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Introduction 
The coastal zone has been attractive for humans throughout the history due to the 
dynamically active interaction of the land and the seas and oceans. These regions provide 
diverse ecosystem services, abundant resources, amenity, and are also of aesthetic 
value. Consequently, the coastal zones have become heavily populated. They host about 
40% of the global population and serve as a location of key infrastructure (Cohen et al., 
1997; Adger, 2005; Mentaschi et al., 2018). The gradual increase in human population  
at the coast creates pressure on the entire nearshore environment. To mitigate this 
pressure, effective management of the resources and ensuring a sustainable coastal 
environment is becoming a major challenge. 

During the last decades, the general health of the coasts has gradually degraded.  
This process can to some extent be exemplified by the rate of erosion of sedimentary 
shores. Sandy beaches are extremely valuable natural resources providing a first line 
protection against coastal storms by absorbing wind and wave energy (Mentaschi et al., 
2018). Approximately 70% of the world’s sandy coastline is suffering from degradation 
(Bird, 2008; Luijendijk et al., 2018). 

Climate change is one of the main accelerators of coastal change. The resulting 
increase in the marine-driven impact on sedimentary coasts will exacerbate the current 
situation (Nicholls et al., 2007; Ranasinghe, 2016). The changes on the coast are 
accelerated through global sea-level rise (Cooper and Pilkey, 2004; Chini and Stansby, 
2012, Vousdoukas et al., 2020) and through changes in the wave climate and properties 
of single storms. Changes in the wave approach directions and the increasing presence 
of more energetic storms may initiate substantial modifications of alongshore sediment 
transport. These processes have great influence on most of the world’s coastlines,  
in particular, in low-lying areas through frequent inundation and increased erosion 
during high water events (Ranasinghe, 2016). In the Baltic Sea conditions, such changes 
may lead to rapid degradation of major landforms such as the Curonian Spit (Viška and 
Soomere, 2012). In this context, understanding of the functioning of sedimentary 
beaches and quantification of their long-term evolution become increasingly important 
in order to manage coastal resources in a sustainable way, and to ensure effective coastal 
spatial planning and development.  

Morpohodynamic changes in the coastal environment occur at a wide range of time 
scales, from short-term changes in a single storm to long-term modifications driven by 
hydrometeorological conditions over years and decades. Factors such as sediment 
availability, wave climate, tidal range, storm surges, course of the water level, interaction 
between nearshore and onshore sedimentary bodies and geological setting of the coastal 
area, that have significant influence on the evolution of the beaches, vary remarkably at 
different temporal and spatial scales (Masselink et al., 2011). This variability severely 
complicates the attempts to quantify the evolution of beaches and gives rise to similar 
variability of the processes that affect coastal areas and affects the frequency at which 
coastal changes occur (Kraus et al., 1991; Alexandrakis and Poulos, 2015).  

Baltic Sea shores 
The evolution of the beaches in the Baltic Sea is mainly forced by the same factors that 
drive the beaches on open ocean coasts (Soomere et al., 2017b). The core hydrodynamic 
drivers include wave impact, water level and nearshore currents. Their influence is 
modulated by aeolian transport and the presence or absence of sea ice. However, there 
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are some essential differences in the processes at the shores of this water body in terms 
of beach evolution. A specific feature of the Baltic Sea is that the amplitude of tides in its 
interior is very small. It is usually just a few centimetres (Leppäranta and Myrberg, 2009) 
and reaches up to 25 cm in a few locations in the eastern Gulf of Finland (Medvedev  
et al., 2016). The development of the Baltic Sea shores is thus mainly controlled by  
(i) long-term changes in the sea level1 owing to postglacial uplift, (ii) global sea level rise, 
(iii) the relatively small seasonal course of the sea level (Hünicke and Zorita, 2008),  
(iv) much stronger aperiodic variations in the water volume of the entire sea on weekly 
scales (Lehmann and Post, 2015), and (v) local surges and wave set-up during single 
storms (Johansson et al., 2001; Suursaar and Sooäär, 2007). 

Waves play an important role in shaping the beaches in this microtidal sea. As the 
Baltic Sea is relatively small, the wave fields are fetch-limited, strong swells are 
infrequent, and wave properties mainly reflect the local wind climate. Therefore, wave 
conditions are highly variable. The wave regime in this water body is characterized by 
relatively infrequent and short high-energy events forced by strong winds on the 
background of much longer comparatively calm periods (during weak winds or calm 
times). 

The intermittent wave climate in the Baltic Sea gives rise to step-like evolution of the 
beaches (Soomere and Healy, 2011). Most of wave energy brought to the coast by wind 
waves is supplied by relatively short and steep wind-seas. Such events are usually 
responsible for the biggest changes at the coast. The waves during such events are 
exclusively generated in the Baltic Sea. The typical fetch is 200–300 km with the 
maximum fetch being about 800 km. The waves generally have relatively short periods 
(3–6 s, Broman et al., 2006). This means that the Baltic Sea waves are less affected by 
refraction than long-period open ocean waves and may often approach the shoreline at 
relatively large angles. Such waves induce more intense alongshore sediment transport 
than waves of similar height that approach the shore almost shore normal, and thus may 
be responsible for significant foreshore retreat (Jackson et al., 2002; Ryabchuk et al., 
2012).  

The conditions which govern the evolution of the Baltic Sea beaches vary substantially 
depending on the nature of the seabed (bedrock or sediment), sediment availability, 
location of the beach, and particularly the exposure of the beach to predominant wind 
directions (Orviku, 2005). The most frequent wind direction in the main basin of the Baltic 
Sea (Baltic proper) is from the south-west (SW) but occasionally winds from the  
north-north-west (NNW) may be very strong (Soomere, 2001). The coast of the northern 
part of Baltic Sea from south-eastern Sweden to the north-eastern Gulf of Finland is 
dominated by bedrock formations and has only short segments with substantial amounts 
of fine sediment (Harff and Meyer, 2011; Orviku, 2018). The rocky shores are steady with 
respect to hydrodynamic driving forces and the coastline changes follow the spatial 
pattern of relative water level changes. 

The southern and eastern margins of the Baltic Sea from the southern tip of Sweden 
to the Baltic States mainly accommodate sedimentary coasts. A significant part of these 
coasts is suffering from chronic erosion (Eberhards 2003; Eberhards et al., 2009; 
Kelpšaite et al., 2011; Pranzini and Williams, 2013; Soomere and Viška, 2014). This 
process is enhanced by climatically controlled sea-level rise (Harff and Meyer, 2011) and 

                                                      
1 I use the notion “sea level” to denote offshore sea level that is formed by global or basin-wide 
processes and “water level” to denote the height of water surface at the shore. 
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gradual subsidence in the southern part of this domain. Their joint impact is currently 
causing an increase in the relative sea-level in the southern Baltic Sea (Dailidiene et al., 
2006; Vestøl et al., 2019). The affected shores are sensitive to adverse changes in the 
hydrodynamic loads. Some beaches of this region may be heavily damaged in certain 
storms (Zaromskis and Gulbinskas, 2010). 

The most significant erosion events occur if long-lasting winds directed towards the 
coast drive high waves and extensive storm surge during ice-free times (Orviku et al., 
2003). During such events waves may reach unprotected sediment on upper sections of 
the coastal profile. Recent studies of coastal processes in the eastern Baltic Sea have 
revealed several extreme erosion events. Some segments of the eastern coast of the Gulf 
of Finland have shown migration (both regression and progression) rates from 2 m/yr to 
5 m/yr (Ryabchuk et al., 2011; Sergeev et al., 2018). During the last 60 years significant 
shoreline retreat, about 50–60 m, has occurred along several sections of the coast of 
Latvia (Eberhards et al., 2009). An increase in the intensity of coastal processes has been 
observed in Estonia during the last 20–30 years in spite of isostatic and neotectonic uplift 
(Orviku et al., 2003). Until today land uplift compensates global sea level rise on most 
Estonian beaches (Rosentau et al., 2007). Further sea level increase will eventually 
override the current postglacial uplift for all Estonian coasts and the risk posed by erosion 
will increase (cf. Johansson et al., 2014). 

Climate change projections signal that the relative sea level rise in the eastern Baltic 
Sea will be at least 60 cm by the end of the century (Grinsted, 2015; Pellikka et al., 2018). 
The frequency and intensity of storms is expected to increase in many parts of the  
world (IPCC, 2013). The changes may have different patterns in different locations.  
The storminess and overall wind speed have not systematically increased during the last 
century in the Baltic Sea region (Hünicke et al., 2015). However, weather patterns that 
drive elevated water levels of the entire sea or the Gulf of Riga have become more 
persistent (Soomere and Pindsoo, 2016; Männikus et al., 2019), and the directional 
structure of strong winds that cause storm surges or high wave set-up (in the Gulf of 
Finland, Pindsoo and Soomere, 2015) has experienced certain changes. 

These changes have led to a substantial increase in the extreme water levels in the 
eastern Baltic Sea (Pindsoo and Soomere, 2020). It is thus likely that many coastal areas 
will suffer from flooding and a higher rate of coastal erosion in the future. It is therefore 
essential to describe in more detail the properties and potential impact of various drivers 
responsible for shaping the coasts in the Baltic Sea and to better understand how the 
shore reacts to the joint impact of these drivers. This knowledge is essential for 
determining mitigation measures of existing and future marine-driven impacts and for 
the sustainable management of the coastal zone. 

The focus of this thesis is on understanding the long-term evolution of the beaches in 
the eastern part of the Baltic Sea from the viewpoint of wave impact. This part of the 
coast is exposed to two predominant wind directions from SW and NNW and has beaches 
comprised of fine sediment. These features define it as one of the most vulnerable 
sections with respect to possible changes of extreme hydrodynamics events in the Baltic 
Sea. An adequate understanding and forecast of the evolution of sandy shores requires 
first of all extensive knowledge of the main drivers of processes affecting coastal systems. 
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Variability in the wave energy flux 
Wind waves are the predominant source of energy along most sea and ocean. This 
energy source is ultimately the driving force behind most morphological changes at the 
coast (Masselink et al., 2011). The distribution of wave energy along the coastline largely 
controls many aspects of coastal dynamics, such as the spatial variability of the intensity 
of coastal processes, the nature and width of the equilibrium beach profile, and intensity 
of alongshore sediment transport (Dean and Dalrymple, 2002). To a first approximation, 
the sediment volume transported along the coast is usually assumed to be roughly 
proportional to the amount of wave energy flux that reaches the nearshore (USACE, 
2002). Even though the actual patterns of transport depend on many other features and 
may be highly variable (Roelvink and Reniers, 2011), estimates of the magnitude of wave 
energy flux that arrives the shore give a first insight into the intensity of coastal processes 
at the site of interest. 

Several studies have attempted to link the distribution of wave energy flux with the 
spatial variability of erosion (Benumof et al., 2000; Murray and Ashton, 2013; Jones  
et al., 2018). The vulnerability of a single coastal section with respect to erosion depends 
additionally to the wave climate and geological composition of the shore on the 
orientation and location (exposedness) of the coastline. The segments that are widely 
open towards the predominant wave directions are usually more exposed to incoming 
waves and greater energies (Carter et al., 1990; Limber et al., 2014). The properties of 
waves that arrive at the coast also define the evolution cycle of the beach. 

The classic cut-and-fill concept (e.g., Brenninkmeyer, 1982) assumes that most 
energetic steep waves induce beach erosion and transport of sediment to the deeper 
part of the shore whereas sandbar formation, transport of sediment onshore and 
accretion of the same beach appears during calmer (constructive swell) wave conditions 
with less energy and longer wave periods. Changes on the beach thus primarily follow 
the incident wave energy level (Masselink and Pattiaratchi, 2001). This cycle is much less 
significant in the Baltic Sea where the wave regime is highly intermittent (~30% of the 
annual energy flux arrives during the 3–4 most stormy days; Paper I) and contains very 
small proportion of low intensity constructive long swell waves (Broman et al., 2006; 
Soomere et al., 2012). In such conditions, as in other relatively small semi-enclosed  
seas, alongshore, rather than on/offshore, sediment transport prevails and the classic 
cut-and-fill cycle of beach change is modulated by alongshore movement of sediment. 
As waves often arrive at the shores of the Baltic Sea under a relatively large angle, 
alongshore transport plays a much larger role in the semi-enclosed Baltic Sea than on 
open ocean beaches. As a consequence, natural beach recovery is often slow or missing. 

The first task in the understanding of the functioning of the Baltic Sea beaches is thus 
the quantification of the wave energy flux towards different coastal sections. This task is 
even more important in terms of mitigation of climate change by exploiting renewable 
energy sources. Ocean waves serve as one of the largest untapped and very attractive 
renewable energy resources. Wave energy stems ultimately from solar power, is 
relatively well predictable and presents an opportunity to generate significant quantities 
of grid power. Wave energy harvesting is associated with low levels of pollution and CO2 
release, and side effects like shifting of ship navigation routes (Jacobson, 2009) are 
minor. 

Several properties of the Baltic Sea wave climate, first of all large variation of the 
wave energy flux in time, are not favourable for the use of wave energy resources for 
grid energy production (Paper I). Solutions that involve wave energy harvesting may still 
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provide suitable protection against climate change induced erosion and provide an 
option for reducing wave loads to heavily populated coastal zones. Vulnerable locations 
can be protected against high waves by suitably located wave energy converters (WEC). 
WECs extract part of energy from the approaching wave fields and thus reduce 
(significant) wave height and weaken erosion accordingly (Abanades et al., 2015, 2018). 
Such converters can be easily adapted to changing water levels (Abanades et al., 2014). 

Extreme water levels in the Baltic Sea 
Low-lying coastal areas are particularly vulnerable to flooding and erosion. The main 
drivers of these processes are elevated water level and high waves. As mentioned above, 
the most extensive erosion events occur when large waves attack unprotected sediment 
higher on the shore during strong storm events that have created excessive surge 
(Kirshen et al., 2008). The projected sea-level rise together with possibly increasing storm 
frequency in Estonia (Orviku et al., 2003) and decreasing periods of winter ice and snow 
cover (Jaagus, 2006; Rimkus et al., 2018) in the Baltic Sea region will probably increase 
the extent of flooding and erosion during the twenty-first century. The combinations of 
these drivers have a different nature in different parts of the Baltic Sea. Along the 
Swedish coast high waves usually occur during low water levels (Hanson and Larson, 
2008) while in the eastern part of the basin high waves most often coincide with elevated 
water levels (Pindsoo and Soomere, 2015). 

Ideally, the joint probability of simultaneous occurrence of extreme water levels and 
high waves would provide adequate input in assessing these risks. This technique has 
been widely studied for different coastal areas (see Hanson and Larson, 2008; Hawkes, 
2008; Mazas and Hamm, 2017 and references therein). In the Baltic Sea, this approach is 
infrequently applied because of specific features of the generation of extreme water 
levels. 

Elevated water levels responsible for coastal flooding are usually created by the joint 
impact of multitude drivers. The inverted barometric effect and wind-driven surge 
(together called storm surge; Dean and Dalrymple, 2002) together with high, periodic, 
astronomic tides are usually responsible for extreme still water levels on the shores  
of the open ocean. In contrast, the microtidal Baltic Sea, having almost no tides, 
experiences substantial aperiodic water level variations (Leppäranta and Myrberg, 2009). 
The water volume of the entire Baltic Sea can change extensively. Persistent westerly 
winds can block the outflow of surface water through the narrow Danish straits and 
strong winds may push water into this sea. Specific sequences of storm cyclones may 
increase the water level by up to 1 m in the entire basin over a few weeks (Franck and 
Matthäus, 1992; Post and Kõuts, 2014; Lehmann and Post, 2015). Very high overall sea 
level (60–80 cm higher than the long-term mean) can persist for several weeks 
(Leppäranta and Myrberg, 2009) or even several months (Soomere and Pindsoo, 2016). 
Extremely dangerous water levels in single coastal segments are often driven by the 
contribution of local storm surge to the already high basin-scale sea level.  

Wave induced set-up may remarkably contribute to the local water level at the 
waterline (Dean and Bender, 2006). The resulting increase in the water level is sensitive to 
the approach angle of the waves. Waves that arrive to the coast almost perpendicularly to 
the shoreline have the strongest impact (Soomere and Pindsoo, 2015). 

As the coastline of the Baltic Sea is irregular, some sections are much more vulnerable 
to storm surges. The highest local water levels are usually present in relatively shallow 
bayheads. The highest maximum water level has exceeded 4 m in the eastern end of the 
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Gulf of Finland and has reached close to 3 m in the Gulf of Riga at Pärnu and near Riga 
(Averkiev and Klevanny, 2010). 

Better understanding of the formation and properties of extreme water levels is thus 
essential in the context of the evolution of the beaches in the eastern Baltic Sea. Progress 
in this direction makes it possible to more adequately quantify the destructive force of 
waves higher on the shore. Moreover, high waves may contribute significantly to the 
increase in the total water level. The effect of set-up extends the reach of high waves 
and may lead to flooding and erosion farther inland. This information identifying 
sensitive areas under different conditions is extremely valuable for coastal planning and 
management, and for local governments. 

The predictions of the high water level in the Baltic Sea have to take into account that 
dangerous water levels are formed by the joint impact of differently generated 
components. Additional complexity is added due to the irregular coastline along the 
eastern part of the Baltic Sea. In this thesis, I shed light onto these problems using an 
ensemble approach for long-term projections of extreme water levels and their return 
periods (Paper III) and make an attempt to separate components responsible for extreme 
water levels (Paper IV). 

Quantification of beach evolution 
Changes in coastal systems are apparently currently accelerating (Wright and Nichols, 
2018) even though some evidence and interpretations are controversial (Vousdoukas  
et al., 2020). Sandy beaches with limited sediment volume are particularly vulnerable to 
modifications by human activities like sand mining, construction of coastal protection 
structures, or tourism. Climate change and human stressors at the coast are adding a 
new dimension to these modifications, altering erosion rates, sediment transport 
patterns and the general cycle of the beach (Torres et al., 2017; McLachlan and Defeo, 
2018; Rangel-Buitrago et al., 2015, 2018).  

Hard coastal protection structures may be constructed to control erosion at specific 
sites. Many such structures have been built with little or no understanding of their impact 
on neighbouring areas (Rangel-Buitrago et al., 2015, 2018). Such structures can have 
negative impact and some of them may cause more extensive erosion (Rodríguez-Ramírez 
et al., 2008; 2018; Flor-Blanco et al., 2015). More generally, inadequate knowledge of the 
functioning of beaches combined with limited data coverage, spatially or temporally, 
often leads to poor coastal management practice. 

Climate change is often associated with increasing pressure on the coastal area via 
sea level rise and changing patterns of storminess. These changes may increase the 
amount of sediment eroded from the beaches during sequences of strong storms  
(Dodet et al., 2019) and substantially increase the duration of the recovery phase of the 
beaches. This shift in the ratio of beach erosion and recovery may destroy the present  
quasi-equilibrium cycle of sediment at many shores and may eventually lead to the 
complete removal of sediment from beaches (Alexandrakis and Poulos, 2015; Wright and 
Nichols, 2018; Vousdoukas et al., 2020). 

Predictions of beach evolution are core inputs for sustainable coastal management 
on the background of changing climate and the increasing intensity of human activities 
in coastal areas (Short and Jackson, 2013). Although there are many models available for 
this purpose (Roelvink and Reniers, 2011), data-driven understanding of beach evolution 
and beach cycles remains lacking. 
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Individual short but strong storms generally result in a dramatic reaction of the coast. 
Their impact on the coast is relatively easy to define. It becomes evident as shoreline 
erosion, flattening of dunes, and sometimes damage to coastal vegetation. Rapid 
changes to the coast are usually followed by short-term accretion. This cycle often leads 
to negligible net change over time scale of few weeks, months (Wright and Nichols, 
2018). Often on Baltic Sea beaches, however, the sediment deficit persists for a long 
period of time due to the dominance of alongshore sediment transport. It is often 
accompanied by anthropogenically driven reduction of fluvial sediment supply to the 
coast (Orviku, 2018) that may enhance chronic erosion (Ranasinghe et al., 2019). 
Identifying long-term variations in the sediment budget during such longer periods of 
slow evolution under sediment deficit is thus essential for quantifying the development 
and stability of coastal systems. 

Quantification of long-term beach evolution is often a complicated task. Long-term 
data sets usually have a poor temporal resolution. Historically, the acquisition of 
shoreline and cross-shore profile data has been a laborious and expensive task.  
The existing long-term data sets generally rely on a single proxy of the beach volume. 
Such proxies may include the shoreline location, relocation of the dune toe or single 
elevation contours, or single or very few cross-section profiles for larger beach areas. 
They are usually interpreted as being representative of certain sections of the beach.  

The situation is particularly complicated in the Baltic Sea where many small local 
sources contribute to the sediment budget and the changes to the coast are highly 
intermittent. The quantification of the resulting volume changes over the subaerial 
beach requires high-resolution measurement techniques. 

The use of remotely gathered data (e.g., by satellites for the estimations of the 
shoreline changes) has become the most feasible solution of this problem (Luijendijk  
et al., 2018). Comparison of the shoreline position in different years is a great tool for 
identifying the eroding areas and to determine the speed and scale of retreat. Large-scale 
data from satellites provides adequate results for wide and mostly homogenous sandy 
beaches where the rate of the changes is comparable or larger than the image pixels 
(Hagenaars et al., 2018; Vos et al., 2019a, 2019b). This technique is not always applicable 
for beaches of the eastern Baltic Sea that often have a small volume of sand and are 
relatively narrow (Orviku, 2003; Harff et al., 2017). 

Medium-range remote sensing technologies like terrestrial laser scanning (TLS) and 
airborne laser scanning (ALS) provide a reasonable alternative. If applied together, they 
make it possible to quantify beach evolution in relatively large coastal areas with 
complicated geometry and highly intermittent wave regime. In this thesis I address the 
possibilities of a combination of results of terrestrial and airborne laser scanning with the 
concept of the equilibrium beach profile (EBP) to quantify the changes in the total sand 
volume of a typical almost equilibrium beach in Tallinn Bay, Estonia (Papers V–VI). 

The objectives and outline of the thesis 
The coast of the eastern Baltic Sea suffers from the deficit of fine sediment and is exposed 
to the predominant wind and wave directions. These features define this region as the 
most sensitive in the Baltic Sea to extreme hydrodynamic events and prone to possible 
large-scale erosion in the future. Many coastal sections of this part of the Baltic Sea have 
been studied in detail from this viewpoint. Studies into wave-driven sediment transport 
patterns (Soomere et al., 2011; Soomere and Viška, 2014) and scenarios reflecting the 
vulnerability of the coastal systems in terms of possible structural changes in response 
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to changes in the wind fields (Viška and Soomere, 2012) have made clear how fragile the 
entire system is. Studies that focus on single coastal sections provide valuable 
information about the rate and intensity of coastal processes at particular sites (Tõnisson 
et al., 2014; Orviku, 2018, among others). Still, there is no systematic understanding of 
the properties of core drivers of the evolution of beaches in the eastern part of the Baltic 
Sea from the viewpoint of wave impact and water levels. 

This thesis is targeted at the analysis of the properties of the main drivers responsible 
for the biggest changes on the coast and their impact on the evolution of the beaches in 
the eastern Baltic Sea. This task includes the need to quantify the long-term evolution of 
sandy beaches. The main objectives of this thesis are to: 

• quantify the approaching wave energy flux to the coast and its spatial and  
-temporal variability in the eastern Baltic Sea; 

• adequately estimate the properties of high water level events and their return 
periods in different coastline segments; 

• identify the components of extreme water levels and their specific drivers; 
• combine high-resolution beach measurements with the theory of sandy 

beaches to reach a better quantification of long-term beach evolution. 
To fulfil these objectives, Chapter I addresses wave energy flux (wave power) in the 

eastern Baltic Sea. The properties of wave energy that arrives at the coast help 
understand the intensity and course of coastal processes in the study area. For the 
analysis I employ long-term time series of nearshore wave properties calculated by  
Dr. A. Räämet using the WAM model driven by adjusted geostrophic winds for  
1970–2007. The results, first of all, highlight extensive temporal and spatial variability of 
the instantaneous wave energy flux in the study area and make it possible to provide 
basic estimates of the spatial and temporal distribution and the overall usability of the 
wave energy resource in the eastern Baltic Sea. 

Chapter II focuses on the course of water levels in the Baltic Sea. It aims at clarifying 
in which occasions and/or locations high water levels may significantly contribute to 
rapid changes in the coastal zone. The analysis and projections of extreme water levels 
in the eastern Baltic Sea is a complicated task because such events are jointly driven by 
several mechanisms. Moreover, different coastal regions may need different statistical 
models to properly replicate extreme events (Soomere et al., 2018). Chapter II builds an 
ensemble of projections for extreme water levels and their return periods. The analysis 
employs offshore sea level time series numerically reconstructed using the RCO (Rossby 
Center, Swedish Meteorological and Hydrological Institute) ocean model for 1961–2005 
and observed water levels from four tide gauges. A cluster of projections of extreme 
water level is constructed using different extreme value distributions and methods for 
evaluation of their parameters. The feasibility of the ensemble approach in different 
locations of the coastline of Estonia is discussed based on Paper III. Another look into this 
problem is provided by means of a separation of nearshore water level time series into 
components with different time scales. While storm surges develop and relax at a daily 
scale, the water volume of the entire Baltic Sea varies at a weekly or even longer time 
scale (Johansson and Kahma, 2016). A separation of components of water level on these 
time scales is possible using different filtering techniques (Paper IV). The two 
components obey different statistical distributions. 

Chapter III explores the potential of a laser scanning technique to quantify detailed 
changes in the sand volume of beaches during their slow phase of evolution.  
The terrestrial laser scanning technique is combined with airborne laser scanning to 
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minimize inconsistencies in the vertical accuracy between different data sets (Paper V). 
The changes to the underwater beach volume are approximately estimated by the 
application of an inverse Bruun Rule and the concept of the equilibrium beach profile. 
The aim is to deliver a feasible solution how to evaluate the long-term changes in sand 
volume in semi-sheltered sea areas (Paper VI).  

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

Eelsalu M., Soomere T. 2018. Quantification of changes in the beach volume by the 
application of an inverse of the Bruun Rule and laser scanning technology. Oral 
presentation at the 3rd LatWaves Conference (18–20 November 2018, Medellin, 
Colombia). 

Eelsalu M., Soomere T., Julge K. 2016. Combining remote sensing with an inverse 
Bruun Rule for the analysis and management of almost equilibrium beaches. Poster 
presentation at the European Geosciences Union General Assembly 2016 (17–22 April 
2016, Vienna, Austria). 

Eelsalu M., Soomere T. 2015. Laineenergia ja selle kasutamise perspektiividest 
Läänemeres (Perspectives of wave energy harvesting in the eastern Baltic Sea). Oral 
presentation (in Estonian) at the METOBS 150, Eesti geofüüsika konverents (Geophysics 
in Estonia) (2–3 December 2015, Tõravere, Estonia). 

Eelsalu M., Soomere T., Pindsoo K., Lagemaa P. 2015. Ensemble approach for the 
projections of extreme water levels reveals bias in water level observations. 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). 

Eelsalu M., Soomere T. 2015. Võimalusi rannikuprotsesside kvantifitseerimiseks 
poolsuletud merealadel (On the possibilities to quantify beach processes in semi-
enclosed seas). Oral presentation (in Estonian) at the conference Eesti veeteaduse 
horisondid (Horizons of water resources research in Estonia) (28 April 2015, 
Limnoloogiakeskus, Estonia). 

Eelsalu M., Soomere T. 2015. Quantification of changes in the beach volume by 
applying an inverse Bruun’s Rule and laser scanning technology in Pirita Beach, Tallinn 
Bay. Poster presentation at the International seminar Climate modelling and impacts: 
From the Global to the Regional to the Urban scale (10 March 2015, Hamburg, Germany). 

Eelsalu M., Julge K., Grünthal E., Ellmann A., Soomere T. 2014. Laser scanning reveals 
detailed spatial structure of sandy beaches. Poster presentation and oral introduction at 
the IUTAM Symposium on Complexity of Nonlinear Waves (08–12 September 2014, 
Tallinn, Estonia). 

Eelsalu M., Soomere T. 2014. Intermittency of the wave energy flux in the eastern 
Baltic Sea. Oral presentation at the 1st International Conference on Mathematics and 
Engineering in Marine and Earth Problems (22–25 July 2014, Aveiro, Portugal). 

Eelsalu M., Soomere T., Julge K., Grünthal E., Ellmann A. 2014. Combining airborne 
and terrestrial laser scanning to monitor coastal processes. Oral presentation at the 1st 
International Conference on Mathematics and Engineering in Marine and Earth Problems 
(22–25 July 2014, Aveiro, Portugal). 
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Eelsalu M., Soomere T. 2014. On spatio-temporal variations of the wave energy 
potential along the eastern Baltic Sea coast. Oral presentation at the 2nd International 
Conference Climate Change–The environmental and socio-economic response in the 
southern Baltic region (12–15 May 2014, Szczecin, Poland). 

Eelsalu M., Soomere T., Org M. 2014. Visually observed wave climate in the Gulf of 
Riga. Oral presentation at the 2014 IEEE/OES Baltic International Symposium (May  
26–29, 2014, Tallinn, Estonia). 

Julge K., Eelsalu M., Grünthal E., Talvik S., Ellmann A., Soomere T., Tõnisson H. 2014. 
Combining airborne and terrestrial laser scanning to monitor coastal processes. Oral 
presentation at the 2014 IEEE/OES Baltic International Symposium (May 26–29, 2014, 
Tallinn, Estonia). 

Eelsalu M., Julge K., Soomere T., Grünthal E. 2014. Quantification of the evolution of 
a small beach applying laser scanning technology. Poster presentation at the Baltic Earth 
Workshop on Natural hazards and extreme events in the Baltic Sea region (30–31 January 
2014, Helsinki, Finland). 

Eelsalu M., Ellmann A., Julge K., Märdla S., Soomere T. 2014. Rannaprotsesside 
anatoomia laserskaneerimise skalpelliga (Laser scanning of beach processes). Oral 
presentation (in Estonian) at the conference Kaugseire Eestis (Remote Sensing in Estonia, 
October 2014, Tõravere Observatoorium). 

Eelsalu M., Soomere T. 2013. Wave energy potential in the north-eastern Baltic Sea. 
Oral presentation at the 9th Baltic Sea Science Congress (26–30 August 2013, Klaipėda, 
Lithuania). 

Eelsalu M., Soomere T. 2013. Closure depth along the north-eastern coast of the 
Baltic Sea. Poster presentation at the 9th Baltic Sea Science Congress (26–30 August 
2013, Klaipėda, Lithuania). 

Eelsalu M., Soomere T. 2012. Wave energy potential in the north-eastern Baltic Sea 
and Estonian coastal waters. Oral presentation at the 6th International student 
conference “Aquatic environmental research” (17–19 October 2013, Palanga, Lithuania). 
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1. Wave energy flux in the eastern Baltic Sea 
The wave climate of the Baltic Sea is generally unfavourable from the viewpoint of wave 
energy harvesting. Wave heights in extreme storms are relatively large (Björkqvist et al., 
2017) but waves are comparatively short (Broman et al., 2006) and thus provide less 
usable energy than longer waves with the same height typically found on open ocean 
coasts. The wave heights and periods in the Baltic Sea are highly intermittent in both 
time and space (Soomere and Räämet, 2011). These properties have led to the 
conjecture that the production of energy from waves is non-profitable in the Baltic Sea 
(Cruz, 2008). This was also one of the main conclusions in Paper I. 

The development of new wave energy converters (Blazauskas et al., 2015) and the 
increasing need for energy production from renewable sources has reinforced the 
interest in wave energy in semi-sheltered sea areas. In this context, viable detailed 
estimations of wave energy resources at various locations are essential (Berins and 
Petrichenko, 2019; Nilsson et al., 2019). Paper II indicates that several seemingly 
sheltered nearshore segments receive relatively large amounts of wave energy and may 
serve as feasible locations for wave energy converters. 

In this Chapter wave energy potential is systematically analysed in the eastern part 
of the Baltic Sea. The focus is on an almost 1400 km long nearshore stretch from the 
Sambian (Samland) Peninsula to the eastern Gulf of Finland, including the Gulf of Riga 
and Bay of Gdańsk (Fig. 1). The analysis of wave energy flux includes i) evaluation of  
total power of waves in terms of the onshore energy flux, ii) quantification of spatial 
variability of the wave energy flux, iii) identification of hot-spots of wave energy flux, 
iv) quantification of temporal intermittency of wave energy flux, v) estimates of 
theoretically available wave energy in the contemporary wave climate. 

1.1. Wave properties in the Baltic Sea 
Wave energy levels are highly variable along the coasts of the world. The most promising 
sections for wave-generated power comprise only 2% of the shoreline, but they may 
provide up to 480 GW of power output (Arinaga and Cheung, 2013). The areas with 
largest wave energy density are located at latitudes 40–50 where the atmospheric 
forcing generates relatively high swells all year long (Cruz, 2008, Arinaga and Cheung, 
2013). 

The wave energy potential is generally less in semi-enclosed seas and inland water 
bodies (Cruz, 2008). The main implicit limiter for harvesting energy from the Baltic Sea 
waves is the small size of the sea (Fig. 1). It restricts the growth of waves and thus the 
atmospheric energy that can be converted into wave energy. The wave fields are  
fetch-limited, that is, their properties are largely dictated by the size of the water body. 

Some areas in semi-enclosed seas may be suitable for wave energy production (Stopa 
et al., 2013). The obvious candidates for wave energy harvesting are downwind sea 
areas. The Baltic Sea wind and wave climates are strongly anisotropic. The predominant 
wind and wave directions are from SW or NNW (Soomere and Keevallik, 2003; Jönsson 
et al., 2003). Accordingly, the highest concentration of wave energy is found in the 
nearshore of the eastern Baltic Sea. The coasts with the longest fetches for these winds 
are the Bay of Gdańsk, sea areas near the Finnish archipelago and the eastern Gulf of 
Finland.  
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On average, the wave climate of the Baltic Sea is relatively mild but highly 
intermittent (Schmager et al., 2008; Soomere and Räämet, 2011; Tuomi et al., 2011; 
Hünicke et al., 2015). The long-term significant wave height 𝐻𝐻𝑆𝑆 slightly exceeds 1 m in 
the open part of the Baltic proper. The wave climate is even milder, with 𝐻𝐻𝑆𝑆 around 
0.6–0.8 m in semi-sheltered sub-basins such as the Gulf of Finland (Soomere et al., 2010) 
or Gulf of Riga. 

The Baltic Sea has, however, occasionally very strong wave storms. The largest 
instrumentally measured significant wave height is 𝐻𝐻𝑆𝑆 = 8.2 m in the northern Baltic 
proper (Tuomi et al., 2011). The significant wave height may reach almost 10 m in the 
nearshore of the Western Estonian Archipelago (Soomere et al., 2008) and along some 
parts of the Latvian coast (Schmager et al., 2008). The probability of significant wave 
height exceeding 1 m varies from about 90% in November to about 10% in May (Soomere 
and Räämet, 2011) whilst most of the time the significant wave height is below 0.5 m. 

Regular long-period swells are usually the best source for energy harvesting (Cruz, 
2008). Such wave systems are infrequent in the Baltic Sea (Broman et al., 2006; Soomere 
and Räämet, 2011; Soomere, 2016). As characteristic in semi-sheltered water bodies, 
the predominant wave periods are considerably shorter in the Baltic Sea than in the 

Figure 1. The Baltic Sea. Yellow nearshore squares: study area in Paper I, orange squares: study 
areas in Paper II. 
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neighbouring North Sea or the North Atlantic. Usually waves with periods of 4–6 s 
predominate in the Baltic proper (where periods up to 7–8 s also often occur). The typical 
periods are even smaller, about 3–4 s in more sheltered coastal regions (Hünicke et al., 
2015; Soomere, 2016). 

The analysis of wave energy flux and its spatio-temporal variations in the eastern 
Baltic Sea in Papers I and II relies on numerically simulated instantaneous wave fields 
over 38 years 1970–2007. Time series of wave properties in the study area in the eastern 
Baltic Sea (Fig. 1) were extracted from the wave model WAM (Komen et al., 1994).  
The model was run in finite-depth mode for the entire Baltic Sea to the east of the Danish 
straits on a regular rectangular grid with a spatial resolution of 3′ along latitudes and 6′ 
along longitudes (about 3 × 3 nautical miles, 11 545 sea grid-points) (Räämet and 
Soomere, 2010). The wave energy flux from the North Sea through the Danish straits is 
very small (Jönsson et al., 2003; Soomere, 2003) and was ignored in the calculations. 

The input for the wave model was near-surface wind at the 10 m level derived from 
the Swedish Meteorological and Hydrological Institute (SMHI) geostrophic wind 
database with a spatial and temporal resolution of 1° × 1° and 3 h, respectively (6 h prior 
to September 1977). The geostrophic wind speed was multiplied by 0.6 and the wind 
direction was turned counter-clockwise by 15° (Räämet and Soomere, 2010). This 
approximation, although neglecting many details of the wind fields, is often used in 
studies in the Baltic Sea region (e.g., Myrberg et al., 2010; Höglund and Meier, 2012). 

The directional resolution of calculations was 15° (24 equally spaced directions).  
The lowest frequency was 0.042 Hz (wave period 23.9 s) as in the standard set-up of the 
WAM model for open ocean conditions (Komen et al., 1994). The frequencies of wave 
components were arranged in a geometrical progression with an increment of 1.1.  
The calculations were performed in an extended frequency range up to about 2 Hz using 
42 frequency bins reflecting wave periods down to 0.5 s. Such an extension ensures 
realistic wave growth rates in low wind conditions after calm situations (Soomere, 2005) 
and an adequate reproduction of the high-frequency part of the wave fields (Soomere  
et al., 2012). The output, saved once in hour, comprised 333 096 single values of wave 
height, period and direction at each grid cell during the simulation interval. Significant 
wave height, peak period and wave approach direction for 38 years (1970–2007) are 
used in Papers I and II for the calculations of wave energy flux (Fig. 1). 

The accuracy and reliability of the simulated wave data is analysed in Räämet (2010) 
and Soomere et al. (2011) by means of comparison of the outcome of simulations with 
historical wave records. The model underestimates the long-term average wave height 
by about 10%. The main statistical properties such as the distribution of the occurrence 
of wave conditions with different height and period satisfactory match the measured 
data (Soomere et al., 2011). The largest discrepancies occur during extreme wave events 
and the model underestimates wave height in short storms. The presence of ice is not 
taken into account. This approach is generally acceptable for the southern part of the 
study area and apparently also in the mostly ice-free future climates. The results 
presented in Paper I and Paper II, however, may overestimate the overall wave energy 
resource in the northern Baltic proper and especially in the Gulf of Riga and Gulf of 
Finland in the current wave climate. These shortcomings do not change the key messages 
of the analysis. 
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1.2. Study area and the converter line 
As waves rapidly lose their energy in shallow water (Ardhuin et al., 2003), the largest 
wave energy resource is available in reasonably deep nearshore regions where 
interactions with the seabed do not yet considerably reduce the wave energy. As the 
average depth in the Baltic Sea is only 54 m (Leppäranta and Myrberg, 2009), it is not 
rational to limit the study to the truly deep-water areas. As Baltic Sea waves are often 
fetch-limited, their energy tends to increase almost until the coast. A reasonable depth 
for wave energy harvesting in the Baltic Sea is estimated in Paper I based on the linear 
wave theory and properties of approaching waves. 

As typical wave periods in the Baltic Sea are shorter than in the open ocean,  
the intensity of wave-bottom interaction is weaker in this water body. The difference can 
be expressed from the linear wave theory in terms of the parameter 𝑘𝑘𝑘𝑘, where 𝑘𝑘 is the 
wave number and 𝑘𝑘 is the water depth. The intermediate-depth dispersion relation for 
water waves is 𝜔𝜔 = �𝑔𝑔𝑘𝑘 tanh (𝑘𝑘𝑘𝑘), where 𝜔𝜔 = 2𝜋𝜋 ⁄ 𝑇𝑇 is the angular frequency,  
𝑇𝑇 is the wave period and 𝑔𝑔 is acceleration due to gravity. Relatively long Baltic Sea waves 
with 𝑇𝑇 = 7 s correspond to the same value 𝑘𝑘𝑘𝑘 ≈ 1.5 at a depth of 𝑘𝑘 = 16.5 m as 
relatively common ocean swells with a period of 𝑇𝑇 = 12 s at a depth of 𝑘𝑘 = 50 m. 

This difference is even larger in terms of the maximum near-bottom orbital velocity. 
Swells with periods of 12 to 15 s lose part of their energy starting from a depth of  
50–60 m (Ardhuin et al., 2003). A typical Baltic Sea wave with the same height but with 
a period of 𝑇𝑇 = 5.5 s develops the same near-bottom orbital velocity as the above swells 
at a depth of about 17 m. It is therefore natural to assume that the WAM model (that 
performs well for depths >50 m along the open ocean coasts, Ardhuin et al., 2003) works 
well until depths of 10–15 m for the wave fields that are common in the Baltic Sea. 

Based on the presented estimates, the wave power in Paper I and Paper II (Fig. 1) is 
calculated for grid cells of the wave model located at the distance of a few kilometres 
from the eastern coast of the Baltic Sea. The average water depth in those grid cells is 
18 m and varies in the range of 7 to 48 m. Only the onshore wave energy flux is taken 
into account (see Section 1.3). The cells used in Paper I are ordered along an about 
1400 km long piecewise straight line called converter line below. It consists of 222 about 
6 km long sections (Fig. 2).  

The line starts from the Sambian Peninsula (20°E, 55°N) and extends to the eastern 
Gulf of Finland to Russia (28°E, 59°51′N). It covers the entire nearshore of Lithuania, 
Latvia, and Estonia and includes the Gulf of Riga. About 950 km (154 sections, Fig. 2) of 
this line follows the coast of the Baltic proper and Gulf of Finland and about 450 km  
(68 sections, Fig. 2) is in the Gulf of Riga. In Paper II this line was extended to the Bay of 
Gdańsk and towards the eastern end of the Gulf of Finland. 

The approaching wave power is estimated in units of power per unit of length of the 
shoreline (Paper I–II). The converter line may have different length in different grid cells 
(Fig. 3). The length of sections oriented in the North–South direction (e.g., 𝐿𝐿73 in Fig. 3) 
is 3 nautical miles (about 5.5 km). Depending on the mutual location of the neighbouring 
cells, the relevant section may be by √2 times or by √5 2⁄  times the grid size (Fig. 3).  
The length of sections oriented along latitudes follow the length of the relevant latitude 
circle and can vary to some extent. The difference in the length of the North–South and 
East–West oriented sections is the largest at the latitude 55°N in the southernmost part 
of the study area and vanishes close to the latitude 60°N in the Gulf of Finland. The length 
of each converter line segment was calculated using the ArcMap software. 
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The wave properties (significant wave height 𝐻𝐻𝑆𝑆,𝑖𝑖𝑖𝑖, peak period 𝑇𝑇𝑆𝑆,𝑖𝑖𝑖𝑖) during the 𝑖𝑖-th 
sequential (1 < 𝑖𝑖 < 333 096) hourly interval in 1970–2007 along the 𝑗𝑗-th section 
(1 < 𝑗𝑗 < 222 in Paper I, 1 < 𝑗𝑗 < 75 in Paper II) of the converter line are set equal to the 
modelled wave properties at these wave model cells where this 𝑗𝑗-th section is located 
(Fig. 2). 

1.3. Total wave energy resource in the study area 
The total energy density of a wave field in terms of significant wave height 𝐻𝐻𝑆𝑆 is: 

𝐸𝐸 = 1
16
𝜌𝜌𝑔𝑔𝐻𝐻𝑆𝑆2, (1) 

 

where 𝜌𝜌 is the water density. The magnitude of energy flux (wave power) 𝑃𝑃 = 𝐸𝐸𝑐𝑐𝑔𝑔 is the 
product of wave energy density and group speed 𝑐𝑐𝑔𝑔. The contribution 𝑃𝑃𝑖𝑖𝑖𝑖  of an 
instantaneous wave field approaching the 𝑗𝑗-th section of the converter line during the 
i-th hourly interval into the total energy flux is thus

Figure 2. Nearshore grid cells of the wave model along the eastern Baltic Sea coast and in the Gulf 
of Riga. Four selected points (24, 73, 147 and 194), used to characterise wave energy resources at 
single locations, are marked by black squares. Coloured segments indicate the total wave power 
over the coastal section. Adapted from Paper I. 
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𝑃𝑃𝑖𝑖𝑖𝑖 = 𝐸𝐸𝑖𝑖𝑖𝑖𝑐𝑐𝑔𝑔,𝑖𝑖𝑖𝑖 = 1
16
𝜌𝜌𝑔𝑔𝐻𝐻𝑆𝑆,𝑖𝑖𝑖𝑖

2 𝑐𝑐𝑔𝑔,𝑖𝑖𝑖𝑖. (2) 

Technically, this contribution is equal to the energy flux of sine waves with the height of 
𝐻𝐻𝑆𝑆,𝑖𝑖𝑖𝑖 √2⁄  and group speed 𝑐𝑐𝑔𝑔,𝑖𝑖𝑖𝑖 . 

As the Baltic Sea is relatively shallow, it is necessary to describe the wave properties, 
including the group speed 

𝑐𝑐𝑔𝑔 = 𝜔𝜔
2𝑘𝑘
�1 + 2𝑘𝑘𝑘𝑘

sinh 2𝑘𝑘𝑘𝑘
�, (3) 

using the intermediate-depth dispersion relation 𝜔𝜔 = �𝑔𝑔𝑘𝑘 tanh(𝑘𝑘𝑘𝑘). The dispersion 
relation was solved for the wave number 𝑘𝑘𝑖𝑖𝑖𝑖  for each section of the converter line (using 
water depth 𝑘𝑘𝑖𝑖  in the relevant cell of the wave model, Fig. 3) for each modelled value of 
the wave angular frequency 𝜔𝜔𝑖𝑖𝑖𝑖  and period 𝑇𝑇𝑖𝑖𝑖𝑖 = 2𝜋𝜋 𝜔𝜔𝑖𝑖𝑖𝑖⁄ . The resulting values of 𝑘𝑘𝑖𝑖𝑖𝑖  
were used to calculate the group speed 𝑐𝑐𝑔𝑔,𝑖𝑖𝑖𝑖  of waves after Eq. (3). 

The wave energy flux is a vector 𝑃𝑃�⃗ = 𝐸𝐸𝑐𝑐𝑔𝑔 aligned with the wave propagation 
direction. Baltic Sea waves often approach the coast at large angles (Viška and Soomere, 
2012). During offshore-directed winds wave energy may even propagate, on average, 
in the offshore direction. The theoretically available (onshore-propagating) wave energy 
resource is expressed by the component of the wave energy flux normal to the relevant 
segment of the coastline. The density of this flux 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖  (per unit of length of the converter 
line) is 

Figure 3. The location of the converter line through wave model grid cells near the western tip of 
the island of Saaremaa, Estonia. Adapted from Paper I. 
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𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑃𝑃𝑖𝑖𝑖𝑖 cos𝜃𝜃𝑖𝑖𝑖𝑖  [W/m], (4) 

where 𝜃𝜃𝑖𝑖𝑖𝑖  is the angle between the wave energy flux vector approaching the 𝑗𝑗-th 
segment of the converter line and its onshore-directed normal (Fig. 3) within the i-th 
hourly time interval. We assume that the energy of waves propagating along the 
converter line or to the offshore is not useable; thus we set 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖 = 0 when 𝜃𝜃𝑖𝑖𝑖𝑖 > 90°. 

The total instantaneous onshore wave energy flux 𝑃𝑃𝑖𝑖𝑖𝑖ℎ , theoretically available for real 
converters mounted along a particular (𝑗𝑗-th) section of the converter line of a length of 
𝐿𝐿𝑖𝑖  (Fig. 3) during the 𝑖𝑖-th hourly time interval, is 

𝑃𝑃𝑖𝑖𝑖𝑖ℎ = 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝐿𝐿𝑖𝑖 [W]. (5) 

Waves approaching the study area in the eastern Baltic Sea could theoretically 
provide, on average 1.5 GW of wave power at the converter line (Fig. 2, Paper I). 
The regional variations in the wave energy resource (Fig. 4) are highlighted for four 
regions. The entire coast of Lithuania and Latvia contributes about 600 MW to the total 
power of the study area. Western Estonia provides in total almost 400 MW. Wave power 
at the southern coast of the Gulf of Finland is about 220 MW and thus much smaller, 

Figure 4. Long-term average wave energy flux along the coasts of the eastern Baltic proper, Gulf 
of Finland and Gulf of Riga in 1970–2007. Adapted from Paper I. 
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considering the length of the coastline. The wave energy resource in the entire coastal 
area of the Gulf of Riga is about 280 MW (Paper I). 

The average long-term onshore wave energy flux per unit length of the coastline varies 
markedly along the study area (Fig. 4). It reaches its highest values (1.5–2.55 kW/m) along 
the open coast of the Baltic proper of Latvia and in the nearshore of the Western Estonian 
Archipelago. The largest average wave energy flux 2.55 kW/km reaches the nearshore of 
Saaremaa (Fig. 4, grid cell 73). Similar levels of energy flux occur in the northern part of 
the Kurzeme Peninsula (to the north of 57°N), in the nearshore of the Sõrve Peninsula 
(the southernmost part of Saaremaa) and in the SW and western nearshore of the island 
of Hiiumaa (Fig. 4). The average energy flux is 1.5–2 kW/m along the coastline of the 
Kaliningrad District and Lithuania and along the southern part of the Latvian coastline. 

The spatial pattern of long-term energy flux mirrors the well-known anisotropy of 
moderate and strong winds in the northern Baltic proper (Soomere, 2003). The described 
alongshore variations in this flux signal that waves from SW reach their maximum height 
in the nearshore of Western Estonia and north of the Kurzeme Peninsula providing the 
highest onshore wave energy flux to the study area.  

The average wave energy flux in sub-basins of the Baltic Sea is much smaller than in 
the open part of the water body (Fig. 4). This flux decreases rapidly to the east of the 
Kõpu Peninsula (the westernmost part of Hiiumaa) and is mostly well below 1 kW/m in 
the interior of the Gulf of Finland. In the Gulf of Riga, values over 1 kW/m are represented 
along its eastern coast and remain below 0.5 kW/m along its western coast. Part of this 
difference stems from relatively short wave periods in these gulfs. The southern part of 
the Gulf of Finland and the western shore of the Gulf of Riga are also sheltered against 
the predominant wave directions and wave growth in the Gulf of Riga is limited by short 
fetch. 

1.4. Hot-spots of wave energy 
Some locations in the Bay of Gdańsk and in the easternmost Gulf of Finland have 
attractive potential locations ‘hot-spots’ for wave energy harvesting (Paper II). These 
nearshore areas have a long fetch for one of the predominating wind directions (Fig. 1). 
The Bay of Gdańsk is fully open to the waves that approach from the North and NNW. 
Strong winds from these directions over the northern Baltic proper (Soomere, 2001) may 
drive most severe wave conditions in the vicinity of this bay (Schmager et al., 2008).  
The eastern Gulf of Finland is occasionally affected by long waves produced by strong 
western or west-south-western winds (Soomere and Keevallik, 2003). 

These two regions (the easternmost Gulf of Finland and the vicinity of the Bay of 
Gdańsk, Fig. 5) host in total about 450 MW of average onshore wave energy flux. Up to 
280 MW reaches the nearshore of the Bay of Gdańsk and about 170 MW is carried by 
waves to the eastern Gulf of Finland (Fig. 5). 

Both of these areas also exhibit extensive alongshore variation in the long-term 
average wave energy flux (Fig. 5). The largest values of wave energy flux are 1.79 kW/m 
on the coast of Sambian Peninsula and 1.61 kW/m between Saint Petersburg and Vyborg. 
These hot-spots of wave energy flux are located in coastal sections that are fully open to 
waves approaching from the most frequent strong wind directions (Fig. 5, sections  
18–21 and 31–33 in the Bay of Gdańsk and sections 61–62 and 66–67 in the Gulf of 
Finland). 
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The alongshore variations in the wave energy flux are minor in the open part of the 
Bay of Gdańsk, along the northern coast of the Hel Peninsula and Sambian Peninsula. 
Low levels of energy are found in the sheltered western Bay of Gdańsk. The alongshore 
variations in the eastern Gulf of Finland are more complicated. The southern coast of this 
area and shores of Neva Bight receive a very limited amount of wave energy. Substantial 
amounts of wave energy may penetrate to the vicinity of the island of Kotlin. 
An approximately 10 km long section with large wave energy flux is found around 
Primorsk on the north-eastern coast of the Gulf of Finland (Fig. 5). 

1.5. Temporal variability in the wave energy flux 
The typical average values of wave energy flux in the prospective areas of the open ocean 
coast for energy harvesting are in the range 30–50 kW/m (Alcorn, 2014). In such areas, 
ocean swells are consistently present and provide a relatively steady energy resource. 
The instantaneous wave energy flux can exceed the average values by one or two order 
of magnitudes depending on the location. There are locations and seasons when rough 
sea conditions can produce 1000–2000 kW/m (Cruz, 2008). This variability highlights the 
difficulties that the production of energy from the ocean waves must face. A suitable 
device must be efficient at converting the typical wave conditions but it also must 
withstand the most severe wave conditions applied to the converter (Alcorn, 2014). 

In semi-sheltered sea areas, wave energy flux is usually not as intense as on the open 
ocean shores but it is much more intermittent. Although maximum wave heights in the 
Baltic Sea are less than half of those in the open ocean, the limited size of the sea dictates 
that wave fields have short memory and persist only a few hours after wind has ceased 
(Soomere, 2005). As wave energy flux behaves roughly as 𝐻𝐻𝑆𝑆2.5 in shallow water, even 
modest variations in the wave height may lead to significant variations in the wave 
energy flux. The wave field is also very sensitive with respect to the wind direction. 

Figure 5. Long-term average wave energy flux along the Bay of Gdańsk (left panel) and the 
eastern Gulf of Finland (right panel) in 1970–2007. Adapted from Paper II. 
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The maximum levels of instantaneous wave energy flux during 38 years of simulations 
(Fig. 6) exceed the long-term average levels by more than 100 times. The wave power 
maximum reaches 680 kW/m near Saaremaa in the nearshore of Baltic proper, about 
400 kW/m in the eastern Gulf of Riga and almost 300 kW/m along the coast of Lithuania 
and Latvia (Paper I). The intermittency has the same level in the Bay of Gdańsk and 

Figure 6. Instantaneous onshore wave energy flux at grid cells No 73 and 194 (see Fig. 2) in the 
nearshore of Saaremaa in the north-eastern Baltic proper and in the eastern Gulf of Riga in selected 
5 years. The red horizontal line indicates the average wave energy flux for the location.  

Figure 7. Seasonal course of the monthly onshore wave energy flux (bars) and the monthly 
standard deviation of single values (lines) summarised for the coastal stretches from the Sambian 
Peninsula to the Irbe Strait (Kurzeme, yellow), Western Estonia (green), Gulf of Riga (magenta) 
and Gulf of Finland (cyan). 
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eastern Gulf of Finland (Paper II). Therefore, such extreme intermittency of wave energy 
flux is inherent for this water body.  

The wave energy flux also has strong seasonal variability (Fig. 7). The standard 
deviation of single hourly values for entire coastal sections exceeds the monthly value by 
8–10 times (Papers I and II). The highest difference between the average and single 
values occurs in the stormiest months from November until February. The variations are 
much smaller from April to August. 

Almost half of the annual wave energy flux arrives in winter (December–January–
February) and less than 10 % in summer months (June–July–August, Fig. 8). The total 
contribution to energy flux in spring and summer months remains usually under 25%. 
The proportions are roughly the same along the entire study area. In essence, they mirror 
seasonal patterns of wind speed and wave climate in the region. 

The onshore wave energy flux in single seasons can vary significantly between 
different years (Paper I). For example, in 1986 the wintertime energy flux contributed 
only 20% to the annual total power but up to 70% during severe winters such as in 
2005/2006. 

1.6. Properties and timing of the wave energy resource 
It is rational to optimise wave energy converters to match the parameters of waves 
that provide the largest contribution to the wave energy flux at the selected site. 
The combinations of heights and periods of wave fields with the largest wave energy 
resource can be estimated using combined scatter and energy diagrams (Fig. 9). 
The greatest contribution to the wave power is provided by wave conditions with 
significant wave height of 1.5–2.5 m and the peak period of 5–8 s. The typical 
instantaneous energy flux of waves with these parameters is about 10 kW/m (Paper I). 
Much higher wave energy flux may at times occur (see Fig. 6). Wave energy fluxes 
>100 kW/m have occurred, according to our calculations, for about 1 h/yr in the Gulf of
Finland and about 15 h/yr near Saaremaa (Paper I). The converter must withstand such
wave conditions.

In the nearshore of the Estonian Archipelago, the best resource of energy is 
concentrated in a narrow range of wave heights and wave periods (Fig. 9). The properties 

Figure 8. The proportion of the average wave energy flux in different seasons over longer coastal 
stretches in (wide bars) and in grid cells Nos. 24, 73, 147 and 194 in Fig. 2 (narrow white bars). 
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of waves suitable for energy harvesting are much more variable in the nearshore of the 
Bay of Gdańsk. 

The analysis in Paper I reveals that a substantial amount of the wave energy in the 
Baltic Sea is concentrated into relatively short time periods (Fig. 10). A few severe wave 
storms with total duration of about 2 days contribute up to 20% of the annual wave 
energy flux (Fig. 10). About 60 % of the annual energy arrives to the nearshore within 18 
stormiest days and 75% of it arrives in five weeks. More than 90% of the entire annual 
energy arrives during the 3 windiest months. The contribution of the roughest seas to 
the total annual energy flux is practically the same for the entire study area (insert in 
Fig. 10). 

On many calmer days almost no onshore energy flux is available in the entire study 
area (Fig. 10). The calmest 93.8 days provide, on average, only 1% of the total annual 

Figure 9. Combined scatter and energy diagram for two selected wave model grid cells: (a) point 
73 near Saaremaa in Fig. 2, b) point 21 in Fig 5, nearshore of Bay of Gdańsk. The numbers show 
the annual average of hours with the relevant wave conditions with a resolution of 0.5 m in wave 
heights and 1 s in wave periods for 1970–2007. The colour scale shows the annual bulk energy 
resource [kW·h/m] carried onshore by wave fields with the relevant wave properties with a 
resolution of 0.5 m in wave heights and 0.5 s for waves with periods less than 7 s and 1 s for waves 
with periods longer than 7 s. Solid blue lines present isolines of instantaneous energy flux. 

Figure 10. Cumulative annual energy flux at four selected points in the study area (Fig. 2) Blue: 
the border between Latvia and Lithuania, red: western coast of Saaremaa, black: eastern Gulf of 
Finland, cyan: eastern Gulf of Riga. The inset reflects the contribution of the most intense wave 
fields for 360 h (15 days) a year (Paper I) 
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energy flux in the southern Baltic Sea. The same amount is provided on the 102.7 calmest 
days in the nearshore of Saaremaa. In semi-sheltered sub-basins the time intervals with 
less than 1% of the annual onshore energy flux are even longer, about 118–119 days/yr 
in the eastern Gulf of Finland and Gulf of Riga (Fig. 10). 

Additional to the demonstrated high intermittency of wave energy flux, there are 
other limiters for energy production in the study area. Although some wave energy 
converters (see Paper II and references therein) are apparently able to catch as much as 
80% of the total wave energy, losses in the conversion and transmission into the grid are 
still considerable. The realistic output into the electricity grid hardly exceeds 50% of the 
theoretically available energy (Bernhoff et al., 2006). 

The practical use of this resource is limited by the presence of numerous marine 
protected and Natura areas that cover 46% of the study area. The theoretically available 
wave power in coastal stretches with no environmental restrictions is about 840 MW  
for the entire study area (Paper I). A realistic upper limit for the total wave energy 
contribution to the grid is thus 300–400 MW (Paper I). 

Even though wave energy harvesting in the Baltic Sea is generally thought to be 
economically not beneficial, wave energy farms can serve as preventive solutions for 
environmental management of coastal sections affected by erosion (Martinelli, 2011, 
Abanades et al., 2015, Abanades et al., 2018). They act similarly to detached breakwaters 
that partially shelter vulnerable shore sections against strong waves (Vaidya et al., 2015). 
The study area contains long coastal sections with fine sediment (Fig. 2; Paper II).  
The majority of beaches in this area suffer from sediment deficit (Harff et al., 2017b) and 
many coastal segments are prone to erosion (Pranzini and Williams, 2013). The situation 
is particularly complicated in the eastern Gulf of Finland (Ryabchuk et al., 2011) where 
high waves may approach at large angles with respect to the coastline and give rise to 
instability of the entire coastal system (Ashton et al., 2001; Murray and Ashton, 2013). 
The presence of hot-spots of wave energy highlighted in Paper II signals that much more 
intense coastal processes than previously thought based on the classic wave statistics 
may occur in single coastal sections. The use of suitably placed wave energy converters 
would reduce wave intensity and thus mitigate erosion of the affected coastal sections. 
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2. Extreme water levels in the eastern Baltic Sea 
The most intense erosion usually occurs when large waves attack unprotected sediment 
higher on the shore. Such events happen relatively frequently in the “downwind” areas 
of the eastern Baltic Sea during strong western storms that often create high surge and 
generate severe wave conditions. Therefore, estimations of properties and projections 
of future extreme water levels are necessary to properly interpret the wave impact on 
the coast (Chapter I). In particular, understanding the joint effect of strong waves and 
high water level plays an essential role in the perception of the threats to, and complicated 
analyses of the evolution of the beaches. 

Paper III constructs a projection of extreme water levels and their return periods for 
selected locations of the eastern Baltic Sea. It uses a simple approach for building an 
ensemble of projections based on the block maximum method of seasonal and annual 
maximum water levels. This approach is tested at four locations on the Estonian coast. 

Paper IV explores the mechanisms that drive extreme water levels in the eastern 
Baltic Sea. The contribution of some mechanisms to the total water level is determined 
by a simple use of a running average. The analysis reveals that single components of 
water level are not only driven by processes at different time scales but also follow 
different statistical distributions. The analysis in Papers III and IV employs numerically 
simulated water level time series from the Rossby Centre Ocean (RCO) model for  
1961–2005 and observed water level data from four tide gauges (Fig. 11). 

2.1. Hindcast and observed water levels 
The analysis of extreme water levels and their return periods in Paper III relies on the 
data from simulations of the water level and measurements from four Estonian coastal 
sites (Fig. 11). The tide gauge at Ristna characterizes processes on a relatively straight 
coastal section that is exposed to high waves from the open Baltic Sea. The tide gauge in 
Tallinn Harbour portrays a semi-enclosed coastal segment with relatively deep water and 
complicated geometry. The measurement site in Narva Bay (Narva River mouth) 
represents a bay that is widely open to the west and north that is vulnerable to storm 
surges driven by western winds. The location of the tide gauge in Pärnu Bay is vulnerable 
to high storm surges driven by SW winds. 

Measurements of water level at these sites have been taken for many decades, and 
some data are available from the end of the 19th century. Regular observations started 
in the middle of the 20th century, two or four times per day. Later, the records exist for 
every hour. The frequency of observations has been variable and none of the time series 
is completely homogeneous. The recordings used in Papers III and IV are presented in 
the Baltic Height System BK77 that was used in Estonia until 2018. 

The numerically modelled data used in Papers III and IV were selected from grid cells 
located at the distance of a few kilometres from the shoreline (Fig 11). This choice was 
made to avoid insufficient spatial resolution of the model bathymetry and geometry in 
nearshore areas. The water level time series at chosen grid cells were extracted from the 
output of two circulation models. The Rossby Center Ocean (RCO) model was developed 
and implemented by the Swedish Meteorological and Hydrological Institute (SMHI).  
The output information has a temporal resolution of 6 hours. The RCA4-NEMO model 
provides hourly water level time series. Both models were run with the same set-up but 
with a slightly different start time. 
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Simulations by the RCO model were run from May 1961 to May 2005. The grid cells 
used were 2 × 2 nautical miles. The water column was split into 41 vertical layers. 
This model was forced with high-resolution meteorological information from a 
regionalization of the ERA-40 re-analyses over Europe with a horizontal resolution of 
22 nautical miles. 

The undisturbed water level of the RCO model is related to the stationary topography 
of the model (so-called Warnemünde topography, Seifert et al., 2001) that does not take 
into account postglacial uplift. As the bathymetry has been compiled from several maps 
with different base elevation systems, the RCO model is not linked to any particular 
height. This approach is acceptable in the study area where the global sea level rise in 
recent decades (Cazenave et al., 2014) is compensated by land uplift. The detailed 
set-up for the RCO model has been thoroughly described in Meier et al., (2003) and Meier 
and Höglund (2013). The quality of numerically replicated water level data has been 
analysed in Meier et al. (2004). 

Figure 11. Observations sites at Tallinn, Pärnu, Ristna and Narva-Jõesuu (red circles) and the 
locations of offshore grid cells of the RCO model (black squares) used in Paper III, and the locations 
of the RCO grid cells used in Paper IV. 
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In the context of extreme water levels and their return periods a systematic bias 
between the modelled and measured values is immaterial as long as both the modelled 
and measured extreme values are determined from the long-term mean water level. 
For this reason the modelled water levels were de-meaned and described as hindcast 
data in Paper III. 

The modelled data represents open sea water level conditions. The records at the 
observation sites are likely also affected by local effects such as wave set-up. Therefore, 
the mixed use of these data sets is not justified. To make the data comparable, 
an alternative semi-synthetic data set was created in Paper III by transforming the 
measured water levels to offshore conditions with the use of the hindcast of the 
High-Resolution Operational Model for the Baltic Sea (HIROMB) with an output 
resolution of 1 nautical mile. The transformation was accomplished using the HIROMB 
model and linear regression. The new locations were at a distance of 10 km from Tallinn, 
15 km from Pärnu, 20 km from Ristna, and 40 km from Narva-Jõesuu. The suitability of 
this method was estimated using Pearson correlation coefficients. These coefficients 
𝑅𝑅 were >0.99 for all sites. For brevity, the resulting transformed values are called 
observed data in Paper III. 

2.2. Outliers of water level and the extreme water level distribution 
Typically, the empirical probability (density) distributions of water level resemble a 
Gaussian distribution in the eastern Baltic Sea (Johansson et al., 2001). They are usually 
slightly asymmetric, being skewed towards the high water levels. The empirical 
distribution of simulated water levels in Tallinn Bay also mainly follows a Gaussian 
distribution (Fig. 12). Its skewness is 1.23 and kurtosis 3.09. These parameters are 0 and 
3, respectively, for Gaussian distributions. Therefore, the probability of very large values 
insignificantly differs from this probability for the Gaussian distributed data set. 

Figure 12 shows that on top of almost Gaussian distributed water levels, occasional 
very high water levels (called outliers below) may occur. The presence of outliers is 
typical for the eastern Baltic Sea (Suursaar and Sooäär, 2007). This feature may 
substantially affect the parameters of the associated extreme value distribution and 
projections of return periods of very high water levels (Fig. 12). The outliers of extreme 

Figure 12. Frequency of occurrence of deviations of the water level from the long-term mean in 
the RCO simulations near Tallinn (6-h values from 1961–2005). 
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water levels often do not obey the classic Generalised Extreme Value (GEV) distribution 
or its particular realisations – Fréchet, three-parameter Weibull, or Gumbel distribution 
(Coles, 2001). Even slightly different methods may lead to significantly different 
predictions of extreme water levels and their return periods (Suursaar and Sooäär, 2007). 

A feasible way of employing various projections to obtain the most credible outcome 
is the use of an ensemble of estimates of extreme water levels and their return periods. 
Paper III explores a simple approach of creating an ensemble based on the existing data 
and commonly used extreme value distributions. The core of the approach is a GEV 
distribution with the cumulative distribution function 

𝐺𝐺(𝑦𝑦) = exp �− �1 + 𝜉𝜉 �
𝑦𝑦 − 𝜇𝜇
𝜎𝜎

��
−1𝜉𝜉� . (6) 

Here 𝑦𝑦 has the meaning of block maxima (e.g., annual maximum water levels) and 𝜇𝜇, 𝜎𝜎, 
and 𝜉𝜉 are the location, scale and shape parameters, respectively (Coles, 2001).  

For 𝜉𝜉 → 0 the GEV distribution reduces to the Gumbel distribution with a cumulative 
distribution function 𝛬𝛬(𝑦𝑦)~ exp{− exp(−𝑦𝑦)}. For 𝜉𝜉 < 0 it represents a three-parameter 
(reversed) Weibull distribution and for the case 𝜉𝜉 > 0 it represents a Fréchet 
distribution. The three-parameter Weibull distribution describes extremes of so-called 
light-tailed (very rapidly decaying) distributions. The Fréchet distribution is the limiting 
one of those which have polynomially (that is, relatively slowly) decaying tails.  
The Gumbel distribution is suitable for the description of extremes of processes that have 
an exponential tail such as the Gaussian distribution. In many applications also,  
the two-parameter Weibull distribution is used to estimate the threshold that is 
exceeded once during a certain time interval. 

The return period 𝑇𝑇(𝑦𝑦�) for a certain value 𝑦𝑦� is given by the [1 − 1/𝑇𝑇(𝑦𝑦�) ]-th 
percentile of 𝐺𝐺(𝑦𝑦): 

𝑇𝑇(𝑦𝑦�) = 1
1−𝐺𝐺(𝑦𝑦�)

. (7) 

The core idea of Paper III was to apply these three extreme value distributions  
(the GEV distribution, the Gumbel distribution and a 2-parameter Weibull distribution) 
and the different data sets described in Section 2.1 to build a cluster of projections of 
extreme water levels and their return periods. Even though the Gumbel distribution is a 
particular case of the GEV family, in many applications the validity of the condition 𝜉𝜉 = 0 
is not evaluated. This approach employed in Paper III implicitly assumes that the 
processes that drive extreme water levels are statistically stationary (cf. Kudryavtseva et 
al., 2018) and that the errors of different projections are randomly distributed. Under 
these conditions it is likely that the average over all projections of the ensemble provides 
a plausible vision of future extreme water levels and their return periods. 

2.3. Block maxima method 
The use of extreme value distributions from the GEV family and the block maxima 
method (e.g., Haigh et al. 2014; Arns et al., 2013) requires that the single extremes used 
in projections must be identically distributed and uncorrelated (Coles, 2001). Even though 
some outliers of water level seem to represent a different population (Suursaar and 
Sooäär, 2007), single values of water level apparently represent the same Gaussian-like 
distribution (Fig. 12). 
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A common practice is to use water level maxima over single months or calendar years 
as the set of block maxima (e.g., Lagemaa et al., 2013, Ribeiro et al., 2014). In the Baltic 
Sea, monthly maximum water levels are often correlated and daily maxima converge to 
a 2-parameter Weibull distribution (Särkkä et al., 2017). Water volume in the Baltic Sea 
has a relatively long reaction time to the atmospheric forcing that is responsible for 
substantial variations in the water volume of the entire sea (Lehmann and Post, 2015; 
Lehmann et al., 2017). Events of elevated water levels may last several weeks 
(Leppäranta and Myrberg, 2009) or even months (Soomere and Pindsoo, 2016). 
Consequently, the water level responsible for the annual maxima that occurred in 
December of one year and the next year annual maximum that occurred in January of 
the subsequent year may be caused by the same cluster of storms. 

For the listed reasons the analysis in Paper III additionally employs another method 
for the selection of (block) maxima over certain time intervals. The calendar year maxima 
are used as one set of maxima. The alternative set of block maxima represents water 
level maxima over the relatively stormy season from August to March. As during the calm 
spring and summer period coastal areas in the Baltic Sea do not experience high water 
level events (Johansson et al., 2001, Suursaar et al., 2002; Jaagus and Suursaar, 2013), 
single maxima in this set (called stormy season maxima) are uncorrelated. 

The differences between the single values of these sets are minor. However, even 
such minor differences play an important role in projections of the extreme water levels 
and their return periods (Fig. 13). The predictions based on the stormy season maxima 

Figure 13. Return periods of extreme water levels at Narva-Jõesuu calculated from the results of 
the 6-h RCO data (upper panels) and the observed 1-h data set (lower panels, a semi-synthetic 
data set obtained based on observations and the output of the HIROMB model). The panels on 
the left correspond to projections based on annual maxima, the panels on the right – to projections 
based on maxima over stormy seasons. Markers represent single block maxima. 
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are usually higher for the Estonian coastal waters than those based on the annual 
maxima. A similar difference also becomes evident in modelled data. Predictions of 
extreme water levels for a 50 year return period based on modelled stormy season 
maxima are by 20 cm higher than those calculated using calendar year maxima.  
The difference is about 10 cm for the observed data (Fig. 13). 

2.4. Extreme water level projections and local effects 
The demonstrated extensive variability of different projections calls for the use of 
another approach to improve the results. The core idea in Paper III is that (i) an average 
of many projections reflects relatively well the true value and (ii) the differences between 
single different projections provide information about the uncertainty of single 
estimates. The approach in Paper III used six sets of block maxima (both annual and 
stormy season maxima) for three data sets (RCO 6 h, RCA4-NEMO 1 h and observed data) 
to evaluate the parameters of the GEV, Gumbel and 2-parameter Weibull distributions 
and for subsequent construction of an ensemble of 18 projections at each particular site. 

As expected from the basic properties of the employed distributions, the Gumbel fit 
(that represents exponentially decaying processes such as the ones following a Gaussian 
distribution) almost always projects higher water levels for longer return periods than 
the Weibull fit. This is natural as the Weibull fit, in essence, estimates the threshold that 
is exceeded once during a certain time interval but does not predict the extreme water 
level itself. A GEV fit (Fréchet or 3-parameter Weibull distribution depending on the 
particular location; see Soomere et al., 2018) usually provides intermediate values 
(Fig. 14). Furthermore, different sets of block maxima sometimes match a 2-parameter 
Weibull and sometimes a Gumbel fit. In general, all projections based on different 
extreme value distributions largely follow the observed and modelled water level 
maxima. 

The overall appearance of the ensemble of projections is different at single 
measurement sites. The ensemble, Narva-Jõesuu contains two clusters for return periods 
of 2 to 10 years (Fig. 14). The estimations based on observed values exceed those based 
on hindcasts typically by up to 50 cm. It is likely that this difference reflects the local 
features of the measurement site. The tide gauge is located a few hundred meters 
upstream of the Narva River mouth. The river flow is occasionally restricted by a sand 
bar (Laanearu et al., 2007). The sandy seabed is gently sloping and the river mouth is 
open to one of the predominant wave propagation directions. These are favourable 
conditions for the formation of local wind driven surge and wave set-up. These 
phenomena probably quite often contribute to the observed water levels. General 
circulation models like the RCO model do not resolve these local features. 

Starting from the 30-year return period, the two clusters merge and the projections 
within the ensemble are more or less uniformly distributed. The spread for the return 
period of 100 years is about 60 cm and reaches about 100 cm for return periods of about 
500 years. 

The coastal area of Pärnu has one of largest water level variations in the Baltic Sea 
(Averkiev and Klevanny, 2010) with the highest storm surge, 2.75 m, recorded in 2005 
(Suursaar et al., 2006). The outliers of extreme water levels measured in 1953 and 2005 
markedly affect the Gumbel and GEV fit while the 2-parameter Weibull fit seems to be 
largely governed by the rest of the block maxima (Fig. 14). Similar to Narva-Jõesuu, the 
ensemble for Pärnu has two different “populations” of projections. They deviate by 
20 cm for the return period of 15 years and up to 30 cm for the return period of 22 years. 
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The centres of projections of different clusters coincide for the return period of 30 years. 
The spread of projections for this return period is about 40 cm. The spread increases up 
to 150 cm for the return period of 500 years. The different projections are relatively 
uniformly spread within the ensemble.  

The projections for Tallinn are relatively close to each other. The spread of the 
ensemble is smaller than at Narva-Jõesuu and Pärnu: about 25 cm for the return period 
of 20 years, 50 cm for 100 years and about 80 cm for 1000 years. This signals consistency 
of the underlying data and suggests that the middle value of the ensemble is a good 
estimate for the future extreme water levels at this location. 

The ensemble of projections is substantially different at Ristna. The projections based 
on measured and hindcast block maxima differ radically. The average difference is from 
30 cm for the return period of 2 years up to almost 90 cm for the return period of  
45 years. The spread of projections within each cluster is fairly limited (below 10 cm) until 
return periods of about 25 years, and increases to 25–30 cm for return periods of 
100 years and to 40–60 cm for return periods of 500 years. The two clusters do not 
overlap even for the return period of 1000 years. This appearance signals that the 
modelled and measured maxima may be affected by different factors. The analysis in 
Paper III provides several arguments in favour of a strong contribution of wave set-up to 

Figure 14. Return periods of extreme water levels calculated from different projections at  
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 – stormy season 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 – 2-parameter Weibull distribution. The difference between the 
observed and hindcast block maxima corresponding to the calendar years (red) or to stormy
seasons (blue) does not become evident at the scale of the image but considerably impacts the
relevant projections starting from return periods of about 20 yr (Paper III). 
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measured water levels at this location. Large waves created by SW storms reach the 
immediate vicinity of the harbour. Waves with significant wave height >4 m may occur 
relatively often in this area (Tuomi et al., 2011). Therefore, in ideal conditions, wave  
set-up may add up to 1 m to the water level at the tide gauge (Dean and Bender, 2006). 

The main conclusion of Paper III is that none of the commonly used extreme value 
distributions is able to perfectly replicate extreme water levels along the coast of Estonia. 
This conclusion is reinforced in (Soomere et al., 2018). The ensemble approach 
apparently provides plausible projections for the southern shore of the Gulf of Finland 
which is geometrically sheltered for the predominant SW wind direction. The results for 
Pärnu have a relatively large spread apparently because of the presence of “statistically 
almost impossible outliers” (in the words of Suursaar and Sooäär, 2007) in the water level 
time series. 

The analysis also highlights an unexpected use of ensemble approach for the 
identification of coastal areas where local effects (in particular, wave set-up) play a 
significant role in the formation of extreme water levels. The existence of multiple 
clusters of projections in such locations may help to quantify the proportion of local 
effects at a particular site (Paper III). 

2.5. Separation of short-term and long-term variations 
Further analysis of the properties of water level is performed in Paper IV for the 
nearshore of the eastern Baltic Sea (Fig. 11) and relies on the water level time series 
produced by the RCO model and described in the Section 2.2. 

Dangerous water levels in the eastern Baltic Sea are usually formed by the joint 
impact of several drivers that generally have different time scales. The temporal course 
of the Baltic Sea water level has no typical period (Paper IV). Only tidal cycle can be 
distinguished (Medvedev et al., 2016). As the resulting water level variations are 
generally aperiodic, standard tools used in the analysis of periodic signals such as spectral 
(Fourier) analysis are not applicable for the separation of different processes from the 
time series. 

The amplitudes of Fourier components with periods shorter than about 3 weeks 
decay rapidly. Components that have periods less than about 5–7 days have amplitudes 
about 1/10 of the typical values of the components with period of about one month 
(Paper IV). This feature provides a clue for the separation of water level components with 
different time scales. Namely, it is possible to distinguish variations which are longer than 
about one week from the more frequent. The weekly-scale components are singled out 
of the water level time series using a smoothing procedure (running or moving average) 
in Paper IV. The residual represents relatively short-term water level variations that can 
be considered as a proxy of single storms. This approach allows the separate analysis of 
the contribution to extreme water levels of variations in the water volume of the entire 
Baltic Sea and the impact of single (local) storms. 

The outcome of the separation procedure depends on the length 𝑇𝑇𝐴𝐴 of the averaging 
interval of the smoothing procedure. For short averaging intervals (about 2 days) the 
resulting smoothed time series contain a few positive outliers. They disappear for  
𝑇𝑇𝐴𝐴 > 3 days. For 𝑇𝑇𝐴𝐴 >10 days the smoothed water level substantially deviates from the 
overall course of the water level and apparently is not usable for the separation of single 
storms from events of elevated water levels of the entire sea. 
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The appearance of the empirical distribution of the residual also substantially 
depends on the length of the averaging interval 𝑇𝐴. For intervals less than 3 days both 
branches of this distribution (for negative and positive surges) are concave in the 
log-linear plot. For longer averaging intervals (over 10 days) both branches have a convex 
shape. Both cases can be approximated using a quadratic function. 

The coefficient at the leading term of such an approximation vanishes if 𝑇𝐴 ≈ 8 days 
(Fig. 15). In this case the probabilities for both for low and high storm-driven water levels 
decay linearly in the log-linear plot (Fig. 16) for a certain range of water levels. In other 
words, the relevant empirical probability distribution follows the classic exponential 
distribution ⅇ𝑥𝑝(−𝜆𝑥), where 𝑥 is the water level. The best match of this distribution 
with the empirical distribution of the residual occurs when 𝑇𝐴 = 8.25 days (Fig. 16). 
This value is used in Paper IV for the further analysis. 

The running average (equivalently, the weekly-scale component of water level) 

reasonably replicates the average water level in the entire Baltic Sea. Its largest values 

reach almost 1 m, that is, about 60% of the extreme water levels (Fig. 16). This estimate 

is consistent with the fact that the changes in the entire Baltic Sea water volume may be 

up to 1 m and may substantially contribute to extreme water levels (Leppäranta and 

Myrberg, 2009). The distribution of the running average largely follows a Gaussian 

distribution and does not contain any outliers for 𝑇𝐴 > 4 days. Therefore, probabilities 

of a substantial contribution of this component into the total water level obtained using 

𝑇𝐴 = 8.25 days can be reasonably quantified using classical Gaussian statistics. 
The described separation process thus associates all outliers with the residual signal 

(that is, with local storms) and indicates that storm-driven variations contribute about 
40% to the total water level extremes (Fig. 16). This component of the water level reveals 
an asymmetry of the high and low water levels and contains numerous positive outliers. 

Figure 15. The dependence of the coefficient at the quadratic term in the exponent of the 
distribution of the positive residual water level variations (positive storm-driven surges) on the 
length of the averaging interval. The data are the same as in Fig. 16). The quadratic equation is 
fitted to the interval from 3% down to 0.01% of the probability of occurrence. 
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2.6. Spatial variations in the risk of storm surge 
The analysis in Paper IV identified that the distribution of the storm driven component 
almost exactly matches an exponential distribution with the probability density function 
~ exp(𝜆𝜆𝜆𝜆) for averaging intervals with a length of about 8 days (Fig. 16). This kind of 
distribution describes inter alia that the time between events is a Poisson process. 
The described separation and the basic properties of the distributions of both water level 
components are valid for the entire eastern Baltic Sea, including the observed water 
levels (Paper IV). 

This feature makes it possible to quantify to some extent the probability of having 
very high local storm surges for any location of the study area using just one parameter 
– the exponent of this distribution 𝜆𝜆. The spatial variations of this probability along the
study area are conveniently described with the use of the associated scale parameter
−1/𝜆𝜆. Negative values of this parameter characterise negative surges and positive ones
– storm-driven high water levels (Fig. 17). This quantification is, in essence, a version of
an express method as it ignores the presence of outliers and is only applicable for a
limited range of the total water level.

The spatial distribution of the scale parameter of the negative branches of the 
exponential distribution varies significantly along the eastern Baltic Sea coast (Fig. 17) 
from absolute values 2.1 up to 5.6. The lowest storm-driven water levels are more likely 
to occur in the interior of the semi-enclosed sub-basins in the Gulf of Riga and Gulf of 
Finland. The water levels well below the average are less frequent along the coast of the 
Baltic proper. 

The scale parameters of the distribution of storm-driven positive surges mirror a 
similar pattern for low water levels in the eastern Baltic Sea. The absolute values of the 
scale parameter for storm surges are generally larger but less variable along the study 

Figure 16. Frequency of occurrence of water levels near Tallinn with the averaging interval of 8 
days. Squares: full water level, diamonds: running average of water level (low-frequency variations 
mimicking the water volume in the Baltic Sea), circles: the residual (that mimics storm-driven 
variations). 
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area (Fig. 17) than those for negative surges. The smallest values are found, as expected, 
along the coast of Baltic proper and the largest values occur in the interior of the Gulf of 
Riga and in the eastern Gulf of Finland. 

Figure 17. The scale parameter of the exponential distribution of the frequency of occurrence of 
negative (left panel) and positive (right panel) storm-driven surges in the eastern Baltic Sea. 
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3. Quantification of beach evolution 
The development of the beaches in the eastern Baltic Sea is governed by the combination 
of several hydrodynamic drivers and site-specific peculiarities. The classic cut-and-fill 
cycle model is not generally applicable for the Baltic Sea beaches. The main reasons are 
that the highly intermittent wave regime contains a very small proportion of low intensity 
constructive long swell waves (Broman et al., 2006; Soomere et al., 2012) and the high 
angle of wave approach that causes intense alongshore sediment transport. Many local 
conditions such as substantially varying water level, ice conditions, and the geometry of 
the coastline contribute to the formation of the sediment budget. The beaches often 
develop in a step-like manner where rapid changes during single severe wave storms are 
separated by long periods of slow evolution. In particular, the quantification of both 
short- and long-term variations in the sediment budget during calm seasons is 
complicated. 

High-resolution measurements are the core input for reasonable estimations of the 
long-term beach evolution in such situations. Papers V and VI describe the technology 
and outcome of such measurements carried out at Pirita Beach at the south-eastern 
bayhead of Tallinn Bay. Paper V provides a detailed description of a combination of 
terrestrial and airborne laser scanning techniques to quantify the changes in the 
subaerial sand volume of slowly evolving beaches. The quantification of changes in the 
sand volume is expanded for the entire beach profile using the classical concept of the 
equilibrium beach with an application of an inverse Bruun’s Rule in Paper VI. 

3.1. Study area 
A combined method of airborne and terrestrial laser scanning together the use of a 
classic beach theory was tested on a 200 m long section (Fig. 18) of Tallinn Bay (Paper V 
and VI). The test area, Pirita Beach, is a typical small, embayed beach (Fig. 18). The sandy 
part of the beach is about 2 km long. The beach suffers from a sand deficit, active 
foredunes are missing and ancient dunes dominate the landscape further from the 
shoreline (Orviku, 2018). 

The local wave climate in Tallinn Bay is mild (Soomere, 2005) and the overall intensity 
of the coastal processes is low. The maximum height of the erosion scarp at the edge of 
the coastal forest is 1.5 m (Orviku, 2018). The shore of the study area is stabilised to some 
extent by postglacial uplift (about 2 mm/yr, Kall et al., 2014) and by sediment supply from 
the Pirita River. The stability of the beach is today threatened by an increase in global sea 
level rise and by the reduction of natural sediment supplies (Soomere and Healy, 2011; 
Orviku, 2018). 

The volume of natural sediment supplied by the Pirita River has substantially 
decreased since the construction of Pirita Harbour in 1980. This has led to a substantial 
decrease in the subaerial sand volume between the waterline and coastal scarp (Orviku 
and Granö, 1992). The beach has suffered from periods of severe destruction due to 
single storms from unfavourable directions that have created exceptional water levels in 
the 2000s (Orviku et al., 2003; Soomere et al., 2007; Soomere and Healy, 2011). 
Approximately 50% of Pirita Beach, mostly its central and northern sections, suffers from 
damages at times (Soomere et al., 2008). 
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The most vulnerable part of the Pirita Beach is its approximately 1 km long northern 
section. The coastal scarp has receded up to 5 m in the northernmost section of the 
beach. The southern part of the beach is the most stable. It has an about 100 m wide 
sandy section with an elevation up to 2 m above mean water level near the northern 
mole of the Pirita River. The central part of Pirita Beach (where the test section is located, 
Papers V and VI) is in an approximately equilibrium state and has a variable sediment 
transport direction (Soomere et al., 2011).  

3.2. Combining airborne and terrestrial laser scanning technologies 
The analysis in Paper V relies on high-resolution measurements using different laser 
scanning technologies that are combined into a vertically homogenised data set. Laser 
scanning is a remote sensing method which utilizes laser pulses to measure distances to 
objects. A basic advantage of this method is its ability to almost instantaneously gather 
accurate and high-resolution data over the entire surface of the beach. The outcome of 
the rectification process provides a three-dimensional representation of measured 
objects in terms of a cloud of surface points. 

Terrestrial laser scanning (TLS) is used to acquire higher-resolution spatial data about 
objects with an accuracy of about 1 cm or even better (Dorninger et al., 2011) and at a 
vertical resolution of up to a few mm. Airborne laser scanning (ALS) technology is 
cost-effective in applications where one has to cover large areas. Usually the scanning 
device is mounted on an aircraft or unmanned aerial vehicle. The density of the point 
cloud is much lower compared to the clouds generated using the TLS and varies usually 

Figure 18. The study area in Tallinn Bay. The inset shows the location of the test section (blue 
polygon) and the reference surface (parking lot, green square). Adapted from Paper V. 
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in the range of 0.1–20 points/m2. Acquiring high-resolution data requires more flight 
hours and is therefore more expensive. 

The use of repeated ALS surveys makes it possible to create sequences of 
three-dimensional representations of the beach to assess the dynamics of coastal 
structures driven by the impacts of storms and the subsequent recovery processes 
(Dorninger et al., 2011; Grünthal et al., 2014; Johnson et al., 2020). The Estonian Land 
Board has performed repeated ALS measurements over the Estonian land and coastal 
areas regularly since 2008, once or twice a year. For the analysis in Papers V and VI the 
elevation data from Pirita Beach from 2008 to 2013 was retrieved from the database of 
ALS measurements measured and pre-processed by the Estonian Land Board. Only points 
classified as ‘ground’ were used. These ALS data sets were measured from an altitude of 
2400 m and with an average density of 0.45 points/m2. 

A problem with the direct use of this data is that elevation maps in subsequent years 
usually contain systematic elevation errors. The ALS method involves many parameters 
that need to be determined for the accurate calculations of coordinates and height of 
each point in the cloud. In order to determine the position and orientation of the aircraft 
at any instant, a Global Navigation Satellite System (GNSS) receiver and an Inertial 
Measurement Unit (IMU) are used. The GNSS receiver records the position and the IMU 
pitch, roll and yaw of the aircraft. Because of possible errors introduced via calculations 
of these parameters, the accuracy of results of ALS is less than that of TLS. In favourable 
conditions the estimated accuracy is usually in the range of 2–15 cm. A large part of 
deviations from the true value form systematic elevation errors. These can be corrected 
using local high-precision scanning. 

A combination of ALS and TLS techniques was used for the estimations of the changes 
in sand volume on the subaerial beach at the test section at Pirita Beach (Fig. 19, Papers 

Figure 19. Test area at Pirita Beach and the parking lot (reference surface) nearby. Yellow circles: 
reference points, blue triangles: TLS stations. Reference points were measured with the geodetic 
accuracy of a GNSS receiver. Adapted from Paper VI. 
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V and VI). For reliable estimations of the changes in the subaerial beach, the ALS data 
sets were complemented with TLS measurements with a much higher resolution (about 
2 × 2 cm) measured at Pirita Beach in 2013 and 2014. These high-resolution 
measurements enabled the reduction of all ALS surfaces to the reference surface using 
corrections derived from the exact elevation of a large car park near Pirita Beach (Fig. 19). 
The parking lot has remained unchanged since the first flight in 2008. It was measured 
using the TLS technology in December 2013 and linked to the measurements on the 
beach (Paper V). The resulting digital elevation models of the beach were suitable for 
estimations of the changes in the absolute height of the beach and sediment volume on 
the subaerial beach. 

3.3. Subaerial volume changes 
The comparison of digital elevation models from different years reveal a spatial structure 
of sand accumulation and motion patterns over the years 2008–2010 (Fig. 20, left panel). 
Loss of sand in those years was almost negligible and occurred only in a few spots. 
The entire subaerial beach on the test section (Fig. 20) gained about 500 m3 of sand per 
year (Table 1). The average increase in the height of the subaerial beach was 20–30 cm 
(Paper VI). 

The processes on the beach between 2010 and May 2014 showed an almost totally 
opposite pattern (Fig. 20, right panels). The subaerial beach mostly lost sand in an 
amount almost equal to the total gain in 2008–2010. The total loss of sand was almost 
1200 m3 (Table 1). The changes in the beach height were largest on the upper part of the 
subaerial beach where most of the sand was lost.  

The described changes in the sand volume are consistent with the changing pattern 
of storms over the period 2008–2013 (Paper V). On the one hand, the wave climate was 
relatively mild during the years 2008–2010 in the Tallinn Bay area. A relatively large 
proportion of swells during these years was favourable for beach sand accumulation. 
On the other hand, the autumn and winter of 2011/2012 and 2012/2013 were 

Figure 20. Changes in the beach height in 2008–2010 and 2010–2014. The scale shows the 
differences in the beach height (m, right) and the relevant erosion (red) and accumulation (blue) 
areas. 
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comparatively stormy. The Pirita Beach was frequently impacted by severe wave 
conditions accompanied by elevated water levels. 

The overall pattern of changes in sand volume suggests that a multi-year cycle of 
erosion and accumulation, with the recovery time of a few years, have occurred at the 
Pirita Beach similar to the one described in (Dodet et al., 2019). It is likely that the 
common seasonal “cut and fill” cycle of sandy beaches also occurred in the years in 
question. Both cycles involve two phases but have different duration. Under severe wave 
conditions and high water levels waves erode unprotected sediment from the upper part 
of the beach. The eroded material is mostly deposited within the equilibrium beach 
profile (EBP). This material is brought back to the vicinity of the waterline either by the 
onshore motion of sandbars or by regular swells.  

Another explanation of the identified patterns is the alongshore motion of sand.  
As discussed above, the Baltic Sea storm waves often approach the beaches under 
relatively large angles. However, the Pirita Beach is a pocket beach and thus the transport 
of large amounts of sand alongshore is not possible. Still it is likely that sand was moved 
back and forth over the Pirita Beach. This conjecture is some extent supported by earlier 
simulations that demonstrate a relatively large variability in the direction of the 
alongshore transport at the Pirita Beach (Soomere et al., 2008). 

The overall changes in the sand volume of the subaerial beach during six years 2008 
to 2014 were fairly minor (Table I). The changes in the beach height in 2008–2014 are 
predominantly less than ±12.5 cm with a total change only of about 300 m3 for the entire 
subaerial beach. 

3.4. Underwater changes 
The analysis of the changes in the sand volume on the subaerial part of the beach (Paper 
V) is extended for the entire active beach profile in Paper VI. A first approximation of the 
estimations of changes in the sand volume in the underwater part of beach is obtained 
using the theory of the equilibrium beach profile (EBP) (Dean, 1991) and an application 
of the so-called Bruun Rule (Bruun, 1962). 

For many decades the Bruun Rule has been used to theoretically evaluate the impact 
of the global sea level rise on sedimentary beaches in terms of a possible retreat of the 
shoreline. This simple application has provided a useful (albeit not particularly reliable) 
method for interpreting changes to the beach and for designing beach stabilization 
projects (Rosati et al., 2013). Approximate methods such as the Bruun Rule continue to 
be applied in global applications (Vousdoukas et al., 2020) despite being widely criticised 
(Cooper and Pilkey; 2004; Le Cozannet et al., 2016). 

In Paper VI an extension (inversion) of the Bruun Rule was applied to evaluate the 
changes in the underwater part of the beach profile from the associated shift of the 
shoreline ∆𝑦𝑦 and closure depth ℎ∗. The change in the volume ∆𝑉𝑉 over the EBP is 
expressed as (Kask et al., 2009): 

∆𝑉𝑉Σ = � ℎ∗(𝜆𝜆)Δ𝑦𝑦(𝜆𝜆)
𝑥𝑥𝑑𝑑

0
𝑘𝑘𝜆𝜆, (8) 

where the x-axis is directed alongshore, the y-axis is perpendicular to the shoreline and 
the integral is taken from the shoreline to the location where the water depth reaches 
the closure depth. This approximation is only reasonable for small values (a few metres) 
of the shift of the shoreline ∆𝑦𝑦. The closure depth along the entire Pirita Beach varies 
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insignificantly (2.4–2.6 m, Kask et al., 2009; Soomere et al., 2017a). For this reason,  
in Paper VI the closure depth is considered as constant 2.5 m for the test area (Fig. 19).  
The shift of the shoreline ∆𝑦𝑦 is retrieved from the location of the shoreline evaluated 
from laser scanned data in 2008–2014. 

The analysis relies on the widely used shape of the EBP that corresponds to the 
uniform wave energy dissipation per unit water volume in the surf zone (Dean and 
Dalrymple, 2002). On such occasions the water depth at the distance 𝑦𝑦 from the 
waterline down to the closure depth is expressed as ℎ(𝑦𝑦) = 𝐴𝐴𝑦𝑦2 3⁄ . The profile scale 
factor 𝐴𝐴 (which depends on the predominant grain size) is immaterial for the 
quantification of volume changes in Eq. (8) (Kask et al., 2009).  

The approach in Paper VI is to some extent controversial as it combines an extremely 
reliable and accurate way of measuring changes in the subaerial beach using laser 
scanning with a very coarse application of the Bruun Rule and the EBP theory, both of 
which have been critically reviewed in the literature (Cooper and Pilkey, 2004).  
Strictly speaking, this approach based on the Bruun Rule is applicable only in coastal 
segments where the EBP is clearly evident and the seabed rapidly deepens starting from 
the closure depth. This is the case for the sandy part of Pirita Beach (Soomere et al., 
2007). Existing observations, and simulations for Pirita Beach and in other locations of 
the Estonian nearshore (Soomere et al., 2007; Kartau et al., 2011; Soomere and Healy, 
2011) suggest that both the concept of EBP and the inversion of the Bruun Rule provide 
an acceptable description of the phenomena in question. 

However, the existing laboratory and field studies have not convincingly 
demonstrated the validity of the Bruun Rule (Stive, 2004). Even though much uncertainty 
may arise from noise in the data (Pilkey and Davis, 1987; Bruun, 1988; List et al., 1997), 
the quantitative estimates in Paper VI should be interpreted with care as long there is no 
alternative verification of the outcome. 

3.5. Changes in underwater part of the beach profile 
Paper VI makes an attempt to roughly estimate the underwater volumetric changes for 
the short test section at Pirita Beach (Fig. 19). As described above, the estimates are 
performed using a simple application of the Bruun Rule. Equation (9) suggests that the 
change in the underwater sediment volume over the EBP is, to a first approximation, 
proportional to the gain or loss of the dry beach area. The shape of the beach in the 
vicinity of the waterline and the location of the waterline itself may be subject to rapid 
and essentially random variations and thus are not always representative of the changes 
in the underwater sand volume. The appearance of the beach between the landward end 
of the swash zone and foredunes is often much more homogeneous and representative 
(Smith and Bryan, 2007). 

The analysis in Paper VI considered the shift of various height isolines between  
0.3 –0.7 m with a step of 0.1 m. Changes in the position of four isolines representing the 
heights 0.4–0.7 m in different years were highly coherent along the test area (Fig. 21). 
The average shifts of these isolines in different years were used to represent the shift of 
the waterline in Eq. (8). 

The gain in dry beach area in 2008–2010, estimated from the shift of these isolines, 
was about 1172 m2 (Paper VI). In 2010–2014 these isolines moved towards the shore. 
The estimated loss of land was about 873 m2. The changes over entire period from  
2008–2014 were relatively small, about 581 m2. 
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Consequently, about 2930 m3 of sand was added to the underwater part of the beach 
in 2008–2010 (Table 1). The total gain of sand for the entire EBP was thus 4444 m3. 
The amount of sand lost in 2010–2014 was comparable with the gain in previous years 
(3400 m3). The subaerial part lost about 1200 m3 and the underwater profile about 
2200 m3. These estimates suggest that the classic cut and fill model could be only 
conditionally applied to the Pirita Beach as the total volume of sand in dry and 
underwater parts of the beach varies considerably. 

The results, albeit containing a large uncertainty for the underwater section, indicate 
that changes in the sediment volume from the waterline to the closure depth (about 
2.5 m for the test area at Pirita Beach) are much (by a factor of 2–2.5) larger than similar 
changes in the subaerial part of the beach. Although this feature may reflect the small 
amount of contemporary marine sand in the subaerial part of the test area, it still 
suggests that underwater processes in the nearshore may actually predominate the 
evolution and fate of almost equilibrium beaches of the north-eastern Baltic Sea. 

Table 1. Changes in sand volume (m3) over the subaerial beach and down to the closure depth in 
the test area in 2008–2014. 

Figure 21. Changes in the position of the isolines (0.5 m and 0.6 m) in 2008–2010. 

Time interval Subaerial beach Underwater profile Total 
2008-2010 1514 2930 4444 
2010-2014 –1188 –2183 –3371
2008-2014 302 1453 1755 
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Conclusions 
Summary of the results  

The presented studies focus on the properties of drivers of the long-term evolution of 
beaches in the eastern Baltic Sea and on methods to assist in the quantification of the 
sediment budget on these beaches. Large parts of this coastal area are exposed to the 
predominant wind directions from SW and NNW. Many coastal segments consist of easily 
erodible sediments and are thus vulnerable to strong waves and high water levels. 

The central objectives were to: (i) quantify the approaching wave energy flux to the 
coast and its spatio-temporal variability in the eastern Baltic Sea (ii) adequately project 
extreme water level events and their return periods in different coastline segments,  
(iii) identify the components of the extreme water levels and their contribution to the 
total water level, (iv) develop an express method for the quantification of long-term 
beach evolution using a combination of the high-resolution measurements and a theory 
of sandy beaches. 

An estimate of spatio-temporal variations in the intensity of coastal processes in  
the eastern Baltic Sea was established in terms of the onshore wave energy flux. 
The calculations relied on a wave hindcast for the entire Baltic Sea for 1970–2007. 

The calculations provided the first systematic quantification of wave energy potential 
in Estonian coastal waters. The estimated onshore wave energy flux (also called wave 
power) reveals substantial spatial variability. On average, it is about 1.5 kW/m and 
reaches up to 2.55 kW/m in selected locations of the north-eastern Baltic proper.  
The wave energy resources are much smaller, normally around 0.6–0.7 kW/m, in the 
interior of the Gulf of Finland and in the Gulf of Riga. The theoretical total wave energy 
flux for the eastern Baltic Sea shore from the Sambian Peninsula until the eastern part of 
Gulf of Finland is about 1.5 GW. 

Several locations in the Bay of Gdańsk and eastern Gulf of Finland have much larger 
resources of wave energy than other areas. This peculiarity is apparently caused by the 
match of certain predominant wind directions with the shape and orientation of the 
Baltic Proper and the Gulf of Finland. 

The greatest limiter for the practical use of wave energy in the Baltic Sea is high 
temporal intermittency of the wave energy flux. During the roughest sea conditions, 
instantaneous onshore wave energy flux may exceed the long-term average flux by two 
orders of magnitude. The strongest storms in a year bring most of the annual available 
wave energy to the shore. Around 90% of wave energy arrives within the three stormiest 
weeks in a year. Most of the energy is transported to the shore by wave fields with a 
significant wave height about 2–4 m and a peak period about 6–9 s. 

Rapid evolution of fine sediment beaches in the eastern Baltic Sea occurs when high 
waves reach the unprotected coast simultaneously with an elevated water level.  
The development of reliable projections of extreme water levels in the eastern Baltic Sea 
is a complicated task because periods of very high elevated water levels are driven by 
the joint impact of several mechanisms. The possibilities and challenges for solving  
this task by means of building an ensemble of projections for extreme water levels and 
their return periods are analysed using observed water levels from four tide gauges, 
offshore sea level time series numerically reconstructed using the RCO (Rossby Center, 
Swedish Meteorological and Hydrological Institute) ocean model for 1961–2005,  
and classic extreme value distributions. This approach provides a reasonably spread 
cluster of projections for extreme water levels and their return periods for two locations 
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(Narva-Jõesuu, Tallinn) on the southern coast of the Gulf of Finland. The projections for 
Pärnu in the Gulf of Riga in south-eastern Estonia have a relatively large spread but the 
ensemble average provides a consistent projection for the future water levels. The use 
of this approach revealed major mismatch for projections based on modelled and 
measured values at Ristna. The most probable reason for this mismatch is the impact of 
local effects (e.g., wave set-up) that play a significant role in the formation of extreme 
water levels. Based on this observation, the use of multiple clusters of projections in the 
ensemble approach as an indicator of the important proportion of local effects at a 
particular site is recommended. 

Extreme water levels in the Baltic Sea are usually caused by several components that 
are driven by different mechanisms that have different spatial and temporal scales.  
The contribution of these components is explored by means of splitting the water level 
time series into two components using a running average. The average over about a week 
approximately follows a Gaussian distribution and reflects the water level of the entire 
Baltic Sea whereas the residual is a proxy of the local storm surge. If the running average 
is applied over 8.25 days, the short-term component almost exactly follows an 
exponential distribution. The slopes of the positive and negative branches of this 
distribution (for low- and high-water levels, respectively) provide a useful express 
method for the quantification of the range of local flooding heights in different coastal 
areas. As expected, this method predicts the highest local storm surges to occur in the 
interior of the semi-enclosed gulfs in the eastern Gulf of Riga and Gulf of Finland. 

An attempt is made to quantify the evolution in the sandy beaches in the Baltic Sea 
using a combined data set from high-resolution airborne and terrestrial laser scanning 
measurements. This technology is able to reveal many details of the evolution of sandy 
beaches as demonstrated in a test section of Pirita Beach in Tallinn Bay on the southern 
coast of the Gulf of Finland. The changes in the sand volume in the subaerial beach, 
quantified by a comparison of digital elevation models in different years, show large 
temporal variations but very moderate changes over 6–7 years. The changes in the 
underwater part of the beach profile are approximately estimated using an inverse of 
the Bruun Rule applied within the concept of equilibrium beach profile. The estimated 
changes in the underwater sand volume are much larger than in the subaerial beach. 
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Main conclusions proposed to defend 
1. Wave energy flux is calculated for the eastern Baltic Sea coast. The total wave power 

from the Sambian Peninsula to the eastern part of the Gulf of Finland is 1500 MW. 
The Bay of Gdańsk and the interior of the eastern part of Gulf of Finland may provide 
up to 450 MW of total wave power.  

2. Wave energy flux has extensive spatio-temporal variability in the Baltic Sea.  
The long-term average energy flux along the coast of eastern Baltic Sea varies from 
0.5 kW/m up to 2.55 kW/m. Instantaneous wave energy flux during strong storms 
may exceed the long-term average by two orders of magnitude. 

3. The few strongest storms in the year are responsible for most of the annual energy 
arriving to the coast. About 30% of the annual energy arrives at the coast within  
3–4 days. The waves with a significant wave height of 2–4 m and a peak period of  
6–9 s transport the largest amount of energy to the coast.  

4. The ensemble approach provides reasonable estimations for projections of future 
extreme water levels and their return periods in the eastern Baltic Sea. It also 
provides a tool for identifying the coastal areas where local effects contribute 
substantially to extreme water levels. 

5. A method is developed to split the water level time series in the Baltic Sea into two 
components that reflect storm surges and the water volume of the entire Baltic Sea, 
using a running average. For an averaging length of about 8 days the distribution of 
the proxy for local storm surges follows the exponential distribution and contains all 
outliers. An express quantification of the risk of local flooding in different coastal 
sections is developed based on the exponent of the exponential distribution. 

6. A method for the quantification of changes to the beach during its slow evolution 
phase is developed by combining airborne and terrestrial laser scanning technology. 
This method is applied to estimate interannual changes in the sand volume of Pirita 
Beach.  

7. An express method to estimate the volume changes over the entire beach profile is 
suggested by jointly using laser scanning measurements and the equilibrium beach 
theory. This method shows that changes in the underwater section of the beach may 
be considerably larger than changes on the subaerial beach. 
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Recommendations for further work 
• In the light of presented results of the systematic wide-scale calculations of wave 

energy flux and the developed method for the estimation of extreme water levels for 
the eastern Baltic Sea, the natural next step is to identify the coastal areas where the 
combined effect of high waves and extreme water levels is more likely to occur, which 
possibly contributes to possible large-scale coastal erosion. This allows more detailed 
and more useful studies of coastal processes, to more exactly determine the extent 
of flooding and wave impact on the affected coastal areas, and to identify both 
vulnerable and resilient coastal segments.  

• From the viewpoint of gaining more detailed understanding and knowledge of coastal 
processes on the Baltic Sea coast, it makes sense to study more deeply the coastal 
areas that have specific peculiarities of hydrometeorological forcing. Driving forces  
of coastal processes are highly variable along this geometrically diverse coast.  
The techniques of determining the properties and impacts of single factors make it 
possible to separately analyse the conditions when a specific driver is governing 
coastal evolution at a certain location. This approach could be realised using the 
methods presented in Papers V–VI together with hydrometeorological data. 

• It is essential to continue with the analyses of sand volume changes on subaerial 
beaches (based on the laser scanner data that are regularly surveyed by the Estonian 
Land Board). It is equally important to carry out physical measurements of the 
underwater beach profile for estimations of the sediment volume changes over the 
entire beach profile. This work is urgently needed to improve and/or validate the 
sediment flux modelling results obtained in the eastern Baltic Sea beaches. It would 
also be an inherent component of, e.g., planning of beach nourishment activities. 
Extensive empirical measurements may also result in important modifications of the 
widely used equations for estimations of sediment fluxes for the Baltic Sea coasts. 

• The Baltic Sea is a suitable place to test the proposed approach presented in Paper VI 
of using the inverse Bruun Rule for sand volume estimations on the underwater part 
of the beach profile. The uplifting coasts of the Baltic Sea are suitable test locations 
where the equilibrium beach profile apparently often exists and the seabed deepens 
rapidly seaward of the closure depth. The adequacy of the outcome of this approach 
can be evaluated, for example, in locations where the natural alongshore sediment 
transport has been blocked by a large coastal engineering structure. 

• Most of the future climate change scenarios suggest an increase in coastal erosion 
and more frequent and severe coastal flooding. Even though wave energy conversion 
into grid electricity might not be economically viable, further studies of the potential 
of the wave energy converters from the viewpoint of coastal protection are worth 
investigating. Such converters may serve as a viable alternative for breakwaters in 
some locations, slowing littoral flow of sediments to benefit coastal stretches that 
suffer from erosion, or to partially protect open landing places against high waves. 

• Finally, the further development of the ensemble approach technique has the 
potential to lead to the most reasonable projections of extreme water levels in coastal 
areas in Baltic Sea, and also to identify shortcomings of new circulation and water 
level models. 
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Abstract 
Quantification of the reaction of Estonian beaches to changing 
wave loads 
This thesis addresses properties of the drivers responsible (wave impact and course of 
the water level) for the biggest changes to Baltic Sea beaches as well as methods to 
quantify the sediment budget during the slow evolution phase of the beaches in the 
eastern Baltic Sea. 

The main properties and spatio-temporal variability of the onshore wave energy flux 
is evaluated for the eastern Baltic Sea shore from the Bay of Gdańsk to the eastern Gulf 
of Finland based on numerically reconstructed wave fields for the period 1970–2007, 
with a spatial resolution of 3 nautical miles, using the third generation wave model WAM. 
The average wave energy flux over the 38 years varies from 0.5 kW/m to 2.55 kW/m 
along the coast. The total theoretical wave energy resource from the Sambian Peninsula 
until the Estonian–Russian border is about 1.5 GW. The Bay of Gdańsk and the interior 
of the eastern part of the Gulf of Finland may add up to 450 MW. Wave fields with a 
significant wave height of 2–4 m and a peak period of 6–9 s transport the largest amount 
of energy to the coast. The wave energy flux is highly intermittent. The most severe wave 
conditions provide by two orders of magnitude larger than average energy flux. About 
30% of the annual energy that arrives at the coast in 3–4 days whereas the approximately 
100 calmest days provide only 1% of the annual energy flux. 

An ensemble approach is applied to estimate the frequency of the occurrence of 
extreme water levels for four locations along the coast of Estonia. The ensemble involves 
projections based on water level observations from Tallinn, Pärnu, Ristna and  
Narva-Jõesuu and nearby offshore modelled water level data extracted from the Rossby 
Centre Ocean (RCO) model for 1961–2005. None of the commonly used extreme value 
distributions is able to fully replicate the water level records. The ensemble average 
provides a sensible projection for estimations of high water levels and their return 
periods at three locations while the coastal site Ristna (open to the Baltic proper) exhibits 
a significant contribution of local effects (apparently wave set-up) to the high water 
levels. 

A simple method is introduced for splitting the locally measured or modelled time 
series of water level into proxies of local storm surges and the water volume of the entire 
Baltic Sea. The residual of the running average over 8.25 days follows an exponential 
distribution for a large range of storm surge heights. Its exponent is used for the 
quantification of different coastal sections with respect to the probability of coastal 
flooding. 

A technique for the estimate of the sand budget and a detailed three-dimensional 
analysis of beach evolution is developed by combining terrestrial and airborne laser 
scanning techniques. It is and applied to quantify changes on the central section of Pirita 
Beach in Tallinn Bay. Changes to the underwater sand volume, evaluated using the 
classical concept of the equilibrium beach profile and an inverse Bruun Rule, show that 
the changes on the underwater part of the beach are almost certainly much larger than 
the changes on the subaerial part. 
  



68 

Lühikokkuvõte 
Eesti rannikute reaktsioon muutuvatele lainekoormustele 
Analüüsitakse Läänemere idaranniku liiva- ja kruusarandade arengut kujundavate 
kesksete tegurite (lainetus ja veetase) omadusi ning võimalusi mõõta või muul moel 
kvantifitseerida randade reaktsiooni. 

Randa jõudev laineenergia voog määrab suuresti rannikuprotsesside intensiivsuse ja 
piki randa kulgeva settetranspordi mahu. Selle suuruse, suuna ning ajalis-ruumilise 
muutlikkuse analüüs Läänemere idaosas tugineb kolmanda põlvkonna spektraalse 
lainemudeli WAM abil rekonstrueeritud lainetuse andmestikule ajavahemikul 1970–2007 
ruumilise lahutusvõimega 3 meremiili. Laineenergia summaarne pikaajaline keskmine 
voog (lainetuse poolt ajaühikus randa toodav energia) ca 1400 km pikkusel rannalõigul 
(sh Liivi laht) on ligikaudu 1,5 GW. Gdański lahes ja Soome lahe idaosas lisandub sellele 
kokku ca 450 MW. Kõige energiarikkamad on lained kõrgusega 2–4 m ja perioodiga 6–9 s. 

Pikaajaline keskmine laineenergia voog varieerub piki kõnesolevat rannikut viis korda, 
vahemikus 0,5 kuni 2,5 kW/m. Üksikuid kohti, kuhu jõuab naaberpiirkondadega 
võrreldes märksa rohkem laineenergiat ning kus võib olla mõttekas seda kasutada, leidub 
nii Gdański lahes kui ka Soome lahe idaosas. 

Laineenergia voog varieerub ajas palju rohkem. Tugevates tormides võib randa 
jõudev laineenergia voog ületada pikaajalist keskmist võimsust enam kui 100 korda. 
Kolme kuni nelja kõige tormisema päeva lained toovad randa ligikaudu 30% aastasest 
energiast ning ligikaudu 100 kõige vaiksema päeva lained kokku vaid 1% aastasest 
energiast. 

Eesti rannavete ekstreemsete veetasemete tõenäosuse ja korduvuse hindamiseks 
rakendati ansamblipõhist lähenemist. Modelleeritud ja mõõdetud andmete alusel 
konstrueeritud projektsioonid on Narva-Jõesuus, Tallinnas ja Pärnus jaotunud suhteliselt 
ühtlaselt ning see lähenemine annab kooskõlalise tulemuse. Ristna näitel selgus, et 
ansamblipõhine lähenemine võimaldab identifitseerida kohad, kus lokaalsed tegurid  
(nt laineaju ehk lainetuse tõttu lisanduv täiendav veetõus) moodustavad märkimisväärse 
osa kõrgest veeseisust. 

Näidati, et kohalik tormiaju ja kogu Läänemere veetaseme muutuste panust 
veetasemete kujunemisse saab eristada, keskmistades veetaseme hektväärtusi üle 
8 päeva. Läänemere keskmist veetaset kirjeldab 8 päeva keskmine, mis järgib hästi 
normaaljaotust. Tormiajude esinemist (kogu veetase miinus 8 päeva keskmine) kirjeldab 
eksponentsiaaljaotus. Selle astmenäitaja iseloomustab tormiaju riski konkreetses kohas. 

Muutusi rannaliiva hulgas ja liiva ümberjaotumist aastate lõikes analüüsiti, 
kombineerides lennukilt ja lokaalselt teostatud laserskaneerimise tulemusi Pirita ranna 
keskosa näitel. Suured muutused üksikutel aastatel tasakaalustuvad pikema aja vältel. 
Veealusel rannaprofiilil paikneva liiva hulka veepiirist sulgemissügavuseni hinnati 
kaudselt tasakaalulise rannaprofiili teooria alusel, rakendades Bruuni pöördreeglit 
veepiiri nihkumisele. Kuigi see meetod on hinnanguline ja ebatäpne, näitab selle 
rakendamine, et veealused mahumuutused on ligikaudu kaks korda suuremad kui 
muutused kuival rannaosal. 



69 

Appendix: Papers constituting the thesis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Paper I 
Soomere T., Eelsalu M. 2014. On the wave energy potential along the eastern Baltic 
Sea coast. Renewable Energy, 71, 221−233, doi: 10.1016/j.renene.2014.05.025. 
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Paper II 
Kovaleva O., Eelsalu M., Soomere T. 2013. Hot-spots of large wave energy resources 
in relatively sheltered sections of the Baltic Sea coast. Renewable and Sustainable 
Energy Reviews, 74, 424–437, doi: 10.1016/j.rser.2017.02.033.
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��������	�
���
����������������	���	�
��������
������	���	���������	��������������	�����	������������	���	���������������������������������	��	����
����������
���������	��� ��	����!
��"����	��������	����������������������#�$%����������	���&&&'�!
����������	������������������
��������
	�����	�����(��&���"�������		����
��������������������	����	����������� �����
����
���
��������"����	�������������	���	��������������
���	��� ��	��������������������
�������������
��������)�	���*�����	"�
������	���#�������		�����#����������������
�����	�"�	�����	���	"����������
��	��!
��������
��������� �����	��������������	"�����+�
���������������
�����	�����������
����������������
��
�������	�������,	���$���
���
��������� ���
�����������������	���	-�������������	������������������'���������	�������������
�������� �������������� 	���������� �����������������������
������	�"�	�$./�%����������	���&&&'
���������������
�����������!
��
������
��������� �� �������������
���
����	��������� �������������������
��������
������
�������0���#�����"�����	"�!
��������������
�������	����
����1��"�$2���"�	��3"�'
������	������������3�����
��"����	��	������
��������������
����������������
�!
������������������		"������	������4����	"����������
�
�����������	������
�����������#���������������!
�����������������������������	��
���
�������	������	�������	,	������"	���������������		��#����������"������
�������������"���������
����������������
������������4���������������	���	������������	"�������������
��������������
������	���	����������������	�����
����#	"����	����������$�
����������	"��-�����������
�-�������������
�������)�	���*���������	���'�!
���	��	���������������	$�
�����	�����	���	������
����#	"����	����������'����������		"�����	�
��
�����,	�������������	��������	"������������		�
������������	��������������	���	�����	���	�����������!��,��������������������	����
����	��"�������	�����������������������
�������������������������	���!
�#�"4����������
��������
�������
�����������������	56�!
�������������		�����������
�����	����
�����	���������	���	�������������7�����"�&&0$ ���0'�8�����������������	"���
�������
�)�	���*���"���4����������������&��&7�����"�&&0�!
������������������������7�����"�������
������������������(7�����"�&&0�������
��
�
�������)�	���*��	���	������������������!
�����������������(7�����"��"���������������	���	������"����
��$�����		��
����������'���
���	��� ��	���$79��������	�����:'����
���	�����������		���	������
�����	��������
�������
����
������	������
��	���4����	�������

;��
����
��������
�������������������	�$5 <=>?@A6B C '�
�����	�����������������������������������������	�������
��������������������������		"�
��������	�����������������4�����$ ���0'�!
�����	�����������	"��������������
����#�����������	���	���
�������)�	���*������
�����������������"����
���	��������
��������
�����!
��������	$����	�����	���	������
���������������'������������������	���������������D����;��
���
��
����	���������������������	�$56E0���#�'�������	"�����
����	�������������	��������
������ ���
���4�������������������������� ���0���������	����������	����
��������������������#�!
���
������������������	�����������������	������������
�����	��������������"����	��
��
�����,	������
�������������
���	��	��������
��������	$������������'�������������������	"�������	�������������	�������!
������	��������	��������� FGHIJ <K KBL ���������������	"��������������
�	��	����
K$�������	������������4���������	���	����������'���	�������������	���������,�����F<$���*����
���M�������&&&'� ������	���
�	��
�����	�����	���	��������	���������������������	"�D��"������	����
�������"����
��������	$������������'������������5 N6B ��"��!
����������	��������������������������������������$ ���D'�����������	�����	"������������	���$���
�������������O���'�������	����������0��"��+���������������	��
���
�������������������������	"�������
��������$������"�'�����	�����������
�������������	���	�����������P�������������
�������������������������
������	���	�����������������	�#�	"�
�������	����������
���$�����
��
����������������	�������	"������	�����
���������������'���	�����������	"��������
�����	��

QRSTUT���	������������� �������������	���������	�������	���	�����!�		������&(�������!
��������������	������4����"�������������
����������������:��"�����������"�
���������
���������	�$ �������������������
���������������	������
��,����	�������
��������������������
��������������
�������	��' QRSTVT*���	���������	���	$����	��������������
��	��	���'�����:�
$�����'�:���"$���'��������"$�������'���������������!�		���$ ����'�$ ��������������������
���������������	������
��,����	�������
��������������������
��������������
�������	��'

QRSTWT���������	����������������������������
�����	�����	���	������
��������	��-��������������������������������
�����������������	��:��"��

XYZ[[\]̂]]_̀aYbc[d_ed]d_̀aZf]a/g]h]̀ .̂fijklmjinomkpkm�(



���������	
�
�
��	��������
�������
����������	��	
��������������� ! "���"��#��!$% " $$����!$� "� �&'(&���'�)�')&'���$ !�������&� )�����*�'��+&��%,�$&' "����&����!-&'��$.�&/0 �&!�� !��&'1+23345+&* ��6��7&����&!��������8�� !19����&''%$ !�&�!���)��&')��%'&�:�, ����)� ��'����;�<8���*�'%��:�(&���'�)�'�;" �* ��' $&�� !�&' !:���=�� !�&!&!�>&�)�&!$ &���1? �&' $&�� !!�&��&''�!!/?�:145+����* �8��&��'%�@�(��/�@�(!���4122+���* ��' $&���&�&�*&''!�8:&��)�)&'��51���"��#��!$��� " $$����!$� "��""���!�(&���'�8)�'�&������! ��<&$�'%�%**����$&!���:�(&���'�)�'�&��* ��,� �&�'���&!�#�&')&'��� "' ((&���'�)�'�/?�:1A51���@��8� ��� "�������������� !��B13A+(��$���&'* ���#�&'� ���@��� ��� "&7&����&!���������� !1�����" ��+���,� �&��'��% " ��'����/������, ����)� �!�:&��)�5�!��:!�6$&!�'%��""���"� *������<,�$�&�� !" �&7&����&!8������������&�&���19! ����( ���+���,����!$� "&"�(  ��'�����!(&���'�)�'��$ ���!:�&'* ��� ��! ��*,&$�����!��:�&',&�&*����� "��� )��&''7&����&!8'�@����������� !1C�,�$�6$,� �'�*�!���&!&'%���&!�" ��$&�� "(&���'�)�'��!����&����!-&'��$.�&�����"��#��!�,����!$� " ��'�����!(&���'�)�'��$ ���+(��$�*&%�����&!��&''%* ��"%���,� D�$�� !� ""������<���*�(&���'�)�'�&!�&�� $�&��������!,��� ��/.���8�&&�&!�.  EE�+233FG=�'�&'���&'1+234H51���,� , �����8,&�&�� !������ *�'�:�� !����,� �'�*�%�� (�!:"� *(������� ��'�������*19���!&���&'��&�&!�!$��&���!IJ '�&��� &��$��&���!���"��#��!$% ")��%'&�:�&)��&:�(&���'�)�'�1? �IJ�,� &� ��2�&%�������������� !� "�����!!�!:&)��&:�$ !�&�!&"�((�&@, ����)� ��'����/?�:1A&5+� (�)��+��$� ��'����&��! �,����!�" �I KJL �&%�1C'�� �:������&,� "������������� ! "�����!!�!:&)��&:���� *�(�&�����:�'&�" �I MNJL �&%�+�����&�����$� "�����)&'������*�� &,,� <�*&��'%" '' ( ���7&����&! !�&!�$'&���$&'��&�����$&'*��� ��/��$�&�&7�*��'���������� ! �&7�!��&'����=<���*�O&'������������ !5$&!������� �)&'�&��������<���*�)&'���&!������!,��� ��(�����:�&$$��&$%&!��*&''�!$���&�!�%1������������� ! "�����*������� "���������&')&��&�� !�$ !�����&�'%��""���"� * &7&����&! !�1����������&'* ��'%��P�$��' $&'�� �*8���)�!)&��&�� !�&'�� �:�" �IJ ' !:����&!B;H�&%���*&%$ !�&�!&$���&�!$ !������� !"� *���$�&!:���!���-&'��$.�&(&���) '�*�1C��<,�$���+������������� !��$�!����&�Q�� 19�� )��&''��&,�&!����!�*��� " ��'�������8��&!��&''%��,�!� !���&)��&:�!:�!���)&'1? ���'&��)�'%�� ��IJ�������������� !��&'* ���%**����$1? �)��%�*&''&)��&:�!:�!���)&'�/I MRSJT �&%�5������*���������!��� " '' (����!8��&!�&!� ��)&'��� "���� �&'(&���'�)�'19!�������!:'%+" ���$��� ��&)��&:�!:�!���)&'����������&'��*�������� ��! �$ !�&�!&!% ��'����1����"�&����,� �&�'%��P�$������� �����&�� ! "�<���*�'%��:�(&���'�)�'�)�!��&!���::������&������&����,&�&����%&�'�&��&"�(�&%�1? �&)��&:�!:�!���)&'��!����&!:� "2;H�&%������*������� "�� �*8���)�!)&��&�� !�$ !�&�! ��'���� "* ���&��&*,'�����/A3;F3$*5 "� ����:!�/?�:1A&51����,� ,���%��*,'%��P�$�����,����!$� "'&�:�&'* ���%**����$)&��&�� !��!(&���'�)�'(������,�$�� ����� ��8���* *�&!/?�:1B5&!���6!���'%� ��! ��!��$&��&�%**���% "' (&!���:�(&���'�)�'�1C"�������!8$��&���!IJ$&����&:�&��&'���"��!���, ���� !�!: "��� ��'����1���!�:&��)� ��'�������&,,�&�&!�&'', ����)� ��'���� "���� �&'(&���'�)�'&�����"����!� ������������� ! "������&'�1����,� $�����&���"� *&� ��I URSJV �&%�+&!�" �IJ' !:����&!B;H�&%�����!����, ,�'&�� ! " ��'�����&����!���"����!� �����*������� "���������&'/?�:1A�51���'&�:���)&'��� "�����!!�!:&)��&:�(&���'�)�'" ����&� )�8���$�����)&'��I WJX �&%���&$�4*+��&���+&� ��Y3Z "���'&�:��� ��'����1������P�$�����(�''8@! (!"&$���&����$�&!:���! ����!����-&'��$.�&(&���) '�*������&!��&''%
$ !�������� ����<���*�(&���'�)�'�1���#�&��87&����&!&,8,�&�&!$� "������������� ! "����(&���'�)�'$ *, !�!���:8:������&����$ !������� !� ����<���*��$&!��&��#�&��'%#�&!��6�����!:$'&���$&'�<���*�)&'������������ !�+�)�!�� �:���$ !�&�!�&$���&�!,� , ��� ! "�� �*8���)�!)&��&�� !�/[\]?�:1B59!�������!:'%+���,� , �����,&�&�� !, ���� !�&''(&���'�)�' ��'�����!���������&'��:!&'1�����!��$&�����&��� �*8���)�!)&��&�� !�+&'�� �:����%" �*&''%$ !������� !'%^H3Z� ���*&<�*�*(&���'�)�'�!�����'�$���:���$�''+,'&%���: )��!�!:
_	��̀�?��#��!$% " $$����!$� "(&���'�)�'�!�&��&''�!!" ���""���!�'�!:��� "���&)��&:�!:�!���)&'IJa/&5IJbH2�+/�5IJb 4c2�/d12A�&%�5+/$5IJb F2Y�/B312A5�&%�1e&�����'&$@$��)���!��$&��cAZ$ !6��!$�'�)�'� "���&,,� <8�*&�� ! ", ����)�&!�!�:&��)����:��&!������$ *, !�!��/"� * fB$*�!��'���6���(&���'�)�'(���&Q��  $$����!$�5���!:&#�&��&��$"�!$�� !1���$ !86��!$�'�)�'�&���!��$&����!,&!�'/&5" �������������� ! "���� �&'(&���'�)�'&!��!,&!�'�/�+$5" ����&)��&:� )��d12A&!�B312A�&%�+���,�$��)�'%1���*�!�*�*'�)�' ""��#��!$% " $$����!$�41AAAHg43hBZ��P�$��D��� !� $$&8�� ! �� "YH+2cB� ��'%)&'���1.�)��&'*&�@���&�����'�)�'*&%$ ����, !�� ����&*�, ����)� �!�:&��)����:��)�!�(���&���&�� ! "iY�1

j]kllmnonnpqr]stlupvunupqrkwnr\xnynqo[wz{|}~{z��~|�|~ 2F



���������	�
��������

��������
�����������������������
��
���������������������	������������	���
�
��
����
�� ��

�!�����
����������!�����
�����!��"# ������ ������$!��" %#& ���
���'���
�����
����
�		�����!��������  ���������
��
������������
���
���������������������
�
�������(�����
��
��
�� 
�������
)���������
�	�������������������!����
������������
�����
�	����*��

���+��
�����������������,����!������
�����	������
�������

���������������

�����-�.�����/��������*�	����
����
���
�01234567689:;<9=8>9?@89565A8B7A>7C@76DE5A5DD@>>76D75A=85>FG<>9H76D5F4567685A8B7I:87>;7H7;,���������
��

���
�� 
������������
�!"#�����������!��� ����������
���
!������
����������!
���	 
���
!��	���������
��'��������������J�����K�� ��������	���	���L�
��M���
��	����!���������������!"#�����������M��!��	���
�����!����������������
����������!�����
�������	�
����
�,��
����
�!�����
���������
�!���������������
�������	�
����
�-��N�������
������������������"# �!�������������������-��
�����������
�!"#������!� ���
������
����������!�����	�
����
�!�����������������	�
���+�����	�����
�����
����������!����� ���������
�-��N���,����!!�������
����
�!���������
�
���
����	���	�	�����
�! ����������������!!�����������������

�O����	����������!�����������������
���� � ��������������
�!���
��
+����������!��������������
�����
���
����������������
�������+�����������,�����������
�������������	�����
���)��������!������� ������
��������!M�������������������	�P�������������!����������������������
����������
�����������������
���������������������	 �!���)��������!��������
������������������
���
�������������
���������
����������������!�	����!�������������
���������
�,��	�
�������
���������������
�������
!��" %#Q ���
 ���������!M�������������������	�!
������������	���������
��
�-��R�������
��
����������������
!�������� ������
���	+������ ���������
��������������������+�����������-��N���,����
������������������
���������
 ����������+����������
���!�������
 STUVWX Y Z������ �����
����������	���� ��������
���[��

�������

�\������[��

�������

��� ����
���������
��������������
������������������������
�������������������[��

����
�������������
������������������
������������������

�
���������������!�������	����!�����
�����������M������������!��	����]��
����������������������
����������
������������
��������!�����	�������
����������,�����������������!�� �������
���	+���������������
!���� ����������������
��������������������������
��������


����!�����
����������!
����+���	 ������
�����'���������
�! ���������!��	
�	�������������
����������
�����������������������!���J�����K��������

�
�,��

�����������$���
�������̂ N�����
]��������
����
�����!��)������� ��������	+�������
������	�!��+	����������
�!
�	������
�������

����
��������
���������� ���
�����+��������	������
�-��_��,��

����������
�)����������!�������
����� �����������	�
����
�-��(��̀ �������������������
������������)��������
�����
������ ���������!���!��)������
�!�����������!��
�����
����!�����	������� ���������
�,����
������
������������������������
�!�����
���������
�!���� �����������	������
��������!�������������
����J�����K���,����
����������!���������������
�� ��
��
�	���
��	���M���*��

�����
���������������
��������������������
!��" a#b ���
�,����!�������
����������������������
�!�
��+
��������������������!���
��	���������������� �����������������
������)�����M���
��������

����*��

���
����
���
�,����
����������!
���	+���������������
	�����
 ������������������
���������!���������������������!�����$���
�,��
!������	���
����

���������)������)�����!��������+��������!�������������
���	 
���
!��������������!���
�����������
������!�� ���	������
��L�
��������	����c���
���� dWb �!��������!����������������
���������STUVWX Y Z��)�����������������������!���
��
�������������
�������������
�����

�������
��������	���� efWg ������
����
���
���	���	����������
!��
���
����������
������
���������
����!��
���
 �����

	��������
�,���������!���
������
�����  ���������
��������
���
� ���������������
�!���
��������	�����h����������
)�����M�����������
������
�����!�������
����
���
�������������������	���������!�����)�������
�!�������� ����������i1j4:89:;H:>9:8956=968B7=D:;74:>:F787>5A8B7734567689:;<9=8>9?@8956,��
����
�!����������������
���������
�!	������� ����k9l1m1,�������������!������!M����������)�����������	��������������!�����
����������!�����
�������
����� ������������������
���
�����
���	+���+���
���
������������!�������������������,������������
�	��
��-��N�,��)���������)�������
M�����������������!��	�n�� �������n�

k9l1o1-��)������!�����������!��������
����� ���������
��,������ �̀��������pR�c�ppN!���������������������!�p_��$�_N���
��q��������������
����������������! ���������
����������������������������������������!����������������	������!��������������!��
�����
�h�	���
�����������
�����������
��������	���� efWg �r�
�������������
��������pNn���M�����������!����������	������!��
���������������
���
�!��	 s��	��������M�
� ��������� ����t���������������
���)��������!�������!�������
��������!���������������$�_N���
�h��������������	����!
������
��������
�
	�����������������	����!
�	���
�!	������� �����������	�
����
��-�
�N���$�������������+��	�����
���
����� ���������
��_������_��N���������
����������
���������
�������
��!��������������!���	��+
���	���
����K���
������K��uu��_��(���-�����������������!�����!������
�������������
M�������������������
��!���������� �����
����!���
���������

vwxyyz{|{{}~�w��y�}��{�}~�x�{���{�{~|����������������_$



����������������	�
��	����������	�����	��������	����	������	�������	�����������	������������
�������������������	��������	���������� � !"
���	�#�#$ #�#%"&	�	��&��������	��	����
����������	�
����
��	����	���������	���������������	�����������	����������� 	��

��������	�	���
���	�	��������	��
����
����������������	������	�������	����	����������	�	����������������
�
	���	�����������
�����
��������������������	�����	�����	�����
����	�������������������	���
��	����	����������������
��������������	����������	�������	����	���'��	��(������	�����)�����������	������	�������������
�����	����
�����������	���������%�$ %�*��������
��	�����'��	��+����������	����	�������	��	�,�	�����������������
-�	��������)����������	�����������������	�������.���		���	�����	�	�/�����0�����
/�����������
��
����������.*���	���	��������	�����������������	�����������	��	��		�������������	���	�	�����	�����������
�����	���������������
�������	����	�������	
�������	�'��	��(��&���������������������	�������������
��	��
�������1���	�����	�����'��	��+���������	��������������	�����	�
��	����	������	����
�����������	����������������	������		�����	�������������������������	������������	����������
����	�������������������	��������	��	�
����������$#����������	���	�1���	�	� 2345 &�����	�����������	�����
����	���������&��6���	��������	����	���	������1���	���	�������	��������
�����	����������
�������	����	�����	������	�'��	��(��������7��������	���&%##$&%#$89(���������
(��::�&%##������������	�����������	����� 8��������
�		�����'��	��
;<=>?>(������	����������������	������
��������	�
��	����	���������
�����	�������@��	��	�����	�����	����		�������	�����'��	��+������0�
���	�����������
���	�	����������	��������	�	���	�6����	�������	��	��������	�����	����������������	�����	�����������������
�����A�������	����6�������
���	�	������������	���������	�����	�	�����	�����������	���������	��B���������
&	����
�����������
	�	�������������	����	������

;<=>C>�������������	����	��������	���
��	����	�����	����1��������������������	����
����������	����������	����	���'��	��(���

DEFGGHIJIIKLMENOGPKQPIPKLMFRIMSTIUILJVRWXYZ[XW\][ŶY[ %)
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Paper VI 
Eelsalu M., Soomere T., Julge K. 2015. Quantification of changes in the beach volume 
by the application of an inverse of the Bruun Rule and laser scanning technology. 
Proceedings of the Estonian Academy of Sciences, 64(3), 240−248, doi: 
10.3176/proc.2015.3.06. 
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J6*../J*6�6/;/0*0/2+.�K�024*5<.�0)-�-F*6G*0/2+�23�0)-�J)*+,-.�/+�0)-�.*+<�F26G;-�/+�0)-�G+<-54*0-5�1*50�23�0)-�I-*J)9�L)-�152,5-..�/.�*J)/-F-<�IV�;-*+.�23�0)-�-F*6G*0/2+�23�0)-�5-62J*0/2+�23�0)-�4*0-56/+-�352;�0)-�.)/30�23�*�.-6-J0/2+�23�/.26/+-.�23�0)-�-6-F*0/2+�23�0)-�.*+<V�I-*J)�*+<�0)-�.GI.-TG-+0�*116/J*0/2+�23�0)-�0)-25V�23�WXY�*+<�*+�/+F-5.-�23�0)-�X5GG+�gG6-9�L)-�;*d25�*<F*+0*,-�23�0)/.�*1152*J)�/.�*�.;*66�*;2G+0�23�<*0*�5-TG/5-<�325�0)-�*+*6V.-.9�L2�*�3/5.0�*1152f/;*0/2+U�0)-�J)*+,-.�/+�0)-�G+<-54*0-5�.-</;-+0�F26G;-�J*+�I-�-.0/;*0-<�G./+,�*�TG*+0/0V�<-5/F-<�352;�0)-�62J*6�4*F-�J6/;*0-�*+<�J)*+,-.�/+�0)-�12./0/2+�23�0)-�4*0-56/+-9�L)-�-.0*I6/.)-<�.V+J)52+/h*0/2+�23�J)*+,-.�2F-5�0)-�WXY�*+<�0)-�.GI*-5/*6�I-*J)�/.�*+�G+-f1-J0-<�3-*0G5-�23�0)-�0-.0�*5-*9�L)-�J2+F-+0/2+*6�I-*J)�0)-25V�.G,,-.0.�0)*0�-52./2+�2+�0)-�G11-5�1523/6-�7/9-9�2F-5�0)-�.GI*-5/*6�I-*J)�25�352;�/0.�G11-5�1*50=�<G5/+,�*�.025;V�1-5/2<�/.�J2;;2+6V�*JJ2;1*+/-<�IV�*JJG;G6*0/2+�23�.-</;-+0�2+�0)-�624-5�1523/6-�7-9,9�/+�<--1-5�.-J0/2+.�23�0)-�WXY=9�L)/.�1)*.-�23�0)-�J2;;2+�JG0i*+<i3/66�152J-..�/.�5-F-5.-<�<G5/+,�;/6<-5�4*F-�J2+</0/2+.U�4)/J)�I5/+,�.-</;-+0�I*Jj�352;�0)-�<--1-5�.-J0/2+.�23�0)-�WXY�02�0)-�.)25-�*+<�352;�4)-5-�4/+<.�;2F-�/0�3G50)-5�02�0)-�G11-5�I-*J)9�k0�/.U�0)2G,)U�G+6/j-6V�0)*0�.*+<�4*.�*<<-<�02�0)-�-+0/5-�.V.0-;�/+� 88>K 8?8�*+<�0)-+�5-;2F-<�/+� 8?8K 8?!�I-J*G.-�0)-�.-*I-<�<--1-+.�5-6*0/F-6V�5*1/<6V�233.)25-�352;�0)-�J62.G5-�<-10)�*+<�0-;125*5V�<-12./0/2+�23�6*5,-�.*+<�F26G;-.�/+�0)/.�1*50�23�0)-�+-*5.)25-�/.�+20�6/j-6V9�k0�/.�;25-�6/j-6V�0)*0U�24/+,�02�0)-�J2;;2+�6*5,-�*1152*J)�*+,6-.�23�.025;�4*F-.�/+�0)-�X*60/J�M-*�I*./+U�.*+<�4*.�;2F-<�I*Jj�*+<�3250)�2F-5�0)-�-+0/5-�Y/5/0*�X-*J)9�L)/.�J2+d-J0G5-�/.�/;16/J/06V�.G11250-<�IV�0)-�6*5,-�F*5/*I/6/0V�/+�0)-�./;G6*0-<�*62+,.)25-�.*+<�05*+.1250�</5-J0/2+�*62+,�0)/.�I-*J)�QH R9�L)-�5-.G60.�/+</J*0-�0)*0�J)*+,-.�/+�0)-�G+<-54*0-5�1*50�23�0)-�I-*J)U�352;�0)-�4*0-56/+-�02�0)-�J62.G5-�<-10)�7*I2G0� 9:�;�325�0)-�0-.0�*5-*�*0�Y/5/0*�X-*J)=U�*5-�;GJ)�6*5,-5�7IV�*�3*J025�23� K 9:=�0)*+�./;/6*5�J)*+,-.�/+�0)-�.GI*-5/*6�1*50�23�0)-�I-*J)9�S60)2G,)�0)/.�3-*0G5-�;*V�5-36-J0�0)-�.;*66�*;2G+0�23�0)-�J2+0-;125*5V�;*5/+-�.*+<�/+�0)-�.GI*-5/*6�1*50�23�0)-�.0G<V�*5-*U�/0�.G,,-.0.�0)*0�G+<-54*0-5�152J-..-.�/+�0)-�+-*5.)25-�;*V�15-<2;/+*0-�0)-�-F26G0/2+�*+<�3*0-�23�*6;2.0�-TG/6/I5/G;�I-*J)-.�23�0)-�+250)i-*.0-5+�X*60/J�M-*9�l25-2F-5U�0)/.�1521250/2+�5*/.-.�*�.-5/2G.�TG-.0/2+�*I2G0�0)-�J5-</I/6/0V�23�0)-�-.0/;*0-.�23�0)-�020*6�J)*+,-.�/+�L*I6-� 9�k+�-..-+J-U�0)-�15-.-+0-<�*1152*J)�J2;I/+-.�*+�-f05-;-6V�*JJG5*0-�4*V�23�;-*.G5/+,�J)*+,-.�/+�0)-�.GI*-5/*6�I-*J)�4/0)�*�F-5V�J2*5.-U�*6;2.0�J2+J-10G*6�*116/J*0/2+�23�0)-�X5GG+�gG6-�*+<�0)-�-TG/6/I5/G;�1523/6-U�I20)�23�4)/J)�)*F-�I--+�TG/0-�J5/0/J*66V�5-F/-4-<�/+�0)-�6/0-5*0G5-�Q:U PR9�S.�0)-�5-.G60.�I*.-<�2+�0)-�I*./J*66V�J2+J-10G*66V�;2<-66-<�<*0*�<2;/+*0-�0)-�3/+*6�2G0J2;-�*+<�0)-5-�/.�+2�F-5/3/J*0/2+�352;�*+20)-5�;-0)2<U�0)-�TG*+0/0*0/F-�2G0J2;-�.)2G6<�I-�/+0-515-0-<�4/0)�J*5-9�



���������	��
������	��
�����
������������������
������������	���� ��������� !�"!#$�!$�"���%#& '��#(�%#�'"�)�* #%�''�'�+!$"�$'���%%&,&)�"!#$�!$�'��� �)�-�� '��$.��),#'"��/&�))-�!$"�$'��� #'!#$�.& !$0�'��� �)�'&1'�/&�$"�-�� '2�.�,#$'" �"�'�"��"���%#,* ���$'!���&$.� '"�$.!$0�#(�"���(&$%"!#$!$0�#(�1��%��'�!$�"�!'� �0!#$� �/&! �'�)#$03"� ,�+�"�)��'"�#$�.�%�.�)�'%�)�'2�#1'� ��"!#$'��$.�'!,&)�3"!#$'������*#''!1!)!"-�#(�'��� ��.�,�0�'�"#�1��%��'�.& !$0��4" �,��'"# ,'��$.�%��$0�'�!$�"���.& �"!#$�#(�"���!%��'��'#$��..�%#,*)�4!"-�"#�"���'-'"�,��$.�%#$3'!.� �1)-� �.&%��!"'�* �.!%"�1!)!"-��5$#"�� �'#& %��#(�&$%� "�!$"!�'�#(�"����$"! ��* #%�.& ��'"�,'�( #,�"���$�"& ��#(�"���%#$%�*"�#(�"���678����!'�"!,�3��� �0�.�* #*� "-�!'��**)!�.��� ���"� �)�"!��)-�'�# "�+�$$&�)��$.�!$" �3�$$&�)2�'%�)�'��"�9�!%��"��� ��)�* #(!)��,�-�%#$3'!.� �1)-�.��!�"��( #,�"���)#$03"� ,���� �0���6��$�"�#&0��"���* �'�$"�.��** #�%�� �)!�'�#$�"���!.��)!:�.�%#$%�*"'�#(�"���678��$.�%)#'& ��.�*"�;�"���.!'%&''�.� �'&)"'�'&00�'"�"��"�!"�,�-�* #�!.����(��'!1)��#*"!#$�(# ��$�!$�4*�$'!���,#$!"# !$0�#(��),#'"��/&!)!1 !&,�1��%��'�#�� �)#$0� �"!,��!$"� ��)'��$.�(# � �%#0$!"!#$�#(�,�<# �%��$0�'�"��"�,�-�!,*�%"�"���(&$%"!#$!$0�#(�"����$"! ��1��%��'-'"�,�������%#$%�*"�!,*)!%!")-� �)!�'�#$�"���'�*� �"!#$�#(�* #%�''�'�#�� �"���678��$.�!$�.��*� �� ��'�#(�"���$�� '�# ������ �(# �;�'" !%")-�'*��=!$0;�!"�!'�.! �%")-��**)!%�1)��#$)-�!$�%#�'"�)�'�0,�$"'�9�� ��"���678�!'�%)�� )-���!.�$"��$.�"���'��1�.� �*!.)-�.��*�$'�'"� "!$0�( #,�"���%)#'& ��.�*"��+�'�!'�"���%�'��!$�"���.��*� �*� "�#(�8! !"��7��%��>?@A2��B��� ��)##=!$0�(# 9� .�"#�"�����)!.�"!#$�#(�"���#&"%#,��#(�"�!'��** #�%�;�(# ��4�,*)��!$�)#%�"!#$'�9�� ��"���$�"& �)��)#$0'�# ��'�.!,�$"�" �$'*# "���'�1��$�1)#%=�.�1-��� �%�$"�)� 0��%#�'"�)��$0!$�� !$0�'" &%"& �����CDEFGHIJKLJMJFNO������ �'�� %��9�'�'&**# "�.�1-�"���!$'"!"&"!#$�)�(!$�$%3!$0�#(�"���6'"#$!�$�P!$!'" -�#(�6.&%�"!#$��$.�Q�'�� %��+0 �$"�RS�??3?2;�1-�"���6'"#$!�$�T%!�$%��U#&$.�"!#$�+0 �$"�V#��W@�X2;��$.�"� #&0��'&**# "�#(�"���6& #*��$�Q�0!#$�)�Y���)#*,�$"�U&$.�+6QYU2�"#�"���Z�$" ��#(�64%�))�$%��!$�V#$3)!$�� �T"&.!�'�Z6VT������5[T�.�"��9� �� �%�!��.�( #,�"���6'"#$!�$�[�$.�7#� .�&$.� �"���)!%�$'��%#$" �%"�T�35@3����;���\]̂\�]@�������&'�.�[�!%��T%�$T"�"!#$�Z@]��$.�)!%�$'�.�.�"��* #%�''!$0�'#("9� ��9� ���%/&! �.�9!"�!$�"���( �,��#(�"���6'"#$!�$�Q�'�� %��R$( �'" &%"& �'�Q#�.,�*�#1<�%"�6'"#$!�$�6$�! #$,�$"�)�_1'� ��"# -�+* #<�%"�V#��5Q@�]@W2����̀JaJ̀ JFDJO����@��5)�4�$.� ''#$;�b�;�T%�,!"�;���;�R.�$;�c�;��$.��&#,�$3�! "�;�b��[#$03"� ,��� !�"!#$'�#(�"���'"# ,�%)!,�"��#�� �VB�6& #*���d������e
�����f�����gh�
�;�@WWi;�j;�W�k@�]��

�����7! =�,�!� ;�B��5��U!�).�.�"��#$�'��9� .�)!,!"�#(�* #(!)��%��$0���l��m�
�no��p�n
�q���
��f���������regq�;�@WiX;�sss;�XWik̂]�����?��7 �,� ;�P���$.�T�'';�_��Z#,1!$!$0��! 1# $���$.�"�  �'" !�)�)�'� �'%�$$!$0�(# �/&�$"!(-!$0�� #'!#$��$.�.�*#'!"!#$�1-���.�1 !'�()#9����$"��d����nt�����h;��]@];�suv;��Wk̂]�������7 &&$;�8��T���)���)� !'���'���%�&'��#(�� #'!#$��l��m�
�no�h��w�n��n��q���
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Address 

Contact data 
Phone 
E-mail

  Akadeemia tee 21, 12618 Tallinn 

  (+372) 559 333 09 
  Maris.Eelsalu@taltech.ee 

Education 
Educational institution Graduation year Education (field of study / degree) 
Tallinn University of 
Technology 

2013 Earth Sciences / Master’s Degree 

Estonian Maritime 
Academy 

2011 Hydrography / Applied higher education 

Language competence/skills 
Language Level 
Estonian Native language 
English Fluent 
Spanish Basic skills 

Special courses and further training 
Period Educational or other organisation 
February 2016 Course Process modelling of natural hazards (Enschede, 

Netherlands) 
August–September 2015 Visit to James Cook University in Australia, courses Coastal 

and Catchment Geomorphology and Coastal management 
(Townsville, Australia) 

November 2014 Intense course Wave dynamics and coastal 
processes (Klaipėda, Lithuania) 

November 2013 LIDAR data visualisation (Tallinn, Estonia) 
September 2011 Practical training course in Marine Science in Estonia and 

Finland (Seili, Finland) 

Professional employment 
Period Organisation Position 
Sept 2013–to date Tallinn University of Technology, Institute 

/ Department of Cybernetics 
Early stage 
researcher 

April 2012–Sept 2013 Tallinn University of Technology, Institute 
of Cybernetics 

Technician 

Research activity 
Articles indexed by the Web of Science database (1.1): 
Soomere T., Eelsalu M., Pindsoo K. 2018. Variations in parameters of extreme value 
distributions of water level along the eastern Baltic Sea coast. Estuarine, Coastal and 
Shelf Science, 215, 59−68, doi:10.1016/j.ecss.2018.10.010. 
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Kovaleva O., Eelsalu M., Soomere T. 2017. Hot-spots of large wave energy resources in 
relatively sheltered sections of the Baltic Sea coast. Renewable and Sustainable Energy 
Reviews, 74, 424−437, doi:10.1016/j.rser.2017.02.033. 
Soomere T., Männikus R., Pindsoo K., Kudryavtseva N., Eelsalu M. 2017. Modification of 
closure depths by synchronisation of severe seas and high water levels. Geo-Marine 
Letters, 37(1), 35−46, doi:10.1007/s00367-016-0471-5. 
Eelsalu M., Soomere T., Julge K. 2015. Quantification of changes in the beach volume by 
the application of an inverse of the Bruun Rule and laser scanning technology. 
Proceedings of the Estonian Academy of Sciences, 64(3), 240−248, doi: 
10.3176/proc.2015.3.06. 
Soomere T., Eelsalu M., Kurkin A., Rybin A. 2015. Separation of the Baltic Sea water level 
into daily and multi-weekly components. Continental Shelf Research, 103, 23−32, doi: 
10.1016/j.csr.2015.04.018. 
Eelsalu M., Soomere T., Pindsoo K., Lagemaa P. 2014. Ensemble approach for projections 
of return periods of extreme water levels in Estonian waters. Continental Shelf Research, 
91, 201−210, doi: 10.1016/j.csr.2014.09.012. 
Tõnisson H., Suursaar Ü., Kont A., Orviku K., Rivis R., Szava-Kovats R., Vilumaa K., 
Aarna T., Eelsalu M., Pindsoo K., Palginõmm V., Ratas U. 2014. Field experiments with 
different fractions of painted sediments to study material transport in three coastal sites 
in Estonia. Journal of Coastal Research, Special Issue 70, 229−234, doi: 10.2112/SI70-
039.1. 
Soomere T., Eelsalu M. 2014. On the wave energy potential along the eastern Baltic Sea 
coast. Renewable Energy, 71, 221−233, doi: 10.1016/j.renene.2014.05.025. 
Soomere T., Viška M., Eelsalu M. 2013. Spatial variations of wave loads and closure 
depths along the coast of the eastern Baltic Sea. Estonian Journal of Engineering, 19(2), 
93−109, doi: 10.3176/eng.2013.2.01. 

Peer-reviewed articles in other international journals (1.2) and collections (3.1): 
Käärd A., Valdmann A., Eelsalu M., Pindsoo K., Männikus R., Soomere T. 2016. 
Preventive management of undesired changes in alongshore sediment transport in 
planning of waterfront infrastructure. In: Galiano-Garrigos A., Brebbia C.A. (eds.),  
The Sustainable City XI: [Proceedings of the 11th International Conference on Urban 
Regeneration and Sustainability (SC 2016), Alicante, Spain]. WIT Press, Ashurst 
Southampton, 419−430. (WIT Transactions on Ecology and the Environment; 204), doi: 
10.2495/SC160361. 
Pindsoo K., Eelsalu M., Soomere T., Tõnisson H. 2014. An estimate of the impact of vessel 
wakes on coastal processes: a case study for Aegna, Estonia. 2014 In: 2014 IEEE/OES 
Baltic International Symposium, 26–29 May 2014, Tallinn, Estonia, Proceedings, 9 pp., 
doi: 10.1109/BALTIC.2014.6887859. 
Judge K., Eelsalu M., Grünthal E., Talvik S., Ellmann A., Soomere T., Tõnisson H. 2014. 
Combining airborne and terrestrial laser scanning to monitor coastal processes. In:  
2014 IEEE/OES Baltic International Symposium, 26–29 May 2014, Tallinn, Estonia, 
Proceedings, 10 pp., doi: 10.1109/BALTIC.2014.6887874. 
Eelsalu M., Org, M., Soomere T. 2014. Visually observed wave climate in the Gulf of Riga. 
In: 2014 IEEE/OES Baltic International Symposium, May 26–29.2014, Tallinn, Estonia,  
10 pp., doi: 10.1109/BALTIC.2014.6887829. 
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Articles published in other conference proceedings (3.4): 
Eelsalu M., Pindsoo K., Soomere T. 2018. Interannual coastal processes in Estonia, 
Peraküla beach monitored by laser scanning technology. In: Köppen S., Reckermann M. 
(eds.), 2nd Baltic Earth Conference The Baltic Sea in Transition. Helsingør, Denmark,  
11 to 15 June 2018, Conference Proceedings. International Baltic Earth Secretariat 
Publication No 13, Geesthacht, Germany, 115−116. 
Pindsoo K., Eelsalu M., Soomere T. 2016. Spatial variation of statistical properties of 
extreme water levels along the eastern Baltic Sea. In: Reckermann M., Köppen S. (eds.), 
1st Baltic Earth Conference Multiple drivers for Earth system changes in the Baltic Sea 
region: 13–17 June 2016, Nida, Curonian Spit, Lithuania; Conference Proceedings. 
International Baltic Earth Secretariat Publication No 9, Geesthacht, Germany, 126−127. 
Soomere T., Eelsalu M., Pindsoo K. 2016. Water level extremes signal changes in the 
wind direction in the north-eastern Baltic Sea. In: Reckermann M., Köppen S. (eds.),  
1st Baltic Earth Conference Multiple drivers for Earth system changes in the Baltic Sea 
region: 13–17 June 2016, Nida, Curonian Spit, Lithuania; Conference Proceedings. 
International Baltic Earth Secretariat Publication No 9, Geesthacht, Germany, 132−133. 
Soomere T., Eelsalu M., Pindsoo K., Zujev M. 2013. Lessons from the almost seven 
decades of visual wave observations from the eastern Baltic Sea coast. In: 
Reckermann M., Köppen S. (eds.), 7th Study Conference on BALTEX: 10–14 June 2013, 
Borgholm, Island of Oland, Sweden, Conference Proceedings, 91−92, (International 
BALTEX Secretariat Publication; 53). 

Abstracts of conference presentations (5.2): 
Eelsalu M., Männikus, R., Pindsoo, K., Soomere, T. 2018. In search for management 
options of shores of the City of Tallinn, Estonia. In: 7th IEEE/OES Baltic Symposium Clean 
and Safe Baltic Sea and Energy Security for the Baltic countries, 12–15 June 2018, 
Klaipėda, Lithuania, Abstract book, 27. 
Kovaleva O., Soomere T., Eelsalu, M. 2015. Comparison of the wave power for the open 
and sheltered segments of the Baltic Sea coast. 10th Baltic Sea Science Congress : Science 
and innovation for future of the Baltic and the European regional seas, 15–19 June 2015, 
Riga, Latvia, Abstract Book, 210. 
Kovaleva O., Soomere T., Eelsalu M., Ryabchuk D. 2015. Determination of closure depths 
for sheltered areas of the eastern part of the Baltic Sea. 10th Baltic Sea Science Congress: 
Science and innovation for future of the Baltic and the European regional seas, 15–19 
June 2015, Riga, Latvia, Abstract Book, 233. 
Eelsalu M., Soomere T., Pindsoo K., Lagemaa P. 2015. Ensemble approach for the 
projections of extreme water levels reveals bias in water level observations. 10th Baltic 
Sea Science Congress: Science and innovation for future of the Baltic and the European 
regional seas, 15–19 June 2015, Riga, Latvia, Abstract Book, 85. 
Pindsoo K., Soomere T., Eelsalu M., Tõnisson H. 2015. Quantification of the impact of 
vessel wakes on a shingle-gravel beach. 10th Baltic Sea Science Congress: Science and 
innovation for future of the Baltic and the European regional seas, 15–19 June 2015, Riga, 
Latvia, Abstract Book, 201. 
Mingėlaitė T., Eelsalu M., Pindsoo K., Soomere T., Dailidienė I. 2015. Return periods of 
extreme water levels along Lithuanian sea coast based on a simple ensemble of 
projections. 10th Baltic Sea Science Congress: Science and innovation for future of the 
Baltic and the European regional seas, 15–19 June 2015, Riga, Latvia, Abstract Book, 238. 
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Pindsoo K., Eelsalu M., Tõnisson H. 2014. An estimate of the impact of vessel wakes on 
coastal processes: a case study for Aegna, Estonia. Measuring and Modeling of  
Multi-Scale Interactions in the Marine Environment: IEEE/OES Baltic Symposium 2014, 
May 26–29, 2014, Tallinn, Estonia, Abstract Book, Tallinn, Tallinn University of 
Technology, 97. 
Tõnisson H., Kont A., Suursaar  Ü., Orviku K., Eelsalu M., Pindsoo K., Suuroja S. 2014. 
Painted sediment experiments in studies of coastal processes. The 12th Colloquium on 
Baltic Sea Marine Geology, Warnemünde, Germany, September 8–12, 2014, 37. 
Lagemaa P., Eelsalu M., Pindsoo K., Soomere T. 2014. Properties of an ensemble of 
projections of extreme water levels near Tallinn. In: Measuring and Modeling of  
Multi-Scale Interactions in the Marine Environment: IEEE/OES Baltic Symposium 2014, 
May 26–29, 2014, Tallinn, Estonia, Abstract Book, Tallinn, Tallinn University of 
Technology, 64. 
Pindsoo K., Eelsalu M., Soomere T. 2014. Quantification of the impact of vessel wakes on 
the transport of coarse sediment. In: Baltic Earth – Gulf of Finland Year 2014 Modelling 
Workshop “Modelling as a Tool to Ensure Sustainable Development of the Gulf of Finland-
Baltic Sea Ecosystem”, Finnish Environment Institute, Helsinki 24–25 November 2014, 
Programme, Abstracts, Participants. Geesthacht, Germany: Helmholtz-Zentrum 
Geesthacht, 16. (International Baltic Earth Secretariat Publication; 4). 
Eelsalu M., Julge K., Grünthal E., Talvik S., Ellmann A., Soomere T., Tõnisson H. 2014. 
Combined laser scanning to monitor coastal processes. In: MEME’2014: Mathematics 
and Engineering in Marine and Earth Problems, 22–25 July 2014, Aveiro, Portugal, 
Abstract Book, 106–108. 
Julge, K., Eelsalu, M., Grünthal, E., Talvik, S., Ellmann, A., Tõnisson, H. 2014. Combining 
airborne and terrestrial laser scanning to monitor coastal processes. In: Measuring and 
Modeling of Multi-Scale Interactions in the Marine Environment: IEEE/OES Baltic 
Symposium, May 26–29, 2014, Tallinn, Estonia,  
Eelsalu M., Soomere T. 2014. Intermittency of the wave energy flux in the eastern Baltic 
Sea. MEME’2014: Mathematics and Engineering in Marine and Earth Problems, 22–25 
July 2014, Aveiro, Portugal, Abstract Book, 133−135. 
Eelsalu M., Julge K., Grünthal E., Ellmann A., Soomere T. 2014. Laser scanning reveals 
detailed spatial structure of sandy beaches. In: IUTAM Symposium on Complexity of 
Nonlinear Waves: 8–12 September 2014, Tallinn. Book of Abstracts. Institute of 
Cybernetics at Tallinn University of Technology, 91. 
Pindsoo K., Soomere T., Eelsalu M., Tõnisson H. 2014. Vessel wakes effectively transport 
gravel, cobbles and pebbles. In: MEME'2014: Mathematics and Engineering in Marine 
and Earth Problems, 22–25 July 2014, Aveiro, Portugal, Book of Abstracts, 103−105. 

Other creative activities (6.3; 6.7): 
Eelsalu M., Soomere T. 2016. Laineenergia ja selle kasutamise varjukülgedest 
Läänemeres (Wave Energy and Associated Problems in the Baltic Sea). Põlevad ja 
mittepõlevad energiaallikad (Combustible and non-combustible energy resources), 16−19 
[Summary in English]. 
Eelsalu M., Ellmann A., Julge K., Märdla S., Soomere T. 2014. Rannaprotsesside 
anatoomia laserskaneerimise skalpelliga. In: Aan A., Narusk K. (eds.), Kaugseire Eestis, 
47−58, Tallinn: Keskkonnaagentuur. 
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Soomere T., Pindsoo K., Eelsalu M. 2016. Veetasemete ekstreemumid ja 
korduvusperioodid Eesti rannikul. Research report [Tallinn]: Tallinna Tehnikaülikooli 
Küberneetika Instituut. [In Estonian]. 
Soomere T., Eelsalu M., Pindsoo K. 2014. Rannasetete bilanss Miidurannast Tallinna 
Vanasadamani. Tallinn: Tallinna Tehnikaülikooli Küberneetika Instituut. 
Soomere T., Pindsoo K., Eelsalu M. 2013. Kopli lahe suudmes esinevate kõrgete 
veetasemete tõenäosuse ja korduvuse hinnang, 30 pp. Tallinn: Tallinna Tehnikaülikooli 
Küberneetika Instituut. 
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Ees- ja perekonnanimi 
Sünniaeg ja -koht   
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Kontaktandmed 
Telefon  
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Hariduskäik
Õppeasutus 

       Maris Eelsalu 
              20.10.1988, Virtsu, Eesti 
              Akadeemia tee 21, 12618 Tallinn, Eesti 

       (+372) 559 333 09 
              Maris.Eelsalu@taltech.ee 

 Lõpetamise aeg  Haridus (eriala / kraad) 
Tallinna Tehnikaülikool 2013 Maateadused / magister 
Eesti Mereakadeemia 2011 Hüdrograafia / rakenduskõrgharidus 

Keelteoskus 
Keel Tase 
eesti emakeel 
inglise kõrgtase 
hispaania algtase 

Täiendõpe 
Õppimise aeg Täiendõppe läbiviija nimetus 
Veebruar 2016 Kursus Process modelling of natural hazards (Enschede, 

Holland) 
August–September 2015 Kahekuuline visiit James Cooki Ülikooli Austraalias, 

kursused Coastal and Catchment Geomorphology ja 
Coastal management (Townsville, Austraalia) 

November 2014 Intensiivkursus Wave dynamics and coastal processes 
(Klaipėda Ülikool, Leedu) 

November 2013 LIDAR andmetöötlus kursus (Tallinn, Estonia) 
September 2011 Rahvusvaheline suvekool Practical training course in 

Marine science in Estonia and Finland (Seili, Soome) 

Teenistuskäik 
Töötamise aeg Tööandja nimetus Ametikoht 
September 2013–tänaseni Tallinna Tehnikaülikool, 

küberneetika instituut 
Nooremteadur 

Aprill 2012–September 2013 Tallinna Tehnikaülikooli 
Küberneetika Instituut 

Tehnik 

Teadustegevus 
Avaldatud teadusartiklite ja konverentsiteeside ning peetud konverentsiettekannete 
loetelu on toodud ingliskeelse CV juures. 
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