water level in the nearshore.
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wave energy, quadratic functions of the wave height, the set-up height (8) is a
linear function of the wave height.
A thorough discussion of the validity of these assumptions is provided in
Paper I and Paper III. In fact, the breaking index  b is not necessarily constant
across the surf zone (Raubenheimer et al., 1996; Power et al., 2010). There is some
evidence that the breaking index probably increases shorewards (Raubenheimer et
al., 2001; Yemm, 2004). This feature may affect the resulting set-up heights but
apparently does not change the location of the areas of high and low set-up heights.
There is also no consensus about the particular value of the breaking index. It is
often assumed in practice that  b  0.78 (Dean and Dalrymple, 1991, 2002). For
several types of beaches (strongly reflecting steep shores) the breaking index may
reach values ~1.5. For very gently sloping and mostly dissipative beaches  b is in
the range of 0.55–0.6 (Nelson, 1994; Massel, 1996). For sandy beaches a version of
Eq. (2)  max  0.17 hs is often used. Here hs is the significant wave height at a
depth of 10 m (Guza and Thornton, 1981; Coastal Engineering Manual, 2002).
As mentioned above, there is no consensus today about to what degree the
parameters of wave set-up depend on the offshore wave properties and particular
features of the nearshore. Moreover, the conversion of wave-driven momentum
into onshore motions of water masses is highly sensitive with respect to the
appearance of the nearshore (Dean and Bender, 2006). For example, wave
propagation over vegetated coastal areas may result in a negative set-up (that is, a
decrease in the local water level; Dean and Bender, 2006). Similarly, various
modelling efforts (e.g., using SWAN) show that the modelled values of set-up
heights substantially depend on the model resolution and details of the beach
(Nayak et al., 2012). For example, concave coastal stretches host relatively large
values of maximum wave set-up.
It is important to understand how large this effect could be in unfavourable
conditions. This knowledge is crucial for the identification of the potential areas of
high set-up. As many segments of the study area are mostly sedimentary, with
gently sloping profiles resembling Dean’s Equilibrium Profile, the commonly used
value  b  0 .8 is employed in Paper I and Paper III to evaluate the maximum setup height. This choice leads to the following approximation for the evaluation of
set-up height:
 max  0.25 h b .

(9)

The described approach contains several sources of uncertainties associated
with the approximate nature of the reconstructed wave properties, and variations in
the conditions for the formation of high set-up. Therefore, the results of the
presented calculations should be interpreted as indicative. The material in Paper I
and Paper III focuses on the properties of wave set-up that are less sensitive with
respect to the listed uncertainties but may have important applications in the
management of the coastal area: (i) the potential locations of high set-up, (ii)
possible changes in the properties of set-up events and (iii) the timing of typical
storms that may produce high set-up.
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1.5. Almost-incident waves and endangered areas
The analysis performed in Section 1.2 presented results for waves approaching
from any direction. High waves that approach the coast under large angles mostly
produce longshore current (Apotsos et al., 2008). The highest set-up occurs when
the wave approach direction almost matches the normal to the coastline (Figure 8).
It is thus likely that extreme set-up heights are produced by severe waves that
propagate almost directly onshore. If the height of such wave fields is much lower
than the all-time highest waves, large set-up heights are unlikely.
Figure 11 demonstrates that both extreme and average heights of waves that
approach the coast from a narrow direction range, with respect to the shore normal,
are much lower than those presented in Figure 5. A few headlands receive severe
waves from the shore normal direction but many coastal sections are implicitly
(geometrically) protected (Caliskan and Valle-Levinson, 2008).
The areas that are likely to be endangered by high wave set-up are relatively
open coastal sections with a convex shape and gently sloping beach. These
considerations together with the analysis of the occurrence of severe wave fields
lead to the following description of areas potentially endangered by maximum
wave set-up heights occurring once in a 30-yr period (Figure 12). High levels of
wave set-up are likely in the residential area of Tiskre and along the western coast
of the Viimsi Peninsula.
The danger is relatively low but still non-negligible at the mouth of the Mustjõe

Figure 11. Maximum wave heights, higher quantiles and median wave height for waves
approaching from a direction of maximally ±45° with respect to the normal to the coast.
Thin lines indicate the modelled wave heights and bold lines show values for the breaking
wave heights calculated from Eq. (4). Reproduced from Paper I.
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Creek. This area is implicitly protected by a favourable combination of the
geometry and bathymetry of Kopli Bay. Theoretically, high wave set-up may occur
along the north-eastern coast of the Kakumäe Peninsula. However, the highly
variable orientation of its coastline suggests that very high set-up events are
unlikely in this area. The hazards associated with high set-up are apparently minor
along the coastal section from Old City Harbour to Pirita. The shoreline of this
segment is protected by a reflecting seawall.
Another view of the level of the danger in question provides an estimate of the
highest quantiles for the theoretical set-up heights (Figure 13). As the probability
of having severe wave fields from a particular narrow direction is lower than the
probability of just high waves, it is natural to expect that very high set-up events
are isolated, rare phenomena. In this context it is worth mentioning that in several
segments of the study area the 99.9%-ile of the set-up height is quite high, close to
0.4 m. For Tallinn Bay it means a frequent addition (on average, three times a year)
of about 25% to the all-time highest open sea water level. As discussed below and
in Paper III, these events are not necessarily associated with high sea level.
However, the simultaneous presence of high open sea water level and extreme
wave set-up is likely in some locations (Paper III).
The results confirm that wave set-up serves as an important constituent of
marine-induced coastal hazard in the vicinity of Tallinn Bay and evidently along
many segments of the shores of the Baltic Sea. The key conclusion is that wave set-

Figure 12. The highest breaking waves (coloured lines) approaching from different ranges
of directions with respect to the coast normal in the study area. The bold blue line shows
the all-time highest waves approaching from any direction and the bold red line shows the
all-time highest almost incident waves (±10° with respect to the coast normal). The light
red bars indicate the regions with a gently sloping coast in which the maximum set-up
likely exceeds 0.4 m. Reproduced from Paper I.
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Figure 13. Maximum wave set-up values and higher quantiles of set-up heights for the
coastal sections where high set-up is an issue. Reproduced from Paper I.

up may considerably increase the water level and provide up to one third of the
overall maximum water level in areas that are open to predominant wind
directions. The contribution of this phenomenon may be particularly large in
micro-tidal regions that experience a relatively small range of sea level
fluctuations, such as the Baltic Sea, Black Sea or the Mediterranean Sea.
The analysis of the “climate” of high set-up events in areas with complex
geometry has many similar features with the problem of adequate description of the
statistics of winds from particular directions. The return period of unfavourable
combinations of wind and wave properties is substantially larger than that of just
high waves. Thus much longer time series of wave set-up are necessary in order to
reach adequate statistics of this phenomenon. The intermittent character of the
location of coastal stretches which experience high set-up in different storms is a
major challenge. While wave heights are nowadays adequately predicted, there are
still issues with the forecast of wave periods and especially wave propagation
directions in sea areas with complicated geometry (Pettersson et al., 2010).
The approaching waves do not always create high set-up. For example, this
phenomenon is normally insignificant for strongly reflective shores, e.g., if the
coast is protected by a seawall. Also, natural roughness of the coastal zone (reed,
bushes and stones) largely damps this phenomenon (Dean and Bender, 2006).
This phenomenon creates particularly serious hazards in low-lying urban
environments (Figure 14). It may have significant implications on the
infrastructure, including the availability of evacuation roads. A concealed danger is
that the presented estimates are valid also for elevated background water levels.
During a considerable storm surge the waves will break much landwards from the
beach. Therefore, developed areas (e.g., lawned gardens, parking areas) may
become sources of increased risk in terms of extensive wave set-up during strong
surge events. The potentially affected areas form in total about 50% of the study
area (Figure 14, Paper I, Paper III).
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Figure 14. Coastal sections potentially affected by high wave set-up (red squares) in the
urban area of the city of Tallinn based on wind data from 1981–2014. The arrows indicate
the directions of wave propagation associated with the highest set-up for single coastal
segments. Yellow squares indicate coastal stretches where the maximum wave set-up is
<0.2 m, green squares – areas where high wave set-up is evidently not possible because of
the convex shape of the shoreline and blue squares – areas containing various engineering
structures. Reproduced from Paper III.

1.6. Evidence of the rotation of wind direction in strong storms
The analysis in Section 1.3 indicates that all events of the largest significant wave
heights in all 174 shore segments were produced by six storms (Figure 7). All these
storms occurred starting from the mid-1990s. In particular, the heights of wave
fields in storms of 1999–2006 have been larger than in many earlier storms. This
feature signals that certain changes in storm activity may have occurred over the
last two decades.
Interestingly, the pattern of storms that produced the highest wave set-up has
been radically different and substantially varied over recent years. The number of
storms that brought to the coast waves whose propagation direction was at a
relatively small angle to the coast normal increased rapidly when the range of the
approach angles became narrower. For example, as presented in Paper I, 18 storms
produced the all-time highest waves approaching the coast at an angle less than
±45 with respect to the shore normal in the interior of Tallinn Bay in 1981–2012.
The number of such storms increased to 32 when the range of the approach angles
was less than ±30 from the shore normal, and to 41 for almost-incident waves
(±10 from the shore normal). A similar increase was observed for the entire study
area in Paper I. Therefore, in contrast with the all-time highest wave heights, each
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short segment of the shore has its own "perfect storm" that creates the all-time
highest wave set-up (Paper I).
Apart from the increase in the number of such storms, their distribution changes
radically in time. Remarkably, a large number of the all-time highest almostincident waves occurred in the 1980s (Paper I). The stormy years at the beginning
of the 1980s were followed by the less stormy years 1983–1989. The years 1990–
1994 were apparently particularly calm. These variations match the course of
various storm indices for Stockholm (Rutgersson et al., 2014). Many coastal
sections around Tallinn were not open to the public in the 1980s. It is therefore
likely that the associated events of high set-up remained unnoticed.
Analogous temporal patterns became evident in the advanced estimates of the
all-time highest set-up events over an extended study area and temporal coverage
(until February 2014, Paper III). Similarly to the above, until October 2012 about a
third of the all-time highest wave set-up values along the entire study area were
created in the 1980s (Paper III).
The extension of the analysis performed in Paper III to the mid-2010s
considerably modifies the pattern of storms responsible for the highest wave set-up
values. Many records of set-up heights stemming from 1981–1982 were overridden
during the time interval from November 2012 to February 2014. During these two
windy seasons 24 different storms created new all-time (since 1981) highest wave
set-up values whereas 18 such storms occured in 2013. The total number of storms
responsible for the highest wave set-up changed to a lesser extent: from 50
(January 1981–October 2012) to 58 (January 1981–February 2014, Paper III).
As explained above, sea ice is ignored in the described calculations. The extent
of sea ice was relatively large in the 1980s (Climatological Ice Atlas, 1982).
Therefore, it is likely that during some storms of this decade the presence of ice

Figure 15. Scheme of 50 storms that caused the highest wave set-up (±15 from the shore
normal) in different segments of the study area in January 1981–October 2012. The
horizontal lines indicate single storms that produced the highest wave set-up in at least one
section. Each storm is marked with a different colour. The colours vary cyclically.
Reproduced from Paper III.
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damped waves and prevented the development of set-up. On the contrary, the area
covered by sea ice was relatively small in the Gulf of Finland in winters 2012/2013
and 2013/2014. It is therefore likely that the reconstructed wave parameters match
well the properties of actual wave fields and high set-up events really occurred.
The described extensive spatio-temporal variation in the largest set-up heights
highlights substantial dependence of the development of set-up on the match of the
wave propagation direction and the geometry of the coastline. This feature is
particularly accentuated in domains with the complex geometry of the coastline.
The analysis shows that dangerously high set-up events generally occur in different
coastal sections in different storms, and thus may be easily overlooked.
The described patterns give an interesting insight into certain features of the
local climate change. Figure 7 produces an impression that the 1980s and 1990s
were relatively mild and that storms in the Baltic Sea have become stronger since
the end of the 1990s. Figure 15 provides an alternative interpretation. It
demonstrates that the strongest storms blowing from certain directions in 1981–
2012 occurred at the beginning of the 1980s.
Paper III presents evidence showing that this process reversed in the 2010s and
strong eastern storms returned to the area. A comparison of Figure 16 representing
the time interval of 1981–2016 with Figure 15 suggests that many new all-time
highest set-up events were generated since the autumn of 2012 in locations open to
the east, particularly along the eastern Viimsi Peninsula near Leppneeme.
The changes in this pattern that occurred in 2012–2014 indicate the presence of
strong (north-)easterly winds in the Gulf of Finland. This viewpoint is supported by
in situ wave measurements. Namely, the all-time highest significant wave height of
5.2 m in the Gulf of Finland was measured for the second time during a strong
eastern storm on 29–30 November 2012 (Pettersson et al., 2013). More generally,

Figure 16. Scheme of 58 storms that caused the highest wave set-up (±15 from the shore
normal) in different segments of the study area in January 1981–February 2014. The
horizontal lines indicate single storms that produced the highest wave set-up at least in one
section. Each storm is marked with a different colour. The colours vary cyclically.
Reproduced from Paper III.
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the discussed pattern of changes signals that the approach directions of many
severe wave systems have rotated in the Gulf of Finland. This is consistent with
changes in the directional structure of winds recorded in Estonia (Jaagus, 2009).
The identified changes also match the presence of quasiperiodic decadal or longterm (25–30 yr) cycles in the Baltic Sea storminess (Suursaar et al., 2015). The
background reason for the changes may be a shift of the North Atlantic storm track
to the north-east (Lehmann et al., 2011).
The importance of changes in the wind direction seems to be underrated today
in various analyses of climate change. The related changes in the wave propagation
direction may radically affect, e.g., the course of coastal processes (Räämet et al.,
2010; Charles et al., 2012a, b; Viška and Soomere, 2012). A deceptive feature is
the period of relatively low wave activity in the 1990s, which shows the
importance of taking account of as long time series as possible. This position is
necessary to avoid misleading interpretation of, e.g, a rapid increase in a certain
type of wave activity at the turn of the millennium.
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2. Contribution of wave set-up to extreme water levels
The results presented in Chapter 1 stress the importance of wave set-up in the
formation of the nearshore water level in many segments of the Estonian coast.
Several long-term water level measurement sites are placed in locations that may
be regularly affected by this phenomenon. Distinguishing the contribution of wave
set-up from other components of measured water levels is complicated. An indirect
way to detect the presence of wave set-up is to compare the data measured in
locations that may reflect the local effects (e.g., in small harbours such as Ristna
(Figure 17) open to some directions of high waves) with modelled sea level data
(that reflect the offshore water level before depth-induced wave breaking).
It is likely that the impact of the systematic presence of wave set-up influences
most notably the projections of extreme values of water level. To identify this
influence, Paper II introduces a simple approach for building an ensemble of such
projections in the framework of the block maxima method. The analysis is based
on seasonal and annual maximum water levels in three independent data sets,
which include both observed and simulated water levels. The approach is tested on
four very different regions of the Estonian coast (Figure 17) and reveals a
substantial contribution from wave set-up to the total water level in one location
that is open to severe seas. By combining the approach presented in Chapter 1 and
numerically simulated offshore water levels, the analysis in Paper III explores the
potential contribution of wave set-up to water level maxima in the vicinity of the
city of Tallinn.

2.1. Observed water levels
Water level measurements in coastal waters of Estonia have a long tradition and
extensive temporal coverage. The oldest records in the Tallinn site have been made
in 1809. Regular estimates of the monthly mean water level based on observations
reach back to 1842 (Suursaar et al., 2011).
From a wide range of contemporary water level measurement sites (Jaagus and
Suursaar, 2013), Paper II focuses on four locations (Figure 17). These sites are
representative for the majority of the Estonian coastline. The shores in the vicinity
of Narva-Jõesuu characterise widely open bays that are exposed to large-scale
storm surges during western and especially north-western winds. The coastline in
the Tallinn region represents an area typical of the North Estonian coast with
complex geometry as also described above. The observation site in the Western
Estonian archipelago (Ristna) is representative for a rather straight coastal segment
where offshore water level extremes are fairly limited but very high waves may
frequently modify the water level at the shoreline. The fourth site in Pärnu Bay is
located in an area that is particularly vulnerable with respect to storm surge.
Specific wind events from a certain limited direction range can generate
remarkable floodings in the entire bay (Suursaar et al., 2003). The largest
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difference between the maxima and minima of water levels in Estonian waters has
also been recorded in Pärnu Bay (Suursaar and Sooäär, 2007).
These coastal stretches have been extensively considered in earlier studies
performed for Estonian coasts (Suursaar and Sooäär, 2007). Records of monthly
extreme values at all sites are available from the end of the 19th century. Regular
observations have been performed since 1945–1950 (depending on the observation
site) two or four times per day, later observations are performed once an hour. The
recordings are performed using the Estonian official height system named Baltic
Height System BK77. The reference zero-benchmark was defined as the mean
water level in Kronstadt in 1825–1840 (Lazarenko, 1986).
Several changes in the observation procedure, temporal resolution and timing
may affect the homogeneity of the resulting data set of single observations. Even so
the monthly maxima of water levels are likely not significantly affected by most of
minor changes such as an increase in the frequency of observations or a shift from
the Moscow time to the Greenwich (GMT) time.
The observations sites have been unchanged in Ristna, Narva-Jõesuu and Pärnu
(Figure 17) but the site in Tallinn was relocated in 1996. Until 1996 observations
were performed in Tallinn Old Harbour in the bayhead of Tallinn Bay (Figure 4)
by the Estonian Meteorological and Hydrological Institute (EMHI) according to the
World Meteorological Organisation (WMO) guidelines. Then the observation site
was moved to Muuga Harbour in the bayhead of Muuga Bay (Figure 4). The
measurements continued under the auspices of the EMHI. The Tallinn Harbour
Enterprise continued with the measurements in Tallinn Old Harbour. In 2004 the

Figure 17. Location scheme of the four sites used in this study. Red circles indicate the
observation sites and green rectangles – the associated points of the circulation model.
Reproduced from Paper II.
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Marine Systems Institute (MSI) at Tallinn University of Technology (TTÜ)
installed the automatic water level tracking system (Lagemaa et al., 2011).
Therefore, the data set that reflects water levels in the Tallinn area consists of
several parts with different temporal resolution and has been recorded using
various techniques. Implications of the potential inhomogeneity on the projections
of extreme water levels are discussed in Lagemaa et al. (2013). More detailed
information about the measurement sites, observation procedures and the data sets
used in the analysis is presented in Paper II.

2.2. Modelled water levels
Modelled offshore water level time series in the nearshore of Estonia were
extracted from two different circulation models. The Rossby Centre Ocean Model
(RCO), developed and implemented by the Swedish Meteorological and
Hydrological Institute (SMHI), provided a data set with a temporal resolution of
6 h. The other modelled data set we used, which has the temporal resolution of 1 h,
was based on the same basic set-up.
The basic features of the RCO model and information about its implementation
and validation have been comprehensively described in the scientific literature
(Meier, 2001; Meier et al., 2003). The data were provided to the Wave Engineering
Laboratory in the framework of BONUS BalticWay cooperation (Soomere et al.,
2014). Details of the version of the model that was used to produce the data set
employed in Paper II, Paper III and Paper IV are described in Meier and Höglund
(2013). The key features are as follows. The horizontal resolution of the model is
2  2 nautical miles. The water column is divided into 41 levels with a thickness of
3–12 m and represented in classic z-coordinates. These parameters are commonly
considered to be acceptable for an adequate reproduction of the large-scale motions
and major statistical features of mesoscale motions in the Baltic Sea and its larger
sub-basins such as the Gulf of Finland or the Gulf of Riga (Myrberg et al., 2010).
The model is coupled to a sea ice model. Water level data were saved once 6 h for
May 1961–May 2005.
The RCO model was forced with a high-resolution regionalized re-analysis of
the ERA-40 atmospheric data set. The horizontal resolution of the forcing data was
22 km. To improve the wind statistics, wind adjustment was modified using
simulated gustiness (Samuelsson et al., 2011). The results of the hindcast and
forecast are analysed in Meier et al. (2004). The model reasonably replicates the
wind-driven gentle slope in the average sea surface height towards the eastern and
northern ends of the Baltic Sea but has problems with the replication of storm surge
maxima in the western area of the Baltic Sea (Meier et al., 2004). In the light of
Paper II and the analysis presented in this chapter it is possible that the mismatch
was partly caused by wave set-up that was not taken into account in the
calculations. The rest of the time series and statistical properties of the water level
are acceptably represented.
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The modelled water level is linked with the sea level in the Atlantic Ocean at
the open boundary of the model in the northern Kattegat (Figure 1). The sea level
data in this area follow the height system NH60 (Meier et al., 2004). Therefore, it
is natural to interpret the model output in the same system. The zero level in the
RCO model is defined with respect to the seabed. Its location is prescribed based
on so-called Warnemünde topography. As this data set of water depths has been
constructed using several maps based on different height systems (Seifert et al.,
2001), the modelled water level cannot be directly associated with any particular
height system.
Land up/downlift is ignored in the model implementation. This feature may to
some extent modify the accuracy of modelled water levels in the northernmost part
of the sea. As the Estonian coast only experiences weak uplift (Figure 1) that is
more or less compensated by the increase in the global sea level during the
modelled time interval, this feature apparently does not substantially affect the
quality of modelled data in Estonian waters. The model works in spherical
coordinates, neglecting the ellipticity of the Earth and the shape of the geoid. The
sea surface provided by the model deviates from the geodetic solution by about 20–
30 mm (Ekman and Mäkinen, 1996).
The RCO model follows the classic principle of volume conservation in ocean
modelling. This means that the impact of variable salinity and temperature of sea
water on the water level is neglected. The resulting systematic deviation of the
modelled water level from the measured ones may reach 0.3–0.35 m in low-salinity
parts of the sea such as the Gulf of Bothnia and Gulf of Finland (Ekman and
Mäkinen, 1996). This basically constant difference is immaterial from the
viewpoint of studies in this thesis because extreme water levels, their return periods
and possible changes are counted from the long-term mean water level similarly to
the measured extreme values in Estonian waters. Extracted water level time series
were used after de-meaning without any further adjustment.
Alternatively, a semi-synthetic data set was constructed by merging measured
water levels with the output of the operational Baltic Sea circulation model
HIROMB (High-Resolution Operational Model for the Baltic Sea). The operational
BS01 setup of this model (Funkquist, 2001) has a spatial resolution of one nautical
mile (Lagemaa et al., 2011). The family of three-dimensional ocean circulation
models where HIROMB belongs to was initially created in Germany by the Federal
Maritime and Hydrographic Agency (BSH; Kleine, 1994), further developed by the
Danish Meteorological Institute, SMHI and adjusted for the Baltic Sea by the
HIROMB consortium. An overview of different versions of the model and its setup for the Gulf of Finland is presented in Gästgifvars et al. (2008).
Paper II employs hourly output of the operational version of this model
(Lagemaa et al., 2011) in four locations from January 1961 to December 2005. The
location of water level observation sites in Figure 17 does not coincide with the
HIROMB grid cells. To minimise possible errors in modelled water levels due to
too low spatial resolution for the nearshore area, the locations in question are
intentionally selected at a certain distance offshore from the observation sites. The

51

distance between the observation site and the relevant offshore location is about
10 km for Tallinn, 15 km for Pärnu, 20 km for Ristna and 40 km for Narva-Jõesuu.
The time series of water level data from the observation sites were transformed to
the open sea water level using a linear regression. The regression coefficients were
evaluated from matching monthly maximum water levels with the similar water
levels provided by the HIROMB model for 2006–2013. The relevant Pearson
correlation coefficients were R  0.99 for all sites. These values suggest that the
applied regression model works acceptably. In the following text the resulting
monthly maximum values are referred to as observed data. To make the data range
comparable with the output of the offshore water level from the RCO model, only
observed data from the time interval 1961–2005 are applied.
The empirical distributions of the frequency of occurrence of different water
levels built on modelled and observed water levels (Figure 18) both resemble a

Figure 18. Frequency of occurrence of deviations of the water level from the long-term
mean in the RCO simulations (6-h values in 1961–2005, upper panel) and in
measurements in Tallinn Harbour (1945–15.05.1995). As the measurement site was
relocated from Tallinn Old Harbour to Muuga Harbour in 1996, the distribution of
observed values does not contain the highest examples in the 2000s (1.35 m in 2001;
1.52 m in 2005). The recordings of the largest values after the turn of the millennium
raised the question of whether the overall dynamics of the water level may have changed
since 1996. A similar change has been registered in the statistics of wave-driven set-up in
the vicinity of Tallinn for 1981–2012. All the highest waves have occurred after 1995 but
the highest set-up apparently occurred in many locations before 1995 (Paper I). A
probable reason is a change in the wind direction in the strongest storms, with obvious
changes in the local water level dynamics. Reproduced from Paper II.
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Gaussian distribution. This kind of distribution of water levels is typical for the
eastern part of the Baltic Sea (Johansson et al., 2001; Suursaar and Sooäär, 2007).
The main difference from the classic Gaussian distribution is the asymmetric shape
of distributions in Figure 18. Very high water levels tend to appear more frequently
than low water levels with the same deviation from the long-term average. This
feature apparently reflects the predominance of westerly winds among strong
winds in the northern Baltic Sea. The distributions are moderately skewed: their
peaks are almost at the long-term mean water level and, for example, the skewness
of the 6-h RCO modelled data for Tallinn is 1.23.
The kurtosis of this distribution is 3.09, which insignificantly differs from the
kurtosis of the Gaussian distribution (3.0). Therefore, the probability of very large
positive or negative values almost coincides with the expected properties of the
Gaussian-distributed data. The empirical distribution of the frequency of
occurrence of different observed water levels in Tallinn Old Harbour has a similar
shape (Figure 18).
Importantly, the high-value ends of the empirical distributions in question
contain considerable scatter and/or single outliers (Figure 18). This feature
substantially complicates the problem of the evaluation of extreme water levels and
their return periods because it is not clear beforehand which extreme value
distribution at best describes the properties of extreme water levels. The particular
values of outliers may have different impact on the applicability of classic extreme
value distributions (Suursaar and Sooäär, 2007).

2.3. Extreme value distributions
A common feature of the course of the water level in the eastern Baltic Sea is the
occurrence of a few exceptionally high water levels (Figure 18). It is customary for
the entire north-eastern part of the Baltic Sea (Johansson et al., 2001) as well as for
the Estonian coastal areas (Suursaar et al., 2006a, b; Suursaar and Sooäär, 2007).
High water levels are often associated with a specific feature of the Baltic Sea,
namely, with sequences of storms which may force large volumes of water from
the North Sea to the Baltic Sea and remarkably increase the sea level of the entire
Baltic Sea (Johansson et al., 2001). Strong storms that affect the already increased
water volume may lead to unusually high water levels (Suursaar and Sooäär, 2007).
Such outliers (that usually form <0.01% of the water level recordings) have
insignificant impact on the resulting distribution but may substantially modify the
appearance of distributions of extreme water levels (Suursaar and Sooäär, 2007).
To evaluate extreme sea levels and respective return periods, Paper II employs
the classic extreme value distributions to develop an ensemble of projections. The
analysis relies on the method of block maxima. The main pillar of this method is
the proof that independent maxima or minima of a random process (e.g., maximum
water level values over long enough time intervals) follow under fairly general
conditions one of the three theoretical limiting distributions (Coles, 2001). The
exact match is only reached when the sample size increases infinitely. The family
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of so-called extreme value distributions consists of the Gumbel, Fréchet and
Weibull distributions. They can be considered as particular cases of the
Generalized Extreme Value (GEV) distribution having the following cumulative
distribution function:
1/ 
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Here y has the meaning of, e.g., annual maximum water level and  ,  and 
are called the location, scale and shape parameters of the GEV distribution (Coles,
2001). If these parameters are known, the return period T ( yˆ ) for a particular water
level ŷ is given by the 1  1 / T ( yˆ )  -th percentile of the cumulative distribution
function G ( y ) :
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For   0 the GEV distribution reduces to the Gumbel distribution with the
following cumulative distribution function:
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In oceanographic applications frequently   0 in Eq. (10). In this case the GEV
distribution matches the Weibull distribution
   z     
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   , z   and G  y   1 , z   .
      

(13)

The case   0 leads to the Fréchet distribution that is typical, e.g., in finance
market problems and is not used in Paper II. The Weibull distribution is most
suitable to for describing the properties of extremes of so-called light-tailed (very
rapidly decaying) distributions. The Gumbel distribution is widely used in
meteorology for the description of wind speed extremes and other quantities whose
values decay approximately exponentially (e.g., having a Gaussian distribution).
The Gumbel distribution has an exponentially decreasing tail in semilogarithmic coordinates that were used to create Figure 18. Therefore it is not
obvious whether this distribution is able to match the very large positive outliers
located far to the right of the main set of values in that figure and thus the longterm extremes may be underestimated (cf. Suursaar and Sooäär, 2007). The tail of
the Weibull distribution decays as a power law in semi-logarithmic coordinates
depicted in Figure 18. It is obvious from this figure that no power law is able to
adequately follow the location of outliers of modelled water levels.
A feasible way to circumvent this problem and to reach the most credible
outcome is to use an ensemble of estimates of extreme water levels and their return
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periods. Paper II explores a simple approach of creating such an ensemble based on
the existing data and different classical extreme value distributions. The idea is to
apply three distributions – GEV, Gumbel and Weibull – to building a cluster of
projections of extreme values and their return periods based on three data sets (one
measured and two modelled) and several methods for the evaluation of the
parameters of the extreme value distributions.
Doing so leads to an ensemble of projections. The applicability of a certain
average of this ensemble in practice is, strictly speaking, only justified if the errors
of different projections are random. This property is not tested rigorously in
Paper II. This paper focuses on the identification of different regimes of extreme
water levels in Estonian coastal waters based on the appearance of the entire
ensemble. As I also rely on a specific qualitative feature of the resulting ensemble,
the testing of the above property is out of the scope of this thesis.
The parameters for all mentioned distributions were calculated using the open
source software tool Hydrognomon (http://hydrognomon.org/) that is part of the
openmeteo.org framework. The resulting ensembles of different projections do not
contain any visibly obvious outliers (i.e., curves that are clearly separated from the
other members of the ensemble).

2.4. Projections based on block maxima
An important precondition for the use of the block maxima method (e.g., Haigh et
al. 2010a; Arns et al., 2013) and extreme value distributions such as the GEV,
Gumbel or Weibull distributions is that the time series of maxima of water levels
over certain time intervals must be uncorrelated. In the Baltic Sea conditions the
monthly maximum water levels are often correlated. The main reason is the long
reaction time of the entire Baltic Sea water volume to atmospheric forcing that
creates very low or highly elevated sea levels for time periods of several weeks
(Leppäranta and Myrberg, 2009) as described above. Another reflection of this
phenomenon is a substantial time lag between the occurrence of large-scale
atmospheric patterns and the reaction of water level in terms of monthly means
(Johansson et al., 2014). To attain uncorrelated block maxima it is necessary to
divide the observed and modelled time series into much longer sections than a
month.
Several studies have chosen the water level maxima for calendar years as the set
of block maxima (e.g., Lagemaa et al., 2013; Ribeiro et al., 2014). Paper II uses
this set as one example of almost uncorrelated block maxima. However, strong
seasonal variations in atmospheric forcing may introduce spurious correlation of
the annual maxima of the Baltic Sea water level in some occasions. For instance,
the maximum water level that occurs in December of one year and the next
maximum in January of the consecutive year may both be created by the same
cluster of storms. For this reason Paper II makes use of an alternative set of block
maxima. All the highest water levels in the Estonian coastal segments occur during
the stormy season from August to March. During the calm spring season the
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coastal areas usually do not experience high water levels (Johansson et al., 2001;
Suursaar et al., 2002; Jaagus and Suursaar, 2013). Therefore, the set of block
maxima, defined as the highest water levels during stormy seasons (from the
beginning of June until the end of subsequent May), is apparently absolutely
uncorrelated.
The difference between single values of the two sets of block maxima is
insignificant. However, the projections of extreme water levels and respective
return periods based on these sets differ significantly (Figure 19). For water levels
with the return period of 200 yr deviations between the projections based on the
RCO model data reach about 0.2 m. The projections of extreme water levels based
on stormy season maxima are mostly higher than the ones calculated using annual
maxima. The differences between projections that are based on observed data are
somewhat smaller and reach about 0.1 m for the return period of 200 yr.
The described deviation of the distributions of modelled and observed water
levels and large spreading of these projections for longer return periods indicate
that probably none of the classical extreme value distributions is able to accurately
project the extreme water levels for long return periods. A common understanding
is that the projections provided by a GEV distribution frequently outperform the
projections obtained from other distributions (Lowe et al., 2001; Wroblewski,

Figure 19. Return periods of extreme water levels at Narva-Jõesuu according to the
results of the 6-h RCO data (upper panels) and the observed 1-h data set (lower panels).
Note that the latter data constitute a semi-synthetic data set obtained based on actual
observations and the output of HIROMB as explained above. The left panels correspond
to projections based on annual maxima, the right panels – to projections based on maxima
over stormy seasons. Single markers represent the set of block maxima. Reproduced from
Paper II.
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2001; van den Brink et al., 2005). The situation with the water levels on the
Estonian coast may be different. Figure 19 indicates that the projections using the
GEV distribution and different sets of block maxima have a much larger spreading
than the projections based on Weibull or Gumbel distributions.
Paper II exploits the idea of the application of an ensemble of various
projections to reach a reasonable estimate of the extreme values of water levels and
their return periods. In other words, the idea is to use all of these distributions
simultaneously. This approach implicitly assumes that errors of projections using
different data sets and extreme value distributions are distributed randomly. This
assumption is to some extent supported by the appearance of the projections using
different distributions (Figure 19). For example, if the 6-h RCO data are used, the
GEV distribution projects relatively large extreme water levels similarly to a
Gumbel distribution. If, however, the observed data are used, the GEV distribution
projects relatively modest values that almost coincide with the outcome of a
Weibull distribution.

2.5. Projected water levels and contribution of wave set-up
Paper II addresses the properties of ensembles of 18 projections of extreme water
levels and their return periods that consist of the outcome of the use of Weibull,
Gumbel and GEV distributions built based on annual and stormy-season maxima
of 6-h RCO, 1-h RCO and 1-h observed water level data in four locations. The
assumption is that the appearance and particularly the spreading of these
projections may carry valuable information about certain properties of water levels.
The analysis suggests that not one of the classic extreme value distributions
(GEV, Gumbel, Weibull) replicates the observed and modelled extreme water
levels adequately, especially for longer return periods. The Gumbel fit, in
comparison with the Weibull fit, projects larger extreme levels for longer return
periods. The GEV fit provides mostly intermediate values and the projections
based on different sets of block maxima vary extensively, matching sometimes a
Gumbel and sometimes a Weibull fit.
Even though the appearance of the resulting ensembles of projections of
extreme water levels differs notably for the four chosen sites, the total spreading of
projections of extreme water levels at all sites once in 200 yr is almost the same.
The differences between projections are rather small for the Tallinn area
(Figure 20). The total spreading within the ensemble is about 0.2 m for water levels
with the return period of 5–10 yr, 0.25 m for the water levels with the return period
of 20 yr, 0.5 m for the return period of 100 yr and around 0.8 m for the return
period of 1000 yr. This level of spreading is considered to be minor in comparison
with other similar studies (Sterl et al., 2009).
Several features can be interpreted as indicating a good consistency of the
underlying data and adequacy of the entire approach in some locations. The set of
different projections for Tallinn is nearly uniformly distributed between the highest
and lowest projections. The lines representing different projections frequently cross
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one another. No single projection is located clearly above or below the rest of the
ensemble. It is therefore likely that for this particular location the average value or
median of the ensemble is a suitable tool for evaluating the highest water levels and
respective return periods (Paper II). This conjecture is consistent with the fact that
observations in Tallinn were performed at the entrance to a relatively large
harbour. The observation site is located in the area where water depth is around
10 m. Therefore it is likely that the measurements correctly reflect the offshore sea
level while wave-induced changes are minor.
The overall appearance of the ensemble in question in Pärnu is similar to the
one described above. This site is famous for statistically almost impossible extreme
storm surges (Suursaar et al., 2006a; Suursaar and Sooäär, 2007) that reached
2.75 m in 2005 and 2.53 m in 1967. Even though they seem to not obey any of the
existing theoretical extreme value distributions, such values are not exceptionally
high for the Baltic Sea conditions (Figure 1). Figure 20 indicates that these outliers
noticeably influence the GEV and Gumbel projections (cf. Suursaar and Sooäär,

Figure 20. Return periods of extreme water levels according to different projections in
Narva-Jõesuu, Ristna, Tallinn and Pärnu. Block maxima: red circles – annual maxima of
the RCO 6-h data, blue circles – stormy-season maxima of the RCO 6-h data; red rhombi
– annual maxima of the RCO 1-h data, blue rhombi – stormy-season maxima of the RCO
1-h data; red squares – annual maxima of the observed data set; blue squares – stormyseason maxima of the observed data set. The markers showing the block maxima derived
from the 1-h RCO data almost coincide with those for the RCO 6-h data set. Yellow lines:
projections using the Gumbel distribution, magenta – GEV distribution; cyan – Weibull
distribution. Note that the difference between the observed and hindcast block maxima
corresponding to the calendar years (red) or to stormy seasons (blue) does not become
evident in the scale of the image but considerably impacts the relevant projections starting
from return periods of about 20 yr. Reproduced from Paper II.
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2007), whereas the Weibull fit tends to be mostly governed by the other block
maxima. In Pärnu the observation site is slightly upstream of the Pärnu River. The
observations apparently reflect adequately the water level at the end of about 1 km
long jetties where contemporary circulation models reasonably replicate the water
level.
The spread for the set of projections for Pärnu (Figure 20) is slightly larger than
for Tallinn. Similarly to Tallinn, the “corridor” filled by different projections is
narrow for short return periods (~10 yr) and widens for larger return periods. The
spread is about 0.5 m for the return period of 20 yr, increases to 0.8 m for 100-yr
return periods and reaches 1.5 m once in 500 yr. Despite the larger spread for
Pärnu in comparison with Tallinn, the different projections are comparably
homogeneously spread over this corridor; however, there is some indication that
the ensemble splits into two subsets for return periods >100 yr.
In Narva-Jõesuu the deviations of different block maxima for small return
periods of 2–10 yr are quite large – the observed values are up to 0.5 m higher than
modelled ones. This difference disappears for larger return periods whereas the
overall maxima of the two data sets differ by less than 0.2 m. The block maxima of
modelled and recorded data sets seem to represent two populations of water levels
(Figure 20). The two clusters of projections representing these populations are
clearly separated until return periods of 20 yr. The populations almost coincide for
the return period of 45 yr. The corresponding projections intersect for certain
longer time instances. The projections are almost evenly distributed within the
covered corridor from about the return period of 30 yr. The total spreading of the
projections is comparable with the similar spreading in Pärnu: it is about 0.4 m for
the return period of 20 yr and reaches close to 1 m for once in 500 yr.
A likely reason for the presence of two clusters of projections is that the
observations were performed about 200 m upstream of the Narva River
(Figure 21). The water level in this location is often substantially modified by the
interaction of morphodynamic processes with hydrodynamic activity. Namely,
obliquely approaching waves systematically cause the formation of a sandbar in the
Narva River mouth. This feature grows in summer and almost blocks the river flow
during certain seasons (Laanearu et al., 2007). It is also likely that extensive wave
set-up is often formed along the smoothly sloping seabed near the river mouth that
is open to the prevailing direction of wave propagation. These local effects are not
resolved in the RCO model but may frequently modify the water level recordings.
Nevertheless, the contribution of local effects to very high water levels and longer
return periods is apparently modest because the behaviour of the measured block
maxima is consistent with the predictions of the relevant extreme value distribution
(Suursaar and Sooäär, 2007).
In Ristna (Figure 21) a radical difference occurs between block maxima of the
observed and modelled water levels. The difference is 0.3 m for the return period
of 2 yr and reaches close to 0.9 m for the return period of 45 yr. The overall
maximum observed water level value (2.07 m) is considered not representative
(Suursaar et al., 2006b, Suursaar and Sooäär, 2007). Even if the highest value is
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excluded, the difference between the observations and modelled data is massive.
The projections form two strongly separated clusters. Single projections from
different clusters do not intersect even for water levels that appear once in 1000 yr.
For the return periods up to 25 yr the spread of the projections within each cluster
is modest and usually below 0.1 m. The spreading within clusters reaches 0.25–
0.3 m for water levels that occur once in 100 yr and increases to 0.4–0.6 m for
return periods of 500 yr. This fairly limited spreading indicates that both the
observed and modelled data sets are internally consistent.
It is likely that the great difference between the observed and modelled data sets
and respective projections is the result of local effects that contribute substantially
to the observed water level in Ristna. This difference in turn affects the projections
of extreme water levels. The measurements are performed in a small Kalana
Harbour (Figure 21) lying on the Kõpu Peninsula at the southern coast of Hiiumaa.
This coastal section is completely open to large waves generated by predominant
south-western winds. The slope of the seabed is rather steep. The water depth at a
distance of about 200 m from the land is 5 m, and already 10 m at a distance of
300 m.
Such geometry is not favourable for the generation of extensive local wind
surge but allows for rather large waves to travel close to the harbour without
breaking. Large waves that approach the harbour often along the shore normal may
produce considerable wave set-up and thus form much higher water levels in the
interior of the Kalana Harbour in comparison with the offshore water level in this
region. Significant wave heights often exceed 4 m in the offshore of this region
(Tuomi et al., 2011). The approach direction of these waves is usually from the
south-west, that is, directly to the shoreline of the Kalana Harbour.
In ideal conditions 4 m high waves may cause about 1 m high wave set-up
(Dean and Bender, 2006). The geometric centres of the two clusters differ by about
0.6 m for return periods of 45 yr (Figure 20). This value roughly matches the rule

Figure 21. Left panel: Location of the water level observation peel (green circle) in
Narva-Jõesuu at the left bank of the Narva River. The white line to the east of the
observation site indicates the border between Estonia and Russia. The right bank of the
river is blurred by the image provider. Right panel: Location of the water level
observation peel (green circle) in Ristna (Kalana Harbour). Source: Estonian Land Board,
www.maaamet.ee. Reproduced from Paper II.
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of thumb that has been used for the contribution of wave set-up to the overall
maximum water levels at open ocean coasts, where it contributes about 1/3 of the
total water level maximum at the waterline (Dean and Bender, 2006).
On the one hand, the situation in Ristna carries a strong message that in some
locations of the eastern Baltic Sea coast the ensemble approach for projections of
extreme water levels and their return periods may be inoperable or even
misleading. The reason is that a straightforward use of the modelled or observed
data sets of water levels for such projections may ignore crucial components of
coastal floodings. On the other hand, this approach is able to recover systematic
differences in different data sets. In such situations the ensemble approach can be
effectively used to identify the contribution of local effects (first of all wave set-up)
to the formation of the total water level. Therefore, the systematic use of this
approach enables much more explicit analyses of the local effects like wave set-up
and their possible impact.
As discussed in Chapter 1, the contribution of wave set-up varies largely along
shores with complicated geometry. Figure 21 demonstrates that the orientation of
the coastline of the Kõpu Peninsula turns considerably over a short distance. It is
therefore likely that the contribution from wave set-up to the total water level and
thus the total water level itself vary extensively in different locations of the Kõpu
Peninsula. This variation is apparently characteristic of many coastal stretches of
Estonia and substantially complicates the analysis and projections of the extreme
water level and its return periods on our shores.

2.6. Synchronisation of high wave set-up and offshore water level
As discussed above, the population of extreme values (outliers) of the water level is
driven by joint impact of several effects (cf. Haigh et al., 2014). The sequences of
storms from certain directions that force large water volumes into the Baltic Sea
contribute about 40–50% of the total water level extremes (Soomere et al., 2015b).
This contribution of the water volume of the sea is usually not distinguished from
the offshore water level data. It is addressed in more detail in Chapter 3 and
Paper IV. The presented analysis suggests that wave set-up may substantially
strongly affect the water level in selected measurement sites. Paper I confirms that
this mechanism is apparently often active along many sections of the eastern Baltic
Sea coast. However, events of high wave set-up are sensitive with respect to the
wave approach direction and thus not necessarily synchronised with the highest
offshore water levels.
The analysis in Paper III makes an attempt to estimate how often high offshore
water levels occur simultaneously with high set-up events. Particular focus is on
the proportion of wave set-up in the total extreme water levels, the timing and
synchronization of extreme offshore water levels and the highest wave set-up
events. The study area extend from the interior of Tallinn Bay, used as the study
area in Paper I, to a large coastal section to the east of Tallinn that is open to the
north-east. The calculation scheme of numerically simulated wave properties
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follows the one described in Sections 1.1 and 1.3. The water level data are
extracted from the simulations using the RCO model for years 1961–2005
described in Section 2.2.
Another goal was to analyse the sensitivity of the locations with the highest
wave set-up with respect to the possible rotation of wind directions in strong
storms from the beginning of the 1980s (Section 1.6). It is also necessary to
establish the wind directions associated with the situations when the total water
level at the waterline considerably exceeds the all-time maximum for the offshore
water level.
The largest coastal floodings occur if the maximum wave set-up develops
simultaneously with very high sea levels. The latter are interpreted here as water
levels modelled using an ocean circulation model at a distance of a few kilometres
from the shoreline where local wave-driven effects are negligible. The water level
time series (once in 6 h) is extracted for 11 offshore locations (Figure 3) from the
output of the RCO model.
The overall highest offshore water levels in the study area were generated by
only two storms (Figure 22). In most of the coastal segments the water level
reached its all-time maximum during the storm on 8–9 January 2005 (Soomere et
al., 2008). The modelled maximum water levels reached 1.6–1.7 m. These values
are slightly larger than the observed maximum water level of 1.52 m in Tallinn Old
Harbour (Suursaar et al., 2006b) and 1.55 m in Muuga Harbour (Hünicke et al.,
2015).
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Figure 22. Storms (above) and wind directions (below) that were responsible for the
highest total water levels at the shoreline. See Figure 4 for the numbering of coastal
sections. Reproduced from Paper III.
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The highest modelled wave set-up in single coastal segments varies between
0.26 and 0.96 m (Figure 14). This phenomenon actually does not appear in some
areas where the theoretical value of wave set-up may be very high due to the nature
of the coastal segment. The modelled maximum wave set-up reaches almost 1 m
for some segments that are exposed to high waves on the Suurupi Peninsula. As the
area has a steep scarp at the waterline, this value is unrealistic.
The predominant winds are blowing from westerly directions in this region.
These winds may induce high wave set-up in coastal segments that are open to the
west, north-west or north. Although north-eastern winds are comparatively rare in
the Gulf of Finland (Soomere et al., 2008a), the resulting wave set-up may be
rather high in the coastal segments of Muuga Bay that are open to the easterly
directions (Figure 14).

Figure 23. Scatter diagrams of the occurrence of different offshore water levels and various
wave set-up values at four representative sections of the study area: section 24 (Tiskre, a
bayhead open to the north-west and partially to the west), section 85 (Pirita Beach, open
only to the north-west), section 92 (western coast of the Viimsi Peninsula; open to the west)
and section 124 (eastern coast of the Viimsi Peninsula; open to the north-east). The colour
code corresponds to 2 occasions (otherwise the area is left white) with a particular wave
set-up (with a step of 0.05 m) and water level (with a step of 0.1 m). Single cases of wave
set-up >0.45 m and water levels >0.8 m (outside the rectangle bordered by green lines) are
represented as separate circles. The situations with zero wave set-up (waves propagating
offshore) and cases with offshore water levels below the long-term average are not shown.
Reproduced from Paper III.
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The estimations of the total water level at the waterline in Paper III are found by
adding the modelled offshore water levels from the RCO model to the
instantaneous wave set-up height. The two data sets cover the years 1981–2005.
The water level information is provided once in 6 h (Section 2.2) and wave set-up
is calculated once for every 3 h (Section 1.1). To match the course of wave heights
and water levels, the highest value of set-up within 6 subsequent hours is used in
Paper III.
Figure 23 signals that the maximum wave set-up never appears simultaneously
with the highest offshore water level. This feature reflects the specific combination
of the orientation of the coastline and the directional structure of the predominant
waves. Large waves that approach the northern coast of Estonia are mostly
generated by strong northerly winds whereas the highest offshore water levels are
driven by strong westerly winds.
This mismatch of the highest offshore water levels and high set-up events is
particularly evident in coastal segments open to the east (Figure 23). The total
water levels that exceed 1.4 m in such segments are mainly driven by the offshore
water level and contain only minimal contribution from set-up. The largest offshore
water levels never occur simultaneously with set-up values higher than 0.3 m. In
other words, all remarkably high wave set-up events occur when the offshore water
level remains moderately elevated (Figure 23).
In coastal segments that are exposed to the westerly directions high wave set-up
may relatively often occur during high offshore water levels. The shape of the
scatter diagram of wave set-up and offshore water level is elongated towards high
water levels and set-up heights. It extends from the origin to the water levels of
about 1 m and wave set-up heights of 0.4 m. Offshore water levels >1 m often
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Figure 24. The contribution of the hindcast instantaneous offshore water level and wave
set-up to the all-time highest water level at the shoreline. The modelled all-time offshore
water level maximum (not shown) varies insignificantly (from 1.6 to 1.7 m) along the
shore. White diamonds indicate the all-time highest set-up values. Reproduced from
Paper III.
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appear together with set-up over 0.3 m. The highest water levels that reach ~1.6 m
may occur simultaneously with relatively large (up to 0.5 m) wave set-up events.
Therefore, the presence of wave set-up may substantially increase the total
water level at the waterline during strong storms in sections open to the west. In
contrast, in coastal segments that are open to the east the contribution of wave setup to the extreme water levels is mostly negligible.
The largest values of the total water level were 1.6–2.3 m along the study area
in 1981–2005 (Figure 24). The offshore water level contributed 0.9–1.7 m to these
values. The all-time highest water level was governed exclusively by offshore
water level in more than half of the coastal sections (99 out of 174). Extremely
large offshore water levels in all these locations were accompanied by waves that
either approached the coast under large angles or propagated offshore.
In some coastal segments exposed to the easterly directions large offshore water
levels are systematically accompanied with insignificant set-up events (Figure 24).
As a result, the largest total water levels either were equal to or only insignificantly
exceeded the all-time highest offshore water levels in these sections. The reason for
this feature is that during easterly winds (when the approaching waves were high)
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Figure 25. The proportion of wave set-up and offshore water level in the formation of
annual maxima of the total water level at the shoreline at five representative sections of the
study area: a) Tiskre (section 24), b) Pirita (85), c) Viimsi (92), d) Muuga (124), e) a
location close to Muuga Harbour (126) where wave set-up almost does not contribute. See
Figure 2 for the numbering of coastal sections. Reproduced from Paper III.
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the offshore water level remained well below the all-time highest values. On the
contrary, in coastal segments open to the north, north-west or west the contribution
of wave set-up to the all-time maximum total water level is up to 0.5 m (Figure 24).
The time series of contributions of the offshore water level and wave set-up to
the annual water level maxima follow a similar pattern. Large contributions of
wave set-up to water level maxima systematically occur in the coastal segments
that are open to the north-west (Figure 25). Therefore the total water level at the
waterline often exceeds the offshore water level (Figure 25a, b).
Interestingly, annual maximum contributions of wave set-up to the total water
level are often equal with the annual highest set-up values in these segments. This
means that very high waves approach directly the coast during the storms that
create the highest offshore water levels. The situation is opposite in coastal
segments that are open to the east. The contribution of set-up to the total water
level is generally smaller and vanishes in some years (Figure 25c, d, e).
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3. Spatial variability in trends in extreme water levels
The maximum offshore water levels at the Baltic Sea coast exhibit overall
increasing trends. The magnitude (slope) of these trends varies largely (from 2 to
9 mm/yr) in different measurement sites on the Estonian coast (Suursaar and
Sooäär, 2007). This increase rate several times exceeds the global ocean level rise.
As the overall storminess in the Baltic Sea basin has not shown any radical increase
over the 20th century (Hünicke et al., 2015), the reasons for such a rapid increase
are of great interest. Moreover, it is also not clear which component of the water
level is responsible for the increase in these extremes.
An attempt to shed light on these questions is presented in Paper IV. This paper
addresses separately the two components of the offshore water level that may be
responsible for the increase in the extremes. The analysis is based on the annual
and stormy-season maxima of the offshore water level. The idea is to separate the
course of the total offshore water level into the local storm surge and the weeklyscale component that characterises the water volume of the entire Baltic Sea as
recommended in Soomere et al. (2015b).

3.1. Trends in the annual maxima of the total water level
The focus in this chapter and in the underlying Paper IV is on the spatial patterns of
changes in the two contributors to the annual maximum offshore water levels.
Measurements and observations of the water level in the coastal region provide not
only the most essential information for understanding the processes behind
devastating floodings but also better predictions and a strong background for the
relevant risk assessments. Unfortunately the spatial coverage of observed water
level data sets usually does not provide enough information for making conclusions
that are appropriate for the entire coastline. The network of tide gauges has major
gaps even in the areas where their coverage is relatively dense (Arns et al., 2015;
Hünicke et al., 2015). In some cases, as shown in Section 2.5 and in Paper II, the
data from tide gauges may contain the contribution of local effects such as wave
set-up. Therefore the measured time series do not necessarily provide spatially
adequate values of the water level (Brakenridge et al., 2013).
For the above reasons the analysis in Paper IV is largely based on simulated
water levels. The water level data along the study area (the coast of Estonia and the
northern part of Latvia, Figure 26) is extracted from simulations using the RCO
model for years 1961–2005. The technical information about the model and its
forcing, and the basics of the simulations are presented in Section 2.2. An overview
of the complementary data set of water level time series from four observation sites
along the Estonian coast, used also in Chapter 2 and Paper III, is presented in
Section 2.1.
The grid cells of the RCO model used in the analysis were chosen along the
coast (Figure 26) mostly in 6–30 m deep water. This water depth is generally large
enough to avoid local distortions in the shape of the water surface caused by
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unresolved bathymetric features in shallow areas and other local effects. The focus
is on the temporal course of extreme deviations of water levels from the long-term
mean value. Comparisons of the modelled data sets with observed values suggest
that the role of local effects in measurements may be significant in some locations
(Section 2.5).
The slopes of trends in the observed long-term average water level vary in the
range of 2–3 mm/yr on Estonian coasts (Suursaar and Sooäär, 2007; Suursaar et al.,
2015). Spatial variations in the rate of increase in the mean water level are fairly
small in the entire eastern Baltic Sea. The slopes of trends in the annual maxima
are much larger (3.2–9 mm/yr, Jaagus and Suursaar, 2013) in Estonian coastal
waters. As Paper IV addresses the variations in the maximum deviations of water
level from the long-term mean, the trend in the mean water level is removed from
both the observed and modelled data sets by simple de-trending.
Trends in the maxima of water level are analysed based on the concept of block
maxima that is described in more detail in Section 2.4 and Paper II. Similarly to the
approach in Section 2.4, two sets of block maxima are specified. Firstly, the
maxima over the largest values of water level that occur once during each calendar
year are evaluated. Secondly, the largest values over the stormy period from June
to May of the subsequent year are singled out. As discussed above, the latter set
contains negligible correlations between the subsequent values. The main object of
study is the pool of trendlines for these two sets of maxima for the RCO model grid
cells shown in Figure 26.
Both sets of block maxima show comprehensive interannual variability
(Figure 27). The formal linear trends are evaluated with the classic approach of

Figure 26. Left panel: Scheme of the Baltic Sea. Right panel: Water depth at the selected
RCO model grid cells in the eastern Baltic Sea (colour scale) and locations of water level
gauges (yellow squares in Pärnu, Ristna, Tallinn and Narva-Jõesuu) used in the analysis.
The grid cells are numbered consecutively from the western coast of Latvia to the eastern
Gulf of Finland, and then counter-clockwise along the coast of the Gulf of Riga starting
from Cape Kolka. Reproduced from Paper IV.
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linear regression. In addition, the Theil–Sen estimator is applied to detect trends
with the nonzero slope. The Theil–Sen estimator is less sensitive to outliers than
trendlines evaluated using classic approximations and generally provides more
adequate estimates of statistical significance of the nonzero trends.
The increase rate of both sets of block maxima is about 7 mm/yr near Tallinn
(Figure 27). Although the individual values of different block maxima are at times
largely different (e.g., for the years 2004/2005 in Figure 27), the slopes of the two
trendlines differ insignificantly and the lines mostly overlap (Figure 27). This
increase is about twice as rapid as the increase in the water level maxima extracted
from the observed data for years 1948–1995 (Suursaar and Sooäär, 2007). The
described difference in the increase rates is apparently mostly induced by the
different temporal coverage of the observed and simulated time series.
Nevertheless, this difference is consistent with the recent acceleration of the
increase in the water level extremes during 1980s–2000s (Suursaar and Sooäär,
2007).
Both the modelled maxima of the total water level for the calendar years and
over the stormy seasons exhibit a rapid and statistically significant (99%) increase
for all grid cells in the study area. The increase in the total water level maxima
(equivalently, the slope of the relevant trend) is between 5 and 10 mm/yr
(Figure 28). This estimate is consistent with the results of Suursaar and Sooäär
(2007) derived using the observed and measured water levels in several locations
of the Estonian coast. The values and spatial patterns for the increase in the
maxima over a calendar year and over the storm season are rather similar. The
slopes of the relevant trends mostly coincide in the eastern part of the Gulf of
Finland and also on the Latvian coast of the Baltic Proper. The coastal areas in the
eastern Gulf of Finland and the eastern Gulf of Riga exhibit the largest increase up
to 8–10 mm/yr.

Figure 27. Trends in stormy-season (green circles, 7.1 mm/yr, red line) and annual (cyan
squares, visible if different from the stormy-season maxima, 6.4 mm/yr, black line)
modelled water level maxima near Tallinn (Figure 28) in 1961–2004. The Sen’s slope for
both trends is 6.4 mm/yr. The confidence intervals for the Sen’s slope of stormy-season
maxima and for the annual maxima are [0.9, 11.6] mm/yr and [2.3, 9.8] mm/yr,
respectively. Reproduced from Paper IV.
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The coastal areas of the eastern Baltic Proper and the entrance to the Gulf of
Finland show smaller increasing trends of about 5–7 mm/yr. The western coast of
Saaremaa hosts the smallest trend slopes below 5 mm/yr. This area is open to
predominant strong south-western winds. The German North Sea coast exhibits a
similar trend slope (Mudersbach et al., 2013).

3.2. Maxima of storm surge heights and weekly average water levels
It is of great interest to understand how much the two major components of water
level (volume of the Baltic Sea and local storm surge) contribute to the increase in
the water level maxima. Many methods are available for separating the impact of
the two processes, including simple averaging and filtering methods (e.g., Haigh et
al., 2010a, b) or approaches based on the use of wavelet techniques (Percival and
Mofjeld, 1997).
Soomere et al. (2015b) have demonstrated that a meaningful separation of the
impact of the two major aperiodic water level drivers for the Baltic Sea conditions
can be obtained by a straightforward averaging of the de-trended water level time
series over a certain time interval and subsequent removing of the resulting average
from the total water level. A suitable time window for averaging is about 8 days.
The averaged water level reflects the water volume of the entire Baltic Sea that
changes on scales of a few weeks (Figure 29) and follows a quasi-Gaussian
distribution. The residual (when the described weekly-scale average is removed
from the total water level) reflects to some extent the height of storm surges
(Figure 29). The link between this residual and the height of the local storm surge
is, however, not straightforward. The residual expresses more or less adequately
the height of a surge created by a single storm after a calm period (e.g., on 10
February 1990, Figure 29). For a longer series of storms the maximum value of the
residual is approximately half the storm surge height.

Figure 28. Slope (mm/yr) of trends in the stormy-season and annual maxima of total
water level in 1961–2004. Reproduced from Paper IV.
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The shape of the distribution of this residual suggests that the drivers of surge
events follow a Poisson distribution (Soomere et al., 2015b). As I address the water
level maxima, only positive storm surges are considered in this thesis. Storm surges
have a typical duration of one day. Even though wave set-up may have a large
impact on the observed water levels at some sites (Ristna, Paper II), its role is not
taken into account in Paper IV and this chapter focuses on the offshore water level.
The overall appearance of the temporal course of both components of the water
level resembles the course of the total water level (Figure 30). They all exhibit
strong seasonality as well as comprehensive intra- and interannual variations all
over the research area. As expected, the temporal variability of the weekly average
water level is much lower than that of the total water level. For example, the
standard deviation (std) of the weekly average water level in Tallinn (std 0.067 m)
is only about 25% of this measure for the total water level (std 0.25 m) and for the
storm surge height (std 0.23).
The annual maxima of the weekly average water level (from about 0.2 m to
0.8 m) are basically in the same range as the annual maxima of storm surge heights
(Figure 30). Nevertheless, these maxima have largely different distributions. The
most common values of the annual and stormy-season (see Section 2.4 for
definitions) maxima of the weekly average are 0.5–0.6 m while the values in the
range of 0.2–0.35 m are infrequent. Similar maxima for the residual of the water
level (below called storm surge maxima) are commonly close to 0.3–0.4 m, rarely
over 0.45 m and just a couple of examples exceed 0.7 m (Figure 30). This feature
probably reflects a specific nature of the applied separation of the water level
components. Namely, it assigns all very large values (positive outliers) of the
annual water level maxima to the time series of storm surge heights (Soomere et
al., 2015b). The std of the annual and stormy-season maxima of the total water
level (0.22 m and 0.27 m, respectively) are approximately equal to the std of the
relevant time series. The temporal variation in the maxima of the water level
components is different from the variation in their time series. The std for the
maxima of the weekly average and of the storm surge height are 0.13–0.16 m and
0.12–0.14 m, respectively.

Figure 29. Numerically simulated total water level (green circles connected with a blue
line), its 198-h (8.25-day) average (red) and the positive part of the residual (the total water
level minus the 8.25-day average, interpreted as the positive storm surge, blue, lower panel)
near Tallinn. Reproduced from Paper IV.
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3.3. Spatial distribution of slopes of trends
The maxima of both components of the water level, evaluated over calendar years
and over stormy seasons, also increase in time in the entire study area (Figure 31).
The spatial patterns of their variations are radically different. The slopes of
trendlines of single water level components vary largely along the shores of
Estonia and northern Latvia. The increase in the maxima of the weekly average
water level and of the storm surge are comparable (about 3–4 mm/yr as suggested
by Figure 30) only in a small stretch of the central part of the northern coast of the
Gulf of Finland and in the eastern Gulf of Riga. The storm surge maxima exhibit an
almost twice faster increase in the eastern part of the Gulf of Finland (NarvaJõesuu) than the weekly average maxima. The increase in the storm surge maxima
is several times slower in the coastal areas open to the Baltic Proper (e.g., Ristna).

Figure 30. Trends in the maxima of water level components near Tallinn in 1961–2005. a)
Trends in stormy-season (circles, 3.8 mm/yr, Sen’s slope 4.0 mm/yr, 95% confidence
interval [0.0, 7.4] mm/yr; red trendline) and annual (squares, visible only if different from
the stormy-season maxima, 3.8 mm/yr, Sen’s slope 3.5 mm/yr, 95% confidence interval
[1.3, 6.8] mm/yr; black trendline) maxima of the weekly average water level; b) trends in
stormy-season maxima (circles, 4.6 mm/yr, Sen’s slope 3.7 mm/yr, 95% confidence
interval [1.6, 5.8] mm/yr; red trendline) of the (relative) storm surge heights and in similar
annual maxima (squares, visible only if different from the stormy-season maxima, 3.3
mm/yr, Sen’s slope 2.9 mm/yr, 95% confidence interval [0.7, 5.1] mm/yr; black trendline).
Reproduced from Paper IV.
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The trendlines evaluated for the storm surge height maxima differ to some
extent, depending on whether they have been found for stormy-season maxima or
calendar year maxima (Figure 31 and Figure 32). The slopes of trends of annual
maxima are by 10–15% smaller for most of the study area and spatially more
variable than those for stormy season maxima. The two slopes differ insignificantly
only on the Latvian coast of the Baltic Proper. This feature indicates that the
maxima over calendar years may be correlated in some coastal segments.
Importantly, both these slopes vary extensively over the study area (Figure 31)
from from zero to 7.3 mm/yr. The maxima of storm surges increase rapidly in the
eastern Gulf of Finland and eastern Gulf of Riga at a rate well above 5 mm/yr
(Figure 32). The increase is much slower in the western part of the Gulf of Riga.
Most interestingly, the maxima of storm surges have increased only very little,
by about 1 mm/yr in some locations on the shores of the Western Estonian
archipelago open to the predominant strong wind directions (Figure 31, Figure 32).
Consequently, in these locations the increase in the maxima of total water levels is
driven exclusively by changes in the weekly average water level. Although the
latter measure does not perfectly reflect the volume of the whole of the Baltic Sea,
it confirms that the contribution from the water volume of the entire sea governs
the formation of the local water level maxima in these spots. The increase in storm
surge maxima was also comparatively slow (3–4 mm/yr) on the north-western
shore of Latvia.
The spatial pattern of the slopes of trends in the weekly average water level is
qualitatively similar to that of the total water level maxima (Paper IV, Figure 32).
The increase in these maxima has been the fastest in the eastern Gulf of Finland
and in the Gulf of Riga. The relevant spatial variations are much smaller than the
variations in the slopes of total water level maxima as well as similar properties of
storm surge heights. The slopes estimated from the annual and stormy-season

Figure 31. Slope (mm/yr) of trends in the stormy-season and annual maxima of storm
surge heights (total water level minus 8.25-day average) in 1961–2004. Reproduced from
Paper IV.
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maxima almost coincide. However, the full range of their variations is less than
1 mm/yr. The slopes of all these trends are close to 4 mm/yr. Therefore, the longterm increase in the water volume maxima of the Baltic Sea has contributed about
4 mm/yr to the maxima of total water levels in the entire study area. This rate is
almost three times as large as the global sea level increase rate.
An important conjecture from this result is that the impact of basically winddriven events of large-scale inflow of the North Sea waters into the Baltic Sea has
increased considerably and almost steadily since the 1970s. An increase in the
water volume that flows through the Danish straits may be caused either by growth
of the wind speed during such inflow events or by longer duration of these events.
The above has shown that the maxima of local wind-driven surge heights have not
increased in the locations of the Western Estonian archipelago that are completely
open to the predominant strong wind directions. Consequently, it is unlikely that
wind speed in strong storms has increased in the Baltic Proper. It is likely that the
same conjecture applies to the area of the Danish straits. Therefore, an increase in
the water volume maxima of the Baltic Sea most likely reflects an increase in the
duration of the sequences of storms that push the North Sea water into the southern
Baltic Sea (Paper IV).
The slopes of trends evaluated from the water level observations and from the
results of numerical simulations coincide only in the vicinity of Tallinn
(Figure 32). The increase rates of the maxima of weekly average and storm surge

Figure 32. Alongshore variation in the slopes of trends (mm/yr) of water level components
in 1961–2004. Red and cyan: total water level, stormy seasons and calendar year,
respectively; magenta and yellow: 8.25-day average, stormy seasons and calendar year,
respectively; green and grey: storm surge, stormy seasons and calendar year, respectively.
For the observed data sets the colours are the same, circles indicate trends for stormyseason maxima and squares – trends for annual maxima. The typical width of 95%
confidence intervals for various slopes is 2 mm/yr. The numbering of grid cells follows
Figure 4. Adapted from Paper IV.
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heights almost exactly match each other whereas the match is acceptable for the
increase rates of the total water level maxima. A likely reason for such a match is
that the water level measurements in Tallinn were performed at the entrance to
Tallinn Old Harbour, where the water is sufficiently deep (~10 m) and local waveand wind-driven effects are negligible. Moreover, the observation and
measurement site is open to the NNW and is thus protected against the majority of
storm winds. Therefore, the role of local effects is rather small and the observed
water levels reflect the offshore water levels well.
In three other locations (Narva-Jõesuu, Ristna and Pärnu) the slopes for the
observed and modelled data diverge. It is likely that the mismatch is driven by
certain local factors that affect the water level readings. For example, water level
observations in Ristna are strongly influenced by local wave set-up (Paper II). This
phenomenon greatly contributes to the storm surge created by strong south-western
winds in this site (Figure 21). It is thus not unexpected that the slopes of total water
level maxima for observations and for modelled data differ remarkably and have
even opposite signs. However, wave set-up is rapidly relaxed when the wave height
decreases and the “memory” of the Baltic wave fields is relatively short (usually
well below 12 h). Therefore, it should have a much weaker influence on the
maxima of weekly average water levels. Indeed, Figure 32 shows a very good
match of the “observed” and “modelled” slopes of weekly-scale water levels.
The match of the slopes in question is very poor in Narva-Jõesuu and Pärnu. A
likely reason is that observations are performed at both sites in large river mouths.
The highest storm surges in these two locations are driven by winds from particular
directions (Suursaar et al., 2003). Therefore, even relatively small deviations of the
modelled wind directions in the atmospheric forcing used in the RCO model from
the actual wind direction may lead to great differences in the reproduction of the
local storm surge during the strongest storms. There is, however, no
straightforward explanation for the large mismatch of trend slopes for the maxima
of the weekly-scale water level. Even though the water level in Narva-Jõesuu may
often be modified due to joint impact of wave set-up and a sill at the river mouth
(Laanearu et al., 2007), this mismatch requires further investigation.

3.4. The role of the averaging interval
The averaging interval used to single out the impact of short-term storm surges has
a strong effect on trend slopes. This is an expected feature because the annual
maxima of the weekly average water level may contain a significant contribution
from local storm surges (Figure 29). In this sense it is remarkable that the
contribution of the weekly average water level maxima to the increase in the total
water level maxima is almost constant for the entire study area (Figure 32) even
though some sections of the shore are heavily impacted by local storm surges.
An analysis of the impact of the varying length of the averaging intervals used
for the separation of the two major water level components sheds additional light
on the interplay of these components in the study area (Figure 33). It is natural that
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in the case of short averaging intervals the behaviour of the average water level
largely follows the total water level. The local values, spatial variation and slopes
of trendlines of the maxima of the average water level, obtained using averaging
lengths of 1–3 days are qualitatively and quantitatively comparable to similar
properties of the maxima of the total water level (Figure 33). Interestingly, the
trends of the average water level maxima evaluated over calendar years and stormy
seasons are notably different in the case of averaging over short intervals. This
feature probably reflects the presence of frequent correlation of the relevant
maxima in consecutive years that are essentially produced by the same sequence of
winter storms in December–January.
Longer averaging intervals lead to a decrease in spatial variations in the slopes
of trendlines for maxima over both calendar years and stormy seasons (Figure 33).
While the slopes of trendlines of maxima over stormy seasons vary by about
3 mm/yr for the averaging interval of 18 h, the variation is much smaller, about
1.5 mm/yr, when the averaging interval is 4.25 days. The spatial variation
continues to decrease for even longer averaging intervals. For averaging intervals
longer than 6 days the decrease in the spatial variability of the slopes is faster in the
Gulf of Riga. It is likely that a large part of the remaining variation of about
1 mm/yr reflects the contribution of local storm surges. This feature signals once
more that the weekly average local water level may include some part of storm
surges and therefore is not a precise proxy of the water volume of the Baltic Sea.
Gradual increase in the length of the averaging interval yields a sophisticated
mutual variation in the slopes of trendlines of the two sets of maxima (Paper IV,
Figure 33). The slopes for the maxima of stormy seasons exhibit a monotonous and
more rapid decrease than similar slopes for the annual maxima. The two slopes are
almost equal for a certain length of the averaging interval. This length is different
for different segments of the study area. It is about 6 days for the shores of the
Baltic Proper and the Gulf of Finland and 10 days for the Gulf of Riga. The typical
slopes of the relevant trendlines are about 3.5–4 mm/yr in the Baltic Proper and in
the Gulf of Finland, 4–4.7 mm/yr in the Gulf of Riga and up to 5.2 mm/yr in the
interior of Pänu Bay. This difference in the “balancing” lengths of the averaging
interval suggests that the water level maxima in the Gulf of Riga may have another
component. A likely reason is that the water volume of the entire Gulf of Riga may
be increased for a few days by specific sequences of storms.
An increase in the averaging period to 16–24 days results in the continuous
decrease in the slopes of trends of water level maxima over stormy seasons because
longer averaging intervals suppress to some extent all short-term maxima.
Interestingly, in the case of even longer averaging intervals the trends of maxima
over calendar years (Figure 33) show an increase. The minima of these slopes
appear when the smoothing interval is 7–8 days on the Kurzeme coast (Figure 33)
and in the eastern Gulf of Riga, and about 10–11 days in the Gulf of Finland. A
likely reason behind this increase is that the maxima of subsequent years are
levelled off towards the larger values for long averaging intervals.
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In the Gulf of Riga the slopes of the trends in question notably and
systematically exceed the similar slopes in the rest of the study area. Consistently
with the above-described difference in the lengths of the “balancing” averaging
intervals, this feature may also be interpreted as reflecting a peculiar delay in the
formation and persistence of very high water levels in the Gulf of Riga. The delay
is caused by the slow flow through the shallow and narrow Irbe Strait and Suur
Strait (Figure 26) between the Baltic Sea and the Gulf of Riga. Owing to this
configuration the water level in the Gulf or Riga may rise higher than in the rest of
the Baltic Sea during specific storms. Strong westerly winds may push the water
into the gulf and therefore support the long-term elevated water level there
similarly to the impact of sequences of storms that push water into the Baltic Sea
via the Danish straits. The described process cannot appear in the Gulf of Finland
and northern part of the Baltic Proper. The signal of changes in the water level
generally moves in these areas with the wave speed in shallow water and reaches
the eastern part of the gulf in 6–7 h.

3.5. Possible changes in the directional structure of forcing
The results presented in Section 1.6 and Paper I indicate that certain nontrivial
changes in the atmospheric forcing of the wave field may have taken place in the

Figure 33. Spatial variations in the slope of the trendline of the maxima of the average
water level for different averaging lengths. Dark and light grey: 18-h average, stormyseason and annual maxima, respectively; red and orange: 8.25-day (198-h) average stormyseason and annual maxima, respectively (equivalent to yellow and pink lines in Figure 32);
light and dark green: 16.25-day (390-h) average stormy-season and annual maxima,
respectively; blue and cyan: 24.25-day (582-h) average stormy-season and annual maxima,
respectively. The lines representing slopes for stormy-season maxima are wider than their
counterparts for annual maxima. The numbering of grid cells follows Figure 26. Adapted
from Paper IV.
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Gulf of Finland during the simulation time (since 1981). The assumption of a
change in the wind direction during selected strong storms in the eastern Baltic Sea
(Paper I) is supported by the established spatial structure of the slopes of the
trendlines of water level maxima (Figure 32). The decrease in the observed
maxima of water levels over stormy seasons in Ristna also supports this
hypothesis.
The relevant conjecture relies on the significant contribution of wave set-up to
water level observations in Ristna (Paper II). Figure 32 suggests that the local
storm surge maxima have not increased in the vicinity of Ristna. Therefore, it is
likely that wind speeds have remained basically on the same level since the 1970s.
A possible reason for a decrease in the observed water level maxima is thus a
decrease in the contribution from wave set-up. As wave set-up height largely
depends on the wave approach direction, a turn in the wind directions in selected
storms may explain the decrease in the observed water level maxima.
The major qualitative difference in the properties of spatial variation in the
trendlines of the maxima of the two water level components also signals a rotation
of strong winds in selected storms. The analysis in Section 3.3 reveals that the wind
speed has not increased substantially in the Baltic Sea basin. However, the maxima
of storm surges have increased significantly in the eastern Gulf of Finland and the
eastern Gulf of Riga. As storm surge height also depends on the dimensions of the
sea area, it is likely that, differently from the past, some storms blow almost along
the Gulf of Finland nowadays. This sort of rotation of the wind direction explains
well the increase in the storm surge maxima in the eastern part of this water body.
This conjecture is consistent with the increasing evidence of the rotation of
wind directions in the Baltic Sea basin. Changes have been noted in the wind, air
flow and wave approach directions all over the Baltic Sea (Soomere and Viška,
2014; Soomere et al., 2015a). Several studies report a more frequent occurrence of
south-western winds in several Estonian observation sites in 1966–2005 (Jaagus,
2009; Jaagus and Kull, 2011). The predominant wind direction has turned 20° to
the west during 1966–2011 (Suursaar, 2013, 2015). All these changes are

Figure 34. Annual average zonal and meridional air-flow components and their trendlines
for 1982–2013 at Kalbådagrund in the Gulf of Finland. Reproduced from Paper IV.

78

eventually reflected in the wave properties. For example, the formal prevailing
direction of the approach of observed waves in Narva-Jõesuu has changed more
than 90° in 1954–2008 (Räämet et al., 2010). There is evidence that these changes
also impact wave heights. For example, the modelled wave heights show a
decrease about 60 km to the south from Ristna (Suursaar, 2015).
The described changes are, if at all, only weakly represented in standard time
series of wind properties and classic wind statistics (Keevallik and Soomere, 2014).
The highest water levels develop in severe storms which occur irregularly and are
hardly visible in the bulk of long-term wind measurements. Such changes are much
more clearly highlighted in terms of air flow or its components. For example, at the
end of the 1980s an abrupt rotation by 40° occurred in the annual average
geostrophic air flow over the southern Baltic Sea (Soomere et al., 2015a). This is
also visible in the analysis of air flow on the latitudes of the Gulf of Finland
(Keevallik and Soomere, 2014). The components of average air flow are
components of mean wind speed over a certain time period. The average air flow
gives an idea of the speed and direction of the average air motion. As it involves
information about wind velocity, it also carries information about changes in the
wind direction during strong storms.
Paper IV makes an attempt to detect such a change in the marine wind in the
Gulf of Finland. As extreme water levels reflect open sea wind properties, the
analysis uses the wind information from a caisson lighthouse at Kalbådagrund
(Figure 3, 59º59 N, 25º36 E). The same wind information is used in Paper I and
Paper II. The wind properties measured in this location are almost not affected by
the mainland. The data set is described in more detail in Section 1.1. As I am
interested in the changes in wind direction, the height correction is not performed.
Consistently with Soomere et al. (2010) the annual mean wind speed decreased
slightly (~0.1 mm/s per year) over 1982–2013 (Paper IV). The magnitude of zonal
and meridional components (1.43 m/s and 1.03 m/s; positive to the east and north,
respectively) shows the prevalence of south-westerly winds (Figure 34). The zonal
component exhibits a very small decrease of 3 mm/s per year which is statistically
insignificant. Therefore, this component has practically not changed in 1982–2013.
On the contrary, the meridional component has a negative trend of –11 mm/s per
year. The decrease was almost 30% (from ~1.2 m/s to ~0.8 m/s) of the average
value in 1982–2013.
As both components of air flow vary remarkably on the interannual scale
(Figure 34), it is appropriate to use the Theil–Sen estimator to evaluate the
statistical significance of their potential changes. This estimator confirms that no
trend exists in the zonal component whereas the decrease in the meridional
component is even steeper (–13.5 mm/s per year) and statistically significant at a
80% level. Despite a low statistical significance of this trend, its presence still
supports the assumption of the rotation of the wind direction in a part of severe
storms in the eastern Baltic Sea.
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Conclusions
Summary of the results
The presented studies address properties of three major components of the
nearshore water level in the Baltic Sea (water volume in the entire sea, the local
storm surge and wave-induced set-up) and spatio-temporal variations in their
contributions to the total water level extremes on the Estonian coasts. The central
objectives were to (i) quantify the contribution of wave set-up to the nearshore
water levels at the coastline of the city of Tallinn, (ii) evaluate the extent of spatiotemporal variations in typical and maximum set-up heights and identify the pattern
of storms responsible for extreme wave set-up, (iii) detect the wave set-up from
standard water level observations and modelling efforts, (iv) establish the
contribution of the three major components to the increasing trends in the extreme
water level on the eastern coast of the Baltic Sea.
As waves often approach the Baltic Sea shores under a relatively large angle, a
method is developed to analytically evaluate the height and direction of breaking
waves in such occasions. This method is used to estimate the typical and maximum
wave set-up heights in ideal conditions in the vicinity of the City of Tallinn. The
properties of approaching waves are evaluated based on a high-resolution triplenested wave model WAM, forced with high-quality wind data obtained at
Kalbådagrund in 1981–2014.
About 50% of coastal segments in this relatively low-lying urbanised area may
potentially be endangered by wave set-up. Single coastal segments are sensitive
with respect to high waves approaching from various directions and therefore
experience high wave set-up during different storms. The maximum set-up heights
may have reached 0.8 m on the eastern coast of the Viimsi Penisula and 0.65 m in
Pirita Beach and on the coast of Tiskre.
The all-time highest waves in the study area were generated by 6 different
storms which all occured after 1995. In contrast, over 50 storms were responsible
for the highest set-up events in 1981–2012 whereas many of these storms occurred
in the 1980s. Storms in 2012–2014 overrode many previous maxima of set-up
heights. This pattern of changes suggests the presence of a complicated pattern of
the rotation of wind direction during selected strong storms and an increase in the
intensity of eastern storms since 2012.
An indirect method of distinguishing the influence of wave set-up from the
measured water level is developed. It relies on the comparison of projections of
extreme water levels and their return periods based on block maxima of the
historical observations of water level at harbours and the offshore water level
extracted from the ocean circulation model. The contribution of wave set-up is
evident from the appearance of an ensemble of such projections for longer return
periods. It is shown that in some locations of the Estonian coast, most notably in
Ristna, the observed water levels apparently have substantial contribution from
wave set-up. The extensive mismatch of projections based on measurements and
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hindcasts in some locations signals that numerically simulated water levels may
completely overlook essential components of coastal flooding such as wave set-up.
The interplay of the directional distribution of strong winds and the geometry of
the northern coast of Estonia leads to complicated interrelations between high
offshore water level and extensive set-up. The contribution of set-up may,
theoretically, reach >50% of the offshore water level. The highest wave set-up,
however, almost never occurs simultaneously with very high offshore water levels
in this region. The largest contribution of set-up to the total water level is below
0.5 m in ideal conditions. The contribution of set-up to total water level maxima is
frequently significant in coastal segments that are open to (north-)westerly storms.
In these locations the total water level may occasionally exceed the all-time
maximum offshore water level. The segments that are open to the east almost never
experience high waves during very high offshore water levels.
The input of different mechanisms of the formation of offshore water levels into
the increasing trends in the water level maxima is evaluated using the classic
technique of linear trendlines that was applied to the results of the Rossby Centre
Ocean (RCO) model. The input from the storm surges is separated from that of the
water volume of the entire Baltic Sea using a simple averaging technique.
In 1961–2005 the annual maxima of the total water level increased, on average
at a spatially different rate of 4–10 mm/yr in the eastern Baltic Sea. The described
separation technique of the two components highlights the driver behind this
increase. The water level in the eastern part of the Gulf of Finland and in the Gulf
of Riga exhibits the fastest increase whereas the increase rate on the open Baltic
Proper coast is the smallest.
The contribution of the water volume of the entire sea to this increase is more or
less constant, about 4 mm/yr, all over the study area. Therefore, the impact of
basically wind-driven events of large-scale inflow of the North Sea waters into the
Baltic Sea has considerably and almost steadily increased since the 1970s. This
indicates that either wind speed in selected storms has increased or the sequences
of storms that force the North Sea water into the Baltic Sea have become longer.
The contribution of storm surges to the water level extremes varies remarkably
along the shores of Estonia and northern Latvia. It is the lowest, often below
1 mm/yr, in some locations of the open segments of the shores of the Western
Estonian archipelago. This feature signals that an increase in the wind speed in
strong storms in this area is unlikely.
The contribution of storm surges to the water level extremes is the highest, up to
6 mm/yr in the eastern bayheads of the Gulf of Finland and Gulf of Riga. The
revealed spatial pattern of this increase signals that the wind direction in a part of
strong storms may have changed so that the fetch length for the marine wind in
selected storms has become longer. This change is highlighted using the concept of
air-flow that characterises to some extent both the wind direction and speed. The
annual average direction of air flow at Kalbådagrund has changed from the southwest towards a more westerly direction in 1981–2014 at an 80% level of statistical
significance.
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Main conclusions proposed to defend
1. A method is developed to analytically evaluate the height and direction of
breaking waves in the case when waves approach a homogeneous beach under
a relatively large angle.
2. The contribution of wave set-up to the total water level may be up to 0.8 m in
several locations of the shoreline in the vicinity of Tallinn in ideal conditions.
This makes up to 50% of the maximum offshore water levels caused by other
factors.
3. About 50% of coastal segments in the vicinity of Tallinn may experience high
wave set-up. As the area has complicated coastal geometry, each coastal
segment is endangered by wave set-up during a different storm. The pattern of
reaching new maxima of wave set-up heights indicates a substantial change in
the wind direction in selected storms and an increase in the intensity of easterly
winds since 2012.
4. The highest wave set-up almost never occurs simultaneously with very high
offshore water levels on the northen coast of Estonia. The maximum
contribution of set-up to the total water level reaches up to 0.5 m. High
offshore water levels are frequently accompanied by large set-up events in
coastal segments open to the west or north-west. These two phenomena are
often in antiphase in sections open to the east.
5. The ensemble approach used for building projections of extreme water levels
reveals a relatively large contribution of local effects (eventually wave set-up)
to the formation of very high water levels in several locations on the Estonian
coast.
6. The increase rate of modelled extreme water levels varies in the range of 4–10
mm/yr along the Estonian coast. The increase is largest in the eastern Gulf of
Riga and the Gulf of Finland. A gradual increase in the water volume extremes
of the whole of the Baltic Sea contributes about 4 mm/yr to the increase in the
extreme water levels along the the entire coast of Estonia. The contribution of
local storm surges is highly variable, from almost zero on the Baltic Proper
coast of the Western Estonian archipelago up to 6 mm/yr in the in the eastern
Gulf of Riga and the Gulf of Finland.
7. The separation of these two components of extreme water levels highlights the
driver behind the increase in the annual offshore water level maxima in the
eastern Baltic Sea. Wind speed in strong storms has not substantially increased
in the northern Baltic Proper whereas the sequences of storms that force water
into the Baltic Sea have become longer and wind directions in some storms
have rotated. The annual average direction of air flow at Kalbådagrund has
changed in 1981–2014 at an 80% level of statistical significance.
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Recommendations for further work
The analysis performed first of all reveals that numerical estimates of the maxima
of wave set-up heights are relatively sensitive with respect to the particular way of
evaluating the impact of radiation stress and the transformation of wave properties
in the nearshore. The magnitude of the related effects largely depends on the
appearance of bathymetry. The impact of refraction can easily override the purely
geometric effects of shoreline orientation changes and redirect substantial levels of
wave energy into seemingly sheltered shore sections.
This feature calls for the necessity of using high-resolution information about
wind properties (incl. wind directions) and bathymetry together with advanced
methods for the evaluation of the propagation and impact of radiation stress in the
nearshore in operational and hindcast models of coastal flooding. A natural
extension of the research presented in this thesis would be the implementation of
techniques that could resolve the changes in the propagation direction of breaking
waves. It is likely that these techniques will provide a much higher certainty of the
estimates of wave set-up heights.
Recent research has shown that typical probability distributions of different
constituents of extreme water levels may be fundamentally different (Soomere et
al., 2015b). As discussed above, the distribution of observed and numerically
simulated water levels is usually close to a Gaussian one. The component that
reflects the local storm surge may have an exponential distribution. The
probabilities of the occurrence of different single wave heights are at best
approximated either by a Rayleigh or a Tayfun distribution. The probability
distribution of run-up heights usually follows the relevant distribution for incident
wave heights or can be approximated by a Rayleigh distribution. The empirical
probabilities of average or significant wave heights usually resemble either a
Rayleigh or a Weibull distribution.
However, nothing is known about the appearance and properties of empirical
distributions of wave-driven local water level set-up. Research in this direction
may also shed new light on the distribution of wind speeds from a particular
unfavourable direction. While the overall distribution of all wind speeds commonly
matches well a Rayleigh distribution in north-western Europe, similar distributions
for single directions often deviate from the Rayleigh one.
Further development of the ensemble approach technique has a variety of
important implications and applications. This approach has a potential to lead to
reasonable projections of extreme water levels in areas where the measured or
observed signal contains an unknown share of local effects.
It is necessary and straightforward to extend the presented results about the
specific role of the contributions of the two major mechanisms that drive the water
level to the entire Baltic Sea shoreline. In particular, the described difference in the
“balancing” lengths of the averaging interval suggests that water level maxima in
the Gulf of Riga may have another component, namely, the water volume of this
gulf that may be increased for a few days by specific sequences of storms. Strong
winds from westerly directions may push the water into the Gulf and therefore
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support the long-term elevated water level there similarly to the impact of
sequences of storms that push water into the Baltic Sea via the Danish straits. The
described process cannot appear in the Gulf of Finland and northern part of the
Baltic Proper but may add an extremely dangerous feature to the formation of
extreme water levels in large low-lying cities such as Riga and Pärnu.
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Abstract
The thesis addresses the properties of three mechanisms that contribute the most to
the formation of extreme water levels on the Estonian coasts: the water volume of
the Baltic Sea, the local storm surge and the wave-driven increase in water level
known as wave set-up.
The set-up heights are evaluated for the shores in the vicinity of the city of
Tallinn using the wave properties computed with a triple nested WAM model
forced by one-point open-sea wind data (obtained at Kalbådagrund) for 1981–
2014. About 50% of the coastline of Tallinn may potentially be endangered by
wave set-up. The maximum set-up has reached 0.8 m at some locations. The alltime highest waves were generated by 6 different storms after 1995. The highest
set-up events were generated by more than 50 storms in 1981–2012 whereas many
of these occurred in the 1980s. Many previous set-up maxima were overridden in
the years 2012–2014. A likely reason for such a pattern of changes is the rotation
of the wind direction in selected storms and the reappearance of strong eastern
winds starting from 2012.
The highest offshore water levels are only infrequently synchronised with
extreme set-up events in this area. The contribution of set-up to the extreme values
of water level is the largest on the northern coast of Estonia during western and
north-western storms in coastal segments open to the west and north-west.
A method to distinguish the presence of wave set-up is developed. It relies on
the comparison of projections of extreme water levels based on water level
observations and modelled water level data. For this purpose the offshore water
level was extracted from the Rossby Center Ocean (RCO) model for the Estonian
coasts for 1961–2005. The contribution of set-up is remarkable in some locations
such as Ristna where it may provide up to 1/3 of the water level maxima.
Changes in the annual extremes of water level in the eastern Baltic Sea are
evaluated based on the output of the RCO model. Water level extremes have
increased by 4–10 mm/yr along the entire coast of Estonia and Latvia. The increase
occurs jointly owing to higher storm surges and increased water volumes of the
whole of the Baltic Sea. The contribution of the water volume of the entire sea to
this increase is about 4 mm/yr everywhere. The contribution of storm surges into
the water level extremes varies largely. It is almost zero in the open segments of
the shores of the Western Estonian archipelago and up to 6 mm/yr in the eastern
Gulf of Finland and the Gulf of Riga. It is likely that the described spatial pattern
of the increase reflects the rotation of wind direction in a part of strong storms and
a longer duration of events that force the North Sea water into the Baltic Sea.
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Resümee
Doktoritöö käsitleb kolme peamist tegurit, mille panus on määrav Eesti rannikul
esinevate ekstreemsete veetasemete kujunemisel: i) vee hulk Läänemeres, ii)
kohalik tormiaju ning iii) lainetuse poolt põhjustatud veetõus, mis on tuntud ka kui
laineaju. Nende kolme mehhanismi koosmõjul tekkivad ülikõrged veetasemed
ohustavad kõige enam madalaid keeruka rannajoone kujuga linnastunud piirkondi,
sh mitmeid Tallinna uusehituste rajoone.
Laineaju teoreetilisi väärtusi hinnati ligikaudu 90 km pikkusel rannalõigul
Tallinna ümbruses ja Muuga lahes lainemudeli WAM kolmeastmelise versiooniga
arvutatud laineparameetrite abil. Tugineti ühes punktis (Kalbådagrundil) 1981–
2014 mõõdetud tuultele, mis esindavad adekvaatselt tuule omadusi Soome lahe
avaosas. Tallinna ja Muuga lahes on ligi 50% rannajoonest kõrge laineaju poolt
ohustatud. Maksimaalne modelleeritud laineaju ulatus üksikutes Viimsi poolsaare
rannalõikudes 0.8 meetrini. Kõrgeimad lained kogu uuringuala kõigis segmentides
olid tekkinud kuue tormi tagajärjel, mis kõik esinesid peale 1995. aastat.
Kõrgeimad laineaju väärtused tekkisid aga enam kui 50s erinevas tormis. Paljud
neist leidsid aset 1980ndatel. Aastatel 2012–2014 ületati enamus varasemaid
laineaju maksimume, sh suur osa ida poole avatud segmentides. Kirjeldatud muster
viitab, et mõnedes tugevates tormides alates 2012 on tuul puhunud ebatavalisest
suunast ning et on alates 2012. aastast on Soome lahel olnud mitmeid tugevaid
idatorme.
Töötati välja meetod laineaju mõju identifitseerimiseks ekstreemsete
veetasemete projektsioonide võrdlemise alusel. Selleks kasutati veetaseme
mõõdistusi Eesti rannikul ning nn RCO mudeli abil aastaiks 1961–2005
rekonstrueeritud avamere veetasemete andmestikke. Laineaju panus ilmneb
erinevatest allikatest pärinevate andmete alusel konstrueeritud ekstreemsete
veetasemete projektsioonides pikemate korduvusperioodide jaoks. Näidati, et Eesti
rannikul võib laineaju nt Ristnas panustada kuni 1/3 maksimaalsest veetasemest.
Maksimaalsed laineaju väärtused Eesti põhjarannikul ei esine üldiselt
üheaegselt kõrgeimate veetasemetega. Kõrgeimad summaarsed veetasemed tekivad
Tallinna ja Muuga lahe rannas üldjuhul lääne- ja loodetormides, kus üsna kõrge
veetase ning laineaju võivad üheaegselt esineda.
Läänemere idaosa avamere veetaseme aastased maksimumid kasvavad RCO
mudeli andmete põhjal keskmise kiirusega 4–10 mm/aastas. Sellesse panustavad
nii aasta maksimaalne tormiaju kui ka Läänemere taustveetaseme maksimumide
suurenemine. Läänemeres taustveetaseme panus ekstreemumite kasvu on kogu
Eesti rannikul ligikaudu 4 mm/aastas. Tormiaju panus veetaseme maksimumidesse
varieerub märkimisväärselt piki randa praktiliselt nullist Lääne-Eesti saarestiku
avatud osas tasemeni 6 mm/aastas Soome lahe ja Riia lahe idaosas. Sellise mustri
põhjuseks võib olla vett Põhjamerest Läänemerre suruvate tormiseeriate
pikenemine koos tuule pöördumisega mõnedes tormides, mis on tekitanud väga
kõrgeid tormiajusid Soome lahe või Liivi lahe idaosades.
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