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Introduction

Wind waves impacting the offshore and coasts of the Baltic Sea

Wind waves are probably the most widely known phenomenon of wave nature and
the most easily observable property in the sea. This, however, does not mean that
the wave phenomena are simple or can be easily described. While a low, smooth,
very regular remote swell is largely similar to the classical sinusoidal wave train,
wave fields usually constitute an extremely complicated superposition of various
components, with different heights, lengths or periods, propagation directions and
persistency. Each component should be characterized separately using several
parameters, which makes studies into wave phenomena intrinsically complicated
(Komen et al., 1994).

Since the sea surface is an almost perfect environment for the propagation long
waves and an almost flawless waveguide for windseas as well, surface waves not
only endanger vessels and offshore installations but also carry most of their energy
to the coast. This feature may become a blessing in terms of wave energy (Cruz,
2008) but also a source of high costs when waves damage a coastal engineering
structure, erode a vulnerable coastal section or fill a major fairway with sediments
(Dean and Dalrymple, 2002). Waves approaching the coast are often responsible
for a number of processes, from sediment transport that gradually reshapes the
coastal environment through accumulation, transit and erosion up to various
extreme marine-induced coastal hazards and disasters such as flooding or
devastating tsunamis. Thus a widespread competence in wave matters is an
invaluable asset for all coastal nations, without which, for example, integrated and
sustainable management of the coastal zone or safety of shipping and users of the
coast is virtually impossible to achieve. As surface waves are also a major driver of
many processes in the offshore, studies into their properties and into the wave
climate form one of the key elements of contemporary physical oceanography
(Leppéranta and Myrberg, 2009; Weisse and von Storch, 2010).

Here, the wave climate is understood in terms of the basic long-term wave
properties (average and extreme height, occurrence distributions and height-period
combinations) and their spatial variations (Weisse and von Storch, 2010). A
comprehensive picture of both the existing wave climate (that is, of the typical and
extreme wave properties and their distributions) and its changes in the recent past
is of great value for many research areas and engineering applications. In
particular, possible increase in the frequency and/or severity of marine coastal
hazards along with global climate changes or even a change in the typical wave
approach direction may considerably alter the conditions of operation and
maintenance of the coastal infrastructure and environment.

The complexity of physics and dynamics of the Baltic Sea (Figure 1) extends
far beyond the typical features of many other water bodies of comparable size
(Wulff et al., 2001; BACC, 2008). The Baltic Sea is characterized by extremely
complex geometry, highly varying wind fields, extensive archipelago areas with
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specific wave propagation properties and ice cover during a large part of the year.
This gives rise inter alia to specific wave generation conditions for offshore winds
over an irregular coastline (Kahma, 1981; Kahma and Calkoen, 1992; Tuomi et al.,
2012) or under so-called slanting fetch frequently occurring in some sub-basins
(Pettersson et al., 2010). Changes in the wave climate even in terms of shifts of the
stormy season to months with no ice cover may lead to severe destruction of
vulnerable beaches (Orviku et al., 2003; Ryabchuk et al., 2010).

The fetch length is quite limited in the Baltic and favourable conditions for the
excitation of severe waves occur relatively seldom. The wave climate is relatively
mild. This sea at times hosts extremely rough wave conditions with the offshore
significant wave height exceeding 9.5 m (Schmager et al., 2008; Soomere et al.,
2008a; Tuomi et al., 2011). Storm waves in this water body are relatively steep and
short, and thus comparatively dangerous for vessels. In this sense the relatively low
levels of wave energy compared to the open ocean (e.g., Bernhoff et al., 2006) may
be deceptive. The consequences of wave-induced damage have been most serious
in the Baltic Sea. For example, 852 lives were lost when storm waves damaged the
passenger ferry Estonia in autumn 1994 (Karppinen and Ling, 1998).

10°E
pd

S

60°N Sweden

55°N

Lithuania

Figure 1. Location scheme of the Baltic Sea, showing the sites of instrumental measure-
ments (crossed circles) and visual wave observation sites at its eastern coast (red circles)
and in the Gulf of Riga (white circles).
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The properties of the wave climate may be obtained from different sources. A
straightforward way is to deploy a sufficient number of contemporary directional
wave measurement devices for a sufficiently long time. In general, this is not a
viable option, first of all because of the high cost and difficulties in organizing field
experiments. More importantly, it is not possible to obtain data retrospectively.
Moreover, especially in the context of the Baltic Sea measurements of wave
properties at a few sites along a highly variable coastline frequently do not contain
enough information about variability of wave fields.

Another, more feasible way is to extract necessary wave statistics from
numerically replicated wave fields. This approach has become feasible only
recently when the performance of wave models and the quality of numerically
replicated open sea wind information have reached the necessary level for reliable
reconstruction of wave time series.

A third option is to employ visually observed wave data. Historically, this has
been the only way to at least qualitatively quantify and properly display wave
properties. The sets of visually observed data have several obvious shortcomings
such as the intrinsically present subjectivity, a poor spatial and temporal resolution
and highly variable coverage. While observations from ships have been extensively
used to identify global changes in wave fields (Gulev and Hasse, 1998, 1999;
Gulev and Grigorieva, 2006), observations from the coast have additional issues
related to irreversible changes in the wave properties in the nearshore. In particular,
owing to the extremely complex geometry and bathymetry of the Baltic Sea, it is
often almost impossible to reconstruct the offshore wave properties from those
observed near the coast. It is, however, possible to identify changes in wave
properties at different sites and in this way to recognize the changes in wave
generation conditions and to some extent spatial variations in these changes.

A unique feature of many sets of visually observed data from the eastern Baltic
Sea is their extremely long coverage. The observations of metric wave height
started in the mid-1950s, whereas the data reflecting qualitative appearance of the
wave fields goes back as long as to 1946 in many locations (Soomere, 2013). The
main focus of this thesis is the analysis of the potential of these unique data sets for
the identification of the basic features of wave parameters and for the
quantification of their seasonal cycle, interannual variations and long-term
changes.

Wave measurements in the Baltic Sea

In spite of the increasing quality of wave models and wind information there is
always a need for the validation of the models with in sifu observed or measured
data. Wave measurements are one of the most complicated tasks in physical
oceanography. Wave motion and especially wave breaking in the nearshore are
accompanied by enormous forces acting on the contact measurement devices.
Another reason is the complexity of wave motion. Ideally, the wave measurement
device should be able to capture the full wave spectrum, equivalently, a large
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number of quantities characterizing wave components with different heights,
periods and propagation directions that together form a natural wave field.

The problem is particularly complicated in seasonally ice-covered seas where
the measurement devices either should be mounted deep enough (e.g., upward-
looking echosounders at Almagrundet, Broman et al., 2006) or removed well
before the ice season starts (Kahma et al., 2003; Tuomi et al., 2011). This leads to
major gaps in the records. As the windiest months in the Baltic Sea are the ones
just before the ice season, it is likely that the severest wave conditions may be
missing from such records. An accompanying problem is that several commonly
used measures of the wave climate become almost meaningless for seasonally ice-
covered basins (Tuomi et al., 2011).

Several semi-autonomous wave measurement devices were deployed in the
shallow areas of the northern Baltic Sea about three decades ago (Martensson and
Bergdahl, 1987). A data set recorded in 1978-2003 near the lighthouse of
Almagrundet (the western sector of the northern Baltic Proper, 59°09’ N, 19°08" E,
Figure 1) has been analysed in Broman et al. (2006). The data from the years
1978-1993 were found to be most reliable. Later recordings at the turn of the
century showed a quite irregular behaviour of wave properties and were only
partially analysed. This time period is too short for the reliable description of the
local wave climate. Also, the observation site is sheltered from part of the
dominating winds.

Contemporary wave recorders have been used in the northern Baltic Sea during
a few decades (Pettersson, 1994; Kahma et al., 2003). High-quality wave data sets
are available for the sea areas around Finland since the 1970s (Kahma et al., 1983;
Kahma and Pettersson, 1993, 1994; Pettersson, 1994, 2001, 2004; Kahma et al.,
2003). The wave climate of these areas is fairly well understood (Soomere, 2008).
Regular wave measurements using directional waveriders were started in the
southern Baltic Sea near the Darss Sill in 1990 (Soomere et al., 2012) and in the
central area of the northern Baltic Proper (Figure 1) in September 1996 (Kahma et
al., 2003). These data are particularly important for understanding the Baltic Sea
wave climate; however, all these time series are much shorter than 30 years, the
interval recommended by the World Meteorological Organization for determining
the climatological values of the environmental data (WMO, 2001).

The information about wave properties is particularly fragmentary for the
eastern part of the Baltic Proper (Soomere et al., 2008a). Hardly any instrumentally
measured wave data were available until about 2010 from the coastal areas of
Estonia, Latvia and Lithuania except for sporadic measurements made with
pressure-based sensors (Soomere, 2005; Laanearu et al., 2007; Soomere et al.,
2008a) and bottom-mounted Acoustic Doppler Current Profilers ADCPs (Suursaar
et al., 2008). As a result, older sources (e.g., Rzheplinsky, 1965; Davidan et al.,
1985) were at times still used for estimates of wave conditions in the eastern part of
the Baltic Sea. The only exception is the middle part of the Gulf of Finland where
waverider measurements have been performed since the turn of the millennium
(Pettersson and Boman, 2002). This area is characterized by extremely complex
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geometry and thus extensive refraction and diffraction of wave fields. These
phenomena may lead not only to large gradients in wave fields (Soomere, 2005;
Laanearu et al., 2007) but also to the formation of areas of unusually large
concentration of wave energy.

Modelling the Baltic Sea waves and wave climate

The Baltic Sea is a practically closed system of surface waves because very little
wave energy may penetrate into it through the Danish straits. Its wave fields are
nevertheless very complicated, first of all highly intermittent, that is, temporally
and spatially highly variable. As the fetch length is relatively small, both the
reaction and decay times of wave fields are comparatively small (Soomere, 2005).
The duration of severe wave storms is usually below 8 h (Broman et al., 2006).
These features strongly complicate the analysis of the Baltic Sea wave climate as
relatively high density of wave measurement or observation sites and/or high
resolution of the wave models are necessary to properly resolve rapidly changing
wave fields.

The situation is additionally complicated by the anisotropy of the Baltic Sea
wind fields. In a large part of the Baltic Proper the predominant winds blow from
two directions (south-west and north-north-west, Soomere and Keevallik, 2001).
This feature gives rise not only to two-peaked distributions of wave propagation
directions but also to the highly anisotropic nature of the Baltic Sea wave fields
(Soomere, 2003; Jonsson et al., 2002, 2005). In particular, the presence of
predominantly westerly winds suggests that the fetch length and, consequently,
wave heights and periods are the largest in the eastern part of the Baltic Sea. This
property was recently confirmed by Schmager et al. (2008) and in the efforts
towards numerical reconstruction of the wind wave climate in the Baltic Sea
(Réémet, 2010; Soomere and Rédmet, 2011) performed simultaneously with
preparation of this thesis.

Recognition of wave climate changes, in particular, changes in extremes,
presumes a thorough knowledge of typical and extreme wave conditions. Several
efforts have been made to numerically reconstruct the global wave data set that
would suit for the detection of the basic features of the wave climate and their
changes in the open ocean conditions. These efforts have led, for example, to the
compilation of the KNMI/ERA-40 Wave Atlas (Sterl and Caires, 2005). The atlas
is based on an atmospheric reanalysis data set covering the period from September
1957 to August 2002 by the European Centre for Medium Range Weather
Forecasts and represents 6-hourly means of wave properties over an average of
1.5°x1.5° areas. Such products provide reliable wave climatology for open ocean
conditions but their resolution is too coarse for the Baltic Sea conditions.

Complicated geometry of the Baltic Sea and the lack of reliable wind data make
an adequate reproduction of wave properties of this basin a major challenge
(Réémet et al., 2009). For selected locations the wave climate can be reconstructed
and its changes detected on the basis of simple (for example, fetch-based) models
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using standard one-point wind information (Suursaar et al., 2008; Suursaar and
Kullas, 2009a, 2009b; Suursaar, 2010, 2013). This approach can be realized for
semi-sheltered sea areas with a short memory of wave fields such as the middle and
eastern parts of the Gulf of Finland (Soomere, 2005; Laanearu et al., 2007). It is,
however, usually not applicable to the entire Baltic Sea, the wind and wave fields
of which exhibit extensive spatial variability.

A possible solution is a high-resolution numerical reconstruction of the wave
climate for the entire Baltic Sea based on either measured or modelled wind
information. Since the waves from the rest of the World Ocean practically do not
affect the Baltic Sea waves, the wave properties here can be modelled with the use
of local models. Earlier numerical wave studies in the Baltic Sea basin have been
discussed in detail in Broman et al. (2006) and Soomere (2008). Their central
conclusion is that the spatial distribution of wave activity reflects the anisotropy of
the wind regime in the Baltic Proper (Mietus, 1998; Soomere, 2003). Statistically,
the regions of the largest wave activity are found along the eastern coasts of the
Baltic Proper (Jonsson et al., 2002, 2005). A number of studies have been
performed for limited areas of the Baltic Sea (Gayer et al., 1995; Paplinska, 1999,
2001; Blomgren et al., 2001; Cieslikiewicz and Herman, 2002). Several other
simulations (Cieslikiewicz and Paplinska-Swerpel, 2008; Kriezi and Broman,
2008) are reported in the literature but no details of the wave regime are presented.

The critical factor in wave modelling is the quality of available wind
information. Some authors have used wind information from coastal measurement
sites (Blomgren et al., 2001). These sites do not necessarily represent the actual
properties of marine winds, especially in the areas of complicated geometry and
large-scale topographic features (Keevallik, 2003a). The common experience so far
is that none of the existing numerical replications of the wind fields is perfectly
suited for wave simulations and that the reliability of the national wind data bases
(such as the MESAN, operational Mesoscale Analysis System, Swedish
Meteorological and Hydrological Institute (SMHI); hourly gridded wind
information on a 22 km grid since October 1996, Hiaggmark et al., 2000)
considerably decreases with the distance from the national coast (Rddmet et al.,
2009). For this reason, simple derivatives of the geostrophic winds have frequently
been used to substitute the true marine winds in wave and current modelling
(Myrberg et al., 2010; Radmet, 2010; Lehmann et al., 2013).

An adequate wave climatology based on long-term simulations of the Baltic Sea
wave fields was still missing when work on this thesis started. Only several
fragments of simulations by J. Augustin and R. Weisse (Augustin, 2005) were
reflected in Schmager et al. (2008) and in BACC (2008). The first long-term
simulation was successfully performed in 2009-2011 in parallel with the present
work. Recent efforts towards the numerical replication of the wave climate are
described in detail in the PhD thesis by Rddamet (2010) and presented in several
overviews (see Soomere and Réamet, 2011 for detailed bibliography).
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Changing wave climate of the Baltic Sea

It is well known that in many situations the wave height increases as the wind
speed squared (e.g., Dean and Dalrymple, 1991). The wave energy flux (that drives
the evolution of coasts) is proportional to the wave height to the power of 2.5 at the
breaker line (USACE, 2002) and thus reflects sometimes the wind speed to the
power of 5. These features explain why the characteristics of waves (more
generally, wave climate) and especially wave-driven coastal processes are one of
the most sensitive and robust indicators of changes in the wind regime and local
climate (Weisse and von Storch, 2010).

Large changes in the wave climate are unlikely on the open ocean coasts where a
great part of wave energy arrives in the form of swell waves (Dodet et al., 2010;
Dragani et al., 2010). On the contrary, even small changes in the wind regime may
easily lead to large variations in wave properties and extensive consequences for
sedimentary beaches developing in fetch-limited conditions of semi-enclosed
basins. This is also reflected in estimates of the potential increase in wave heights.
For example, potential climate changes in the North Sea may host a considerable
(18%) increase in the 99%-iles of the (largest) wave heights while for the wind
speed a similar increase is 7% (Grabemann and Weisse, 2008).

Several other features of climate variations can strongly affect the properties of
the Baltic Sea waves. The irregular shape of the Baltic Sea may considerably alter
the wave properties if the wind direction changes. A change in the predominant
wind direction may lead to a substantial increase in the typical fetch length in such
basins. Such a change would evidently also result in numerous alterations in the
reaction of water masses of the sea, from changes in the pattern of upwelling and
downwelling areas (Lehmann and Myrberg, 2008) to a considerable change in the
probability of occurrence of high water levels (Johansson et al., 2001). Quite large
changes will evidently occur in the typical and extreme wave conditions, especially
in the wave approach directions, with possibly severe consequences to the
evolution of sedimentary coasts (Viska and Soomere, 2012). Such changes may
have taken place in the recent past. Namely, a drastic increase in the frequency of
south-western winds over the latter half-century (Kull, 2005; Jaagus, 2009) may
have resulted in a combination of an increase in wave periods and a change in the
wave propagation direction.

Equally important changes in wave fields and the reaction of the coast may stem
from potential alterations in ice cover. Sea ice is one of the decisive factors of wave
activity and, more importantly, coastal processes in seasonally ice-covered seas.
From the viewpoint of available wave energy it first reshapes the area of wave
generation (fetch length), thereby affecting waves even far downwind from the ice
region. It also affects back atmospheric conditions so that the wind speed over a
frozen sea may be larger than over rough wind-generated seas (Leppéranta, 2012).
More importantly, it protects sedimentary coasts from the direct impact of waves,
thereby reducing the overall intensity of coastal processes (Orviku et al., 2003;
Ryabchuk et al., 2011).
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Extensive relatively shallow areas in the Baltic may host unexpectedly high
waves, formed in the process of wave refraction and wave energy concentration in
some areas (Soomere, 2003, 2005; Soomere et al., 2008a). Changes in the wave
approach direction or in wave periods may essentially modify the existing
refraction pattern and shift the location of major wave-driven damage.

The temporal coverage of wave climate studies is usually limited by the length
of the existing wave time series. As most of the available time series are fairly
short and come from a few points only, it is not surprising that the evidence of
changes in some properties of wave fields was controversial when this work was
started. Moreover, the data largely came from implicit sources such as the rate of
coastal erosion (Orviku et al., 2003). The available information suggested that the
changes in the Baltic Sea wave climate were marginal from the late 1950s until the
early 1990s (WASA Group, 1995, 1998; Mietus and von Storch, 1997). According
to instrumental measurements from Almagrundet, the wave heights apparently
increased in the northern Baltic Proper from the end of the 1970s and until the
middle of the 1990s at Vilsandi (Broman et al., 2006).

This course was consistent with the common understanding that the storminess
in the Baltic Sea region was relatively modest in the middle of the 20th century and
increased to some extent by the end of the millennium (Alexandersson et al., 1998).
This finding also matched the gradual increase in the wind speed in the northern
Baltic Proper (the island of Utd, Broman et al., 2006). A rapid decrease in the
annual mean wave heights in this area in the mid-1990s, revealed by another data
set (Broman et al., 2006), was thus highly controversial (Soomere, 2008).
Moreover, wave heights along the Lithuanian coast showed even a decrease over
the 1990s (Kelpsaite et al., 2008), whereas no change was reported for Tallinn Bay
(Kelpsaite et al., 2009).

The above mismatch of the decadal variability in the wave heights and wind
speed over the northern Baltic Proper was one of the major motivations for the
work presented in this thesis. In such cases the ground truth about actual changes in
wave properties may provide a clue to what has really happened with the wave
generation or propagation conditions. Numerous changes in the forcing conditions
and in the reaction of the water masses of the Baltic Sea have been reported during
the last decades (BACC, 2008). There is evidence that the increasing storminess in
this region which started in the 1970s caused extensive erosion of the depositional
coasts (Orviku et al., 2003; Eberhards et al., 2006; Tonisson et al., 2008; Ryabchuk
et al., 2009, 2011). This trend, however, has been strongly questioned by many
authors. The intensity and duration of severe wave storms in the southern North
Sea have decreased since about 1990-1995 (Weisse and Giinther, 2007)
consistently with the updated trends of storminess (Alexandersson et al., 2000).

Very rough seas measured twice in the Baltic Proper in December 1999 (Kahma
et al., 2003) and two ferocious winter storms in 2004/2005 (Suursaar et al. 2006;
Soomere et al. 2008a; Tuomi et al., 2011) reinforced the discussion as to whether
the wave conditions in the Baltic Sea have become rougher than a few decades ago.
One exceptional storm, Gudrun in January 2005, highlighted inadequate awareness
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of extreme wave properties (Soomere et al., 2008a) and of the height and spatial
extent of extreme water levels (Suursaar et al., 2006). The all-time highest
significant wave height (8.2 m) was recorded in December 2004, just a few weeks
before this storm (Tuomi et al., 2011). The all-time highest waves were measured
in the Gulf of Finland in November 2001 (Pettersson and Boman, 2002; Soomere,
2005).

Objective and outline of the thesis

The evidence presented above raised a number of questions concerning the
properties of and possible changes in the Baltic Sea wave climate. Many of the
described changes, if they happen to be real, can largely affect the safety of
offshore operations (Bitner-Gregersen et al., 2013), thus, lives and property of
people. Another direct consequence is potential intensification of coastal processes,
with expensive implications in terms of the extra costs of the construction and
maintenance of various coastal engineering structures, more frequent dredging, etc.
In essence, the presented circumstances highlighted the necessity for a re-
evaluation of the basic features of the Baltic Sea wave climate based on the
physical evidence about actual wave fields. This challenge also included the need
for a quantification of the potential variability of wave properties along the coasts
of this basin.

The main objective of this thesis is to reconstruct the wind wave climate and its
possible long-term and decadal variations for the eastern Baltic Proper and the Gulf
of Finland, with a focus on the coastal waters of Estonia, by using the historical
visual observations of wave properties. Although a single observation may contain
considerable uncertainties, the use of a large number of uncorrelated measurements
is generally a consistent way to feasibly reconstruct the past wave activity (Gulev
and Hasse, 1998, 1999). As will be discussed below, this method has potential for
providing reliable wave statistics in the nearshore. Although the observed wave
properties are site-specific, the resulting data sets make it possible to identify
several large-scale temporal and spatial variations in the wave fields. As these data
characterize the eastern (downwind) parts of the Baltic Sea, they form a valuable
basis for the identification of changes in the climate of the entire Baltic Sea basin.

Last but not least, the extracted information serves as an invaluable source of
ground truth for verifying the performance of the Baltic Sea wave models and an
important input for the validation of climate models. A comprehensive comparison
of these data sets with the results of simulations has great potential for clarifying
whether the above-described mismatches stem from the uncertainties of wave
models and measurements, represent properties of local wave fields or form a part
of long-term changes. The available set of instrumentally measured wave data is
fairly small in this area and of little use for resolving these issues. It is not always
possible to reconstruct the open sea wave properties from the results of nearshore
observations but changes in wave generation conditions can eventually be
recognized from these data.
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The particular objectives of the thesis are as follows:

e to reconstruct the basic features of the nearshore wave climate of the Baltic Sea
and in the Gulf of Finland from historical visual observations back to the
middle of the 20th century;

e to identify and quantify the core changes and trends in the main properties of
waves in different regions in the eastern Baltic Sea;

e to identify spatial variability of the wave climate in this region, especially
concerning the wave height;

e to establish the magnitude of decadal variability in the wave properties in the
eastern Baltic Sea.

As mentioned above, a large part of the work described in this thesis was
performed in parallel with a high-resolution numerical reconstruction of the Baltic
Sea wave fields using the wave model WAM and adjusted geostrophic wind fields
(Raamet, 2010). The cooperation resulted in joint publications (Papers III and 1V)
in which the ground truth extracted from visual observations was used to verify and
validate the modelled results. The wave fields modelled in Rddmet (2010) were
later used to analyse the interrelations of ice cover and wave fields in Paper VI.
This feature naturally leads to some overlap of part of the technical material
(description of the existing properties of the wave climate, the wave observation
sites, data sets and the wave model) in this thesis and in Radamet (2010).

The analysis below involves wave heights specified in various manners:
visually observed wave heights, the significant wave height calculated based on
Rayleigh statistics at Almagrundet and the significant wave height calculated using
two models (a fetch-based model and a full spectral wave model WAM). On the
one hand, the potential differences between these quantities, for example, because
of violation of the Rayleigh distribution in the nearshore, suggest that both the
instantaneous and average values of some characteristics found on the basis of
different sources may differ to some extent. On the other hand, the use of a
particular method for retrieving the wave height apparently does not distort the
basic features of spatio-temporal variations in the wave fields such as their typical
time scales and the sign and relative magnitudes of the trends.

Chapter 1 gives a short insight into recent wave climate studies performed for
the North Atlantic and the North Sea. As the majority of low pressure systems that
excite rough waves in the Baltic Sea stem from the North Atlantic, changes in the
storm pattern in this area are evidently reflected in the wave conditions in the North
Sea and the Baltic Sea. The rest of this chapter addresses the wave climate studies
in the Baltic Sea and the data sources for these studies.

Chapter 2 starts with a short overview of the specific features of processing and
analysis of the visually observed wave data. As I make an attempt to merge the
results of this analysis with the output of numerical hindcasts and existing long-
term measured wave data, I give a short description of the wave model the output
of which is used in comparisons. The main goal of the chapter is to delineate the
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main features of the Baltic Sea wave climate, with emphasis on the eastern Baltic
Sea.

Chapter 3 presents a selection of results of the observed decadal and long-term
changes in the wave climate of the eastern Baltic Sea and a comparison of these
changes with similar variations in the instrumentally measured and hindcast data.
The emphasis is on the annual mean wave height and most frequent wave approach
direction. Finally, I address several questions of interrelations between certain
average parameters of observed wave conditions and the ice phenomena, with the
goal of specifying quantities suitable for characterizing the wave loads in
seasonally ice-covered seas.

Approbation of the results

The main results have been presented at the following international conferences:

1. Zaitseva I., Soomere T. 2008. On long-term variations of the wave conditions
in the Northern Baltic Sea. Oral presentation at the US-EU-Baltic 2008
International Symposium (27-29 May 2008, Tallinn, Estonia).

2. Zaitseva-Pamaste I., 2008. Long-term variations of wave conditions in the
northern Baltic Sea derived from visual observations from Vilsandi, Pakri and
Narva-Joesuu. Poster presentation at the 3rd International Student Conference
“Biodiversity and Functioning of Aquatic Ecosystems in the Baltic Sea
Region” (9—-12 October 2008, Klaipéda, Lithuania).

3. Zaitseva l., Kelpsaite L. 2008. Wave regime changes at the Baltic Sea Eastern
coast. Oral presentation at the SEAMOCS Network Meeting and Conference
(22-25 October 2008, Oslo, Norway).

4. Zaitseva-Pirnaste 1., Suursaar U., Kullas T., Lapimaa S., Soomere T. 2009.
Seasonal and long-term variations of wave conditions in the northern Baltic
Sea. Oral presentation at the 10th International Coastal Symposium (13-18
April 2009, Lisbon, Portugal).

5. Zaitseva I., Suursaar U., Soomere T. 2009. Seasonal and long-term variations
of wave conditions in Estonian coastal waters. Oral presentation at the 7th
Baltic Sea Science Congress (17-21 August 2009, Tallinn, Estonia).

6. Zaitseva l., Soomere T. 2009. Long term variation in wave fields in the Baltic
Proper. Oral presentation at the SEAMOCS Closure Meeting (8—10 September
2009, Toulouse, France).

7. Zaitseva-Pirnaste 1., Soomere T. 2009. Long term variation in wave fields in
the Baltic Proper. Poster presentation at the International Conference on
Lithodynamics of Bottom Contact Zone of the Ocean (14—17 September 2009,
Moscow, Russia).

8. Zaitseva-Péarnaste I., Soomere T. 2009. Seasonal and long-term variations of
wave conditions in Estonian coastal waters. Oral presentation at the
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10.

11.

12.

International Conference on Complexity of Nonlinear Waves (5-7 October
2009, Tallinn, Estonia).

Zaitseva-Péarnaste I., Rddmet A., Soomere T. 2010. Comparison between
modelled and measured wind wave parameters in Estonian coastal waters.
Poster presentation at the 2nd International Conference on the Dynamics of
Coastal Zone of Non-Tidal Seas (27-30 June 2010, Baltiysk, Kaliningrad
Oblast, Russia).

Zaitseva-Péarnaste I., Soomere T. 2010. Long-term variation of wave heights
and its comparison with ice conditions in Estonian coastal waters. Oral
presentation at the 10th International Marine Geological Conference “The
Baltic Sea Geology — 10 (24-28 August 2010, Saint Petersburg, Russia).

Zaitseva-Pérnaste 1., Soomere T. 2010. Wave climate in the eastern part of the
Baltic Sea. Poster presentation at the 5th International Student Conference on
Biodiversity and Functioning of Aquatic Ecosystems in the Baltic Sea Region
(68 October 2010, Palanga, Lithuania).

Zaitseva-Péarnaste 1., Soomere T. 2012. Interannual variations of ice cover and
wave energy flux in the north-eastern Baltic Sea. Poster presentation at the
International Symposium on “Seasonal Snow and Ice” (28 May—01 June 2012,
Lahti, Finland).
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1. Wave climate studies in the Baltic Sea and adjacent areas

Wave conditions in the interior of the Baltic Sea are almost independent of the
wave properties in the North Atlantic and the North Sea as virtually no wind wave
energy penetrates from the Skagerrak to the Baltic Proper. Wave properties in these
basins are still implicitly interrelated because the majority of weather systems
affecting the Baltic Sea wave fields stem from the North Atlantic. Many of these
weather systems also touch the North Sea on their way to the Baltic. Therefore, the
changes in the wave properties in the North Sea and partially even in the North
Atlantic eventually mirror similar changes in the Baltic Sea. Moreover, these areas
have played a particular role in the development of contemporary perception of
wave dynamics, for example, through the introduction of the concept of saturated
wave systems or the progress in understanding the properties of fetch-limited wave
growth (Komen et al., 1994).

As a comprehensive overview of the research into changes in the wave climate
in the North Atlantic and the North Sea is available in a recent PhD thesis (Rdadmet,
2010), I only discuss the main features of these changes that have clear relevance
to the results and main conclusions presented below. Next I describe the outcome
of the recent Baltic Sea wave climate studies and the core source of information
used in this thesis — the history, setup and routine of visual wave observations in
the Baltic Sea.

1.1. Changes in the wave climate in the North Atlantic and the
North Sea

Many authors have expressed the opinion that the North Atlantic probably hosts the
world’s roughest wave climate in terms of the highest waves occurring once in a
longer time interval (Caires and Sterl, 2005; Grigorieva and Gulev, 2006). Strong
winds and high waves are created in this region by the interplay of the frequent
generation of strong cyclones and the presence of high orography in Greenland,
Iceland and Scandinavia. The highest ever instrumentally measured offshore

significant wave height H =18.5 m has been registered at Rockall, west of

Scotland (Holliday et al., 2006). The second highest offshore significant wave
height, 17.9 m, has been measured in the Gulf of Mexico (Wang et al., 2005).
These records have only been exceeded in an area with complicated bathymetry
near Taiwan under typhoon Krosa where the significant wave height reached 24 m
(Babanin et al., 2011) and the highest single wave 32.3 m (Liu et al., 2008).

The combination of the frequently occurring high waves and extremely intense
ship traffic has initiated a number of studies into properties of the wave climate and
its changes over the last 100 years in the North Atlantic. Early analyses exhibited
controversial results, because relatively limited time intervals and selected sea
areas were addressed. For example, Bacon and Carter (1991) found an increasing
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trend (about 2%/year) in the mean wave heights in the entire North Atlantic since
1950. The international Waves and Storms in the North Atlantic (WASA) project
(WASA Group, 1998) concluded that the wave climate in the north-east Atlantic
and in the North Sea had exerted significant decadal variations but revealed no
clear trends. Thus, the average wave intensity at the end of the 1990s was
comparable with that at the beginning of the 20th century.

Further numerical reanalyses of wave properties increased both the resolution
and temporal coverage of the data sets. The first numerically reconstructed global
wave data set using realistic wind fields and contemporary wave models was
compiled in the National Center for Environmental Prediction and National Center
for Atmospheric Research (NCEP/NCAR). The reanalysis project attempted to
produce a temporally homogeneous data set over the 40-year period 1957-1996
(Kalnay et al., 1996). Using these wind data, Swail et al. (1998, 2000) detected a
significant increasing trend in wave heights in the north-eastern Atlantic and a
decreasing trend in the central North Atlantic. Later it was shown that the
NCEP/NCAR reanalysis underestimated the near-surface wind speed (Smith et al.,
2001). This feature probably led to an underestimation of wave heights but
apparently did not affect the presence or absence of trends in wave properties.

Further research associated the changes in wind and wave properties with
particular seasons. Geng and Sugi (2001) identified an increase in cyclonic activity
in winter in 1958-1998. This feature was associated with a statistically significant
trend in the 90%-iles and 99%-iles of significant wave height for the North Atlantic
for the winter (January—March) season. The changes in wave intensity exhibited a
clear regional pattern (Wang and Swail, 2002). An extended analysis of the storm
climate of the north-east Atlantic for 1958-2001 showed that the average number
of storms had increased near the exit of the North Atlantic storm track during that
period (Weisse et al., 2005).

Another seminal product was created by the European Centre for Medium-
Range Weather Forecasts (ECMWF). The so-called ERA-40 reanalysis project
covers 45 years from 1957 to 2002 (Uppala et al., 2005). Using different versions
of the ECMWEF products, Kushnir et al. (1997) identified an increase in significant
wave height at several locations in the North Atlantic since the 1960s.
Contrariwise, Sterl et al. (1998) found no significant change in wave heights for
another 15-year period. Such discrepancies are not unexpected because the typical
time scale of changes in wave parameters is 15-30 years (Vikebg et al., 2003;
Soomere, 2008).

The final result of the ERA-40 wave reanalysis is a web-based KNMI/ERA-40
atlas of 6-hourly means of wave properties with a spatial resolution of 1.5°x1.5°
(Sterl and Caires, 2005). Using this product, Caires and Sterl (2005) showed that
the most extreme wave conditions are likely to occur in the storm track regions and
that the globally highest 100-year return values of wave heights are likely to occur
in the North Atlantic. The spatial resolution of this database is, however, too coarse
for an effective use in the Baltic Sea.
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Similarly to the North Atlantic, Bacon and Carter (1991) revealed an increase in
mean wave heights in the North Sea from about 1960 to a peak around 1980 and a
decrease since then. Still, winters at the end of the 1980s had very severe wave
conditions in the northern North Sea. The NCEP/NCAR reanalysis showed an
increase in annual mean wind speed of about 10% during 1957-1996, mainly
within the period from October to March (Siegismund and Schrum, 2001). Not
surprisingly in this context, significant wave heights increased in 1955-1999,
mainly in the northern part of the North Sea (Vikebg et al., 2003). Interestingly, a
much longer period 1881-1999 did not contain any distinct trend. Instead, a
substantial multi-decadal variability was identified, with a decrease in wave heights
at the turn of the 19th/20th centuries and a similar gradual increase during the
second half of the 20th century.

Further studies have reinforced the perception that considerable interannual
variations have taken place in wave intensity and partially over longer time
intervals, but no significant changes in the severity of wind or wave conditions, as
well in storm surges, have occurred in the North Sea (Weisse et al., 2002, 2005;
Weisse and PlLi8, 2006). The wave conditions showed high spatial variation
(Weisse and Giinther, 2007) similarly to the variations identified for the Baltic Sea
from visual observations in Papers Il and V and numerically in Soomere and
Rédmet (2013). For example, the annual 99%-ile wave height had increased by up
to 1.8 cm/year off the Netherlands, German and Danish coasts, whereas a decrease
occurred simultaneously off the British coast. This increase was mainly caused by
an increase in the number of extreme events, whereas their duration and intensity
revealed no significant changes (Weisse and Giinther, 2007).

Visual observations from ships have been extensively used for the production of
wave statistics in the past (Hogben and Lumb, 1967; Hogben et al., 1986). Gulev et
al. (2003) systematically considered their global match of the data set recorded
visually by voluntary observing ships (VOS) against various instrumental records.
The visual data adequately represented measured wave heights (both windseas and
swells) and had a small systematic bias in the periods (Gulev and Hasse, 1998). A
climatological set of main wave parameters for the years 1958—1997 for the entire
ocean with a resolution of 2°x2°on the basis of the VOS data is described in Gulev
et al. (2003). In the context of the data and approach presented in this thesis, the
most interesting are their results about potential biases that are inherent in visual
wave data. These biases were identified and partially corrected by using the WAM
wave model (Komen et al.,, 1994). Gulev et al. (2003) observed the highest
sampling biases in the South Ocean where (usually under relatively severe
conditions) the VOS data considerably (by up to 1-1.5 m) underestimated the wave
heights.

Gulev and Hasse (1998) were probably the first to conclude that observations
from merchant ships can be effectively used to quantify changes in the wave
climate and storminess. Wave climate changes estimated from the VOS data were
found to be generally consistent with those shown by the instrumental records
(Gulev and Hasse, 1998, 1999). According to the VOS data, the significant wave
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height increased by 10-30 cm/decade over the entire North Atlantic in 1964—-1993,
except for some subtropical areas (Gulev and Hasse, 1999). The changes were
mostly concentrated in the properties of the swell. This feature apparently reflects a
shift of storms to a more southern position. The largest discrepancy was in the
north-eastern Atlantic in 1964-1993, for which the VOS data did not show any
significant change but Bacon and Carter (1991) reported considerable variations.
Gulev and Grigorieva (2006) extended the analysis over the North Atlantic and
North Pacific for the years 1958-2002. The results exhibited a strong seasonal
signal. The winter significant wave height increased as much as about 10—40 cm
per decade. This increase mostly resulted from the increase in the intensity of
windseas. As the Baltic Sea wave fields are dominated by windseas, it is natural to
expect a similar increase in this basin as demonstrated in Broman et al. (2006).

1.2. Wave climate studies in the Baltic Sea

Studies of the Baltic Sea wave properties extend back for many decades. Their
outcome, mostly based on visual wave observations and simplified wave models in
the past, is presented in several generations of wave atlases and textbooks
(Rzheplinsky, 1965; Rzheplinsky and Brekhovskikh, 1967; Druet et al., 1972;
Russian Shipping Registry, 1974; Davidan et al., 1978, 1985; Schmager, 1979;
Sparre, 1982). The use of these sources is, however, not straightforward because
changes may have occurred in wave fields over decades. A more contemporary
perspective to the Baltic Sea wave fields is represented in DWD (2006) and
Lopatukhin et al. (2006a, 2006b). As several recent overviews of wave climate
studies are available (Soomere, 2008; Radmet, 2010; Soomere and Riédmet, 2011)
or under review (Hiinicke et al., 2013), I only shortly describe here the basic
sources of the relevant data sets.

The anisotropy of predominant winds (Mietus, 1998; Soomere and Keevallik,
2001) suggests that the highest and longest waves occur either at the entrance to the
Gulf of Finland, off the coasts of Saaremaa, Hiiumaa and Latvia, or along the
Polish coasts (Augustin, 2005; Schmager et al., 2008). Wave data from the
northern part of the Baltic Proper thus adequately represent both the average and
the roughest wave situations in a large part of the region.

Contemporary wave measurements were launched in the northern Baltic Sea at
the end of the 1970s. They were performed in 1978-2003 near the lighthouse of
Almagrundet (59°09' N, 19°08" E, Figure 1) at a depth of about 30 m and for a
short time near Hoburg, south of Gotland (Martensson and Bergdahl, 1987). Single
waves were identified from the record of the position of the water surface with the
zero-downcrossing method (IAHR, 1989). An estimate of the significant wave
height H¢ was found from the 10th highest wave over 640 s long sections of the
record under the assumption that wave heights are Rayleigh distributed. Wave
components with periods of less than 1.5 s were removed.

The data from Almagrundet (Broman et al., 2006) are today the longest
instrumentally measured wave data set in the Baltic Sea. The set of 95458
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measurements from 1978-1995 reliably describes the wave properties. Later
46 671 recordings, taken in 1993-2003 with another device, have certain quality
problems: the overall behaviour of the wave height follows the sea state, but the
periods are not usable (Broman et al., 2006). The location is sheltered from part of
the dominating winds (the fetch for winds from the south-west, west, and north-
west is quite limited at this site) and therefore the data may not fully represent the
open-sea wave conditions (Kahma et al., 2003). Several unique wave data sets
measured in sea areas surrounding Finland (including directional wave data from
the Sea of Bothnia and the Gulf of Finland over several years; cited here after
Soomere, 2005) since the 1980s are available in internal reports (Kahma et al.,
1983; Kahma and Pettersson, 1993; Pettersson, 1994) or local report series
(Pettersson, 2001; Kahma et al., 2003).

A wave buoy was deployed near Bogskdr in 1983—-1986 at a site completely
open to the sea (59°28.0' N, 20°21.0" E, Figure 1). This device estimated the

significant wave height as H =4,/m, , where m, is the total variance of the water

surface displacement. The available data (equivalent to about 2 years of
uninterrupted measurements) are concentrated in the autumn season and thus
represent well the wave climate during relatively windy months (Kahma et al.,
2003).

Wave fields in the southern Baltic Sea near the Darss Sill have been measured
with a directional waverider since 29 January 1991. The water depth at the site
(54°41.9' N, 12°42.0' E, Figure 1) is 20 m. The wave parameters are calculated
onboard the buoy over 1600 s time series of surface displacement. An analysis of
the first 20 years of measurements is presented in Soomere et al. (2011, 2012). This
data set represents wave properties in a relatively sheltered region.

A directional waverider has been operated in the northern Baltic Proper at a
depth of about 100 m (59°15' N, 21°00" E, Figure 1) since September 1996 during
ice-free seasons (Kahma et al., 2003; Tuomi et al.,, 2012). This device also
estimates the significant wave height from the water surface displacement. The
wave statistics and scatter diagrams for this measurement site (Kahma et al., 2003)
as well as selected sections from these data serve as the most reliable information
about the main characteristics of the open-sea wave fields in the Baltic (Soomere,
2008). However, to date, this time series is not yet long enough for determining the
climatological values of wave properties.

Directional wave measurements were performed in the Gulf of Finland in 1990—
1991 and 1994 (Kahma and Pettersson, 1993; Pettersson, 2001), and from
November 2001 onwards during ice-free seasons. Only a very limited amount of
relevant information has been made available in international publications
(Soomere et al., 2008a).

Wave information is particularly fragmentary for the eastern part of the Baltic
Proper. Instrumental wave measurements were almost missing for the coastal area
of the Baltic States when work on this thesis began (Soomere, 2005; 2008). Only
starting from the end of the 2000s, ADCP-based data sets cover several regions and
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time intervals of considerable length (Suursaar and Kullas, 2009a, 2009b; Paper II,
Suursaar, 2010, 2013).

Lack of long-term instrumentally measured wave time series from this area
makes all available wave data sets, including the visually observed ones, an
important source for wave research. This lack also increases the role and
importance of numerical reconstructions of the wave climate for the Baltic Sea.
Such efforts have been made since the end of the 1990s using several wave models
of various generations, from fetch-based models up to full spectral wave models
(Mietus and von Storch, 1997; Tuomi et al., 1999; Soomere, 2001; Jonsson et al.,
2003; Augustin, 2005; Alari et al., 2008; Cieslikiewicz and Paplinska-Swerpel,
2008; Kriezi and Broman, 2008; Suursaar and Kullas, 2009a, 2009b). The models
used in the first years had relatively low spatial resolution and temporal coverage
of simulations. The second generation spectral wave model Hybrid Parametrical
Shallow water model (HYPAS, Gilinther and Rosenthal, 1995) was run with a
spatial resolution of 5 nautical miles during a 12-month period in 1999 (J6nsson et
al., 2002). The we climate over 19 years (1978-1996) was derived with the use of
the wave model WAVAD (Resio, 1993) in the Pomeranian Bay and outside the
Polish, Lithuanian and Latvian coasts (Blomgren et al., 2001).

The situation improved considerably within a few years. The results of the
modelling of waves using two contemporary models WAM (Komen et al., 1994)
and Simulating WAves Nearshore (SWAN) (Booji et al., 1999) during several
storms in the years 1998-2001 showed a good agreement (Cieslikiewicz and
Herman, 2002). The modelled wave heights were also found to well correspond to
satellite observations (Cieslikiewicz and Paplinska-Swerpel, 2008; Tuomi et al.,
2011). In recent years several simulations with a resolution of about 3 nautical
miles and covering about four decades have been conducted (Augustin, 2005;
Cieslikiewicz and Paplinska-Swerpel, 2008; Kriezi and Broman, 2008; Schmager
et al., 2008). In particular, results of a run with the WAM model forced by adjusted
geostrophic winds have been extensively used to describe spatio-temporal
variability of the Baltic Sea wave climate (Rddmet et al., 2009; Radmet, 2010;
Soomere and Radmet, 2011, 2013).

The common opinion today is that all the contemporary models perform well in
the open sea provided the wind information is adequate. Problems in spatial and
directional resolution that might occur near the coasts can be resolved by using
multi-nested or other types of high-resolution models (Soomere, 2005; Laanearu et
al.,, 2007; Tuomi et al.,, 2012). A more subtle problem is connected with the
presence of a large number of wave fields with very short periods (peak period
below 2 s) in semi-sheltered basins of the Baltic Sea (Papers I, II, V; Soomere et
al., 2012). It can be solved by extending the frequency range of modelled waves up
to about 2 Hz (Soomere, 2005), which also proper handling of the growth of short
waves in low wind conditions after calm situations.

The relatively small size of the Baltic Sea, frequent large-scale homogeneity in
wind fields and the short saturation time and memory of wave fields make it
possible to use simplified wave hindcast schemes (Soomere, 2005) and/or properly
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calibrated simple fetch-based wave models (Suursaar and Kullas, 2009a, 2009b;
Suursaar, 2010, 2013) to reproduce the local wave statistics with an acceptable
accuracy. The use of such models for the identification of spatial changes in wave
statistics is limited as they basically reproduce the changes in the local wind field
only.

The current perception of the Baltic Sea wave climate based on the results of
measurements, analysis of visual observations and various hindcasts is presented in
several papers (Soomere, 2008; Lepparanta and Myrberg, 2009; Hiinicke et al.,
2013). Hiinicke et al. (2013) also integrate the knowledge developed in this thesis.

The Baltic Sea wave climate is, on average, very mild. The typical long-term
significant wave heights are about 1 m in the Baltic Proper (Kahma et al., 2003;
Broman et al., 2006; Schmager et al., 2008; Tuomi et al., 2011), 0.6-0.8 m in the
open parts of its larger sub-basins such as the Gulf of Finland (Soomere et al.,
2010) or Arkona Basin (Soomere et al., 2012), and well below 0.5 m in semi-
sheltered bays such as Tallinn Bay (Soomere, 2005; Kelpsaite et al., 2009). These
values are by 10-20% lower in the nearshore regions (Suursaar and Kullas, 2009a,
2009b; Suursaar, 2010). The most frequent wave heights are also about 20% lower
than the long-term average wave height (Kahma et al., 2003; Soomere, 2008;
Soomere et al., 2012). The spatial pattern of average wave heights apparently
contains either an elongated maximum (Augustin, 2005; Tuomi et al., 2011) or
several local maxima in the eastern Baltic Proper (Jonsson et al., 2003). A hindcast
using geostrophic winds indicates another possible maximum to the south of
Gotland (Rddmet and Soomere, 2010). A very similar spatial pattern exists for the
heights of extreme waves (the threshold for the 1%, or equivalently, the 99%-ile of
significant wave height for each year) (Soomere and Rddmet, 2011).

The Baltic Sea wave climate is highly intermittent. The sea at times hosts very
severe wave storms. The largest instrumentally measured significant wave heights
are 8.2 m in the northern Baltic Proper on 22 December 2004 (Tuomi et al., 2011)
and 7.82 m on 13/14 January 1984 at Almagrundet (an alternative estimate from
the wave spectrum is 7.28 m; Broman et al., 2006). The highest individual waves
were 14 and 12.75 m, respectively. Numerical simulations indicate that the
significant wave height may reach 9.5-10 m in the north-eastern Baltic Proper at
the entrance of the Gulf of Finland and to the north-west of the Latvian coast
(Soomere et al., 2008a; Tuomi et al., 2011) and also in the south-eastern part of the
sea (Schmager et al., 2008). The extreme wave heights are much lower in sub-
basins of the Baltic Sea. On 15 November 2001 the all-time highest significant
wave height (5.2 m) was measured in the central part of the Gulf of Finland
(Pettersson and Boman, 2002; Soomere et al., 2008b). This wave height was
recorded once more in November 2012.

The most frequent wave periods are 3—5s in the offshore and 24 s in the
coastal areas (Papers I, I, V; Soomere, 2008). The majority of the combinations of
wave heights and periods roughly correspond to the wave fields with a Pierson-
Moskowitz (PM) spectrum (Soomere, 2008; Ridmet et al., 2010; Soomere et al.,
2012). The properties of the roughest seas, however, match better a Joint North Sea
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Wave Project (JONSWAP) spectrum (corresponding to fetch-limited seas and
characterized by shorter periods than wave fields with a PM spectrum), especially
in areas with limited fetch such as the Darss Sill (Soomere et al., 2012). The
proportion of swells is very limited in all parts of the Baltic.

The pool of studies into spatial differences and potential changes in the Baltic
Sea wave properties was very limited when work on this thesis started. The first
contemporary reconstruction of the wave climate in the Baltic Proper for the years
1947-1988 (Mietus and von Storch, 1997) showed clear seasonal and multi-annual
variations in the reconstructed time series but revealed no statistically significant
long-term trends.

Wave data obtained from Almagrundet in 1978-2003 revealed that the annual
mean wave height had a linear rising trend of 1.8% per year in 1978-1995
(Broman et al., 2006). This trend matched the temporal behaviour of the wind data
from the island of Utd in the northern Baltic Sea. The trends extracted from the
data for 1993-2003 were less reliable. In particular, the rapidly falling trend in the
annual average wave height in 1999-2003 did not match the relevant wind data and
was thought to be fictitious. Augustin (2005) identified an increase of 0.3 m in the
annual 99%-ile of the simulated significant wave height by in the Baltic Proper at
58°N, 20° E. This feature was mostly caused by an increase in the frequency of
severe wave events (BACC, 2008, Ch. 2.3.5).

A review of the existing wave data (Soomere, 2008) concluded that no overall
increase in the average wave height occurred in the northern Baltic Proper during
the second half of the 20th century. The results of Paper I show that the annual
mean wave heights had an almost synchronous behaviour at Almagrundet and at
Vilsandi. The rapid increase until the mid-1990s was replaced by an equally rapid
decrease at both sites in about 1997. The timing of these variations matches well an
almost twofold increase in the number of low pressure observations below 980 hPa
at Harndsand for the 1990s (Bérring and von Storch, 2004) and, thus, may simply
reflect a change in the trajectories of cyclones for a decade or so. Moreover, the
decrease in wave activity since the mid-1990s also matches the decrease in the
intensity and duration of severe wave heights in the North Sea since about 1990—
1995 (Weisse and Giinther, 2007). The frequency of extreme wave storms has been
largely stable during the last 30 years (Soomere, 2008). Such storms have occurred
roughly twice a decade.

In parallel, Kelpsaite et al. (2008) compared a small subset of visual
observations at three Lithuanian coastal sites during 1993-2005 with data from
Almagrundet and Vilsandi (Paper I) with the goal of identifying sub-decadal and
decadal changes in the wave climate. They showed that wave activity did not
change much at the south-eastern coast of the Baltic Sea in the 1990s.

For certain locations along the Estonian coast the basic properties of the wave
climate have recently been evaluated using a parametric fetch-based model forced
with one-point wind data from the coastal meteorological stations. The research
demonstrates that the average wave intensity changes quasi-periodically and
reveals no statistically significant trend (Suursaar and Kullas, 2009a, 2009b;
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Suursaar, 2010). Part of these studies is reflected in Paper II. Quite large variations
in the average wave periods (from about 2.3 s in the mid-1970s to 2.65 s around
1990) have been detected for selected sites (Suursaar and Kullas, 2009a). This is
apparently a local effect as numerical simulations of Rédamet (2010) revealed no
substantial changes either in the most frequent wave periods or in the frequency of
occurrence of different periods (Soomere et al., 2011b). Given the forcing of the
fetch-based models with one-point wind, it is not surprising that the wave and wind
properties were highly correlated.

1.3. Visual wave observations in the Baltic Sea

Historically, visual wave observations from ships have been the primary source of
information about the sea state and the properties of ocean waves (Hogben et al.,
1986). These data, however, always include intrinsic quality and interpretation
problems as described in more detail in Papers I and III. First of all, they always
contain an element of subjectivity. This element can be to some extent diminished
by specialized training of observers and by using some aids such as fixed moorings
or perspectometers but it still remains a major source of uncertainties because of a
short observation interval. Visually observed data sets are usually not
homogeneous in space and time, have many gaps caused by inappropriate weather
conditions and often have a poor spatial and temporal resolution as observations
were normally made just a few times a day. The observers are usually incapable of
properly quantifying complicated wave systems such as crossing wave systems or
combinations of seas and swells (Badulin and Grigorieva, 2012).

The outcome of historical wave observations from ships has been extensively
used in the Baltic Sea basin (Davidan et al., 1985). Combined with the results of
semi-empirical hindcasts, it has been generalized during preparation of several
generations of wave atlases for the Baltic Sea (Rzheplinsky, 1965; Russian
Shipping Registry, 1974; Lopatukhin et al., 2006a) and its sub-basins (Rzheplinsky
and Brekhovskikh, 1967; Sparre, 1982). As the atlases published before the 1980s
were mostly based on outdated understanding of the physics and dynamics of
ocean waves (see Komen et al., 1994 for the contemporary perception), they may
provide a somewhat different reflection of some properties of the wave climate
compared to contemporary sources.

While the data recorded from various ships and often by inexperienced
observers are mostly consistent the instrumental measurements (Gulev and Hasse,
1998; 1999), the use of observations from shallow-water and coastal sites raises
several additional problems. They evidently inadequately reflect waves in cases
when the wind is directed offshore. Coastal observations obviously give a distorted
impression of extreme wave conditions because of wave refraction, breaking,
reflection and frequency shift in shallow water, or because of the presence of
landfast ice. Perhaps the largest issue is that coastal wave observations are
extremely site-specific. Strictly speaking, they represent only wave properties in
the nearshore in the immediate vicinity of the observation point and for a limited
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range of directions. This feature makes it often impossible to reconstruct the open
sea wave fields from the data observed at nearshore locations. For example, visual
wave data from Tallinn Harbour were found to only represent wave properties in
the near-coastal regions (Orlenko et al., 1984). They usually missed the long-wave
systems (in particular, swell-dominated wave fields), although such fields formed a
large part of wave conditions in Tallinn Bay (Soomere, 2005).

These shortcomings are, in fact, not unique to wave observations. For example,
coastal measurements of wind properties often give quite a distorted picture about
the open sea wind properties (Soomere and Keevallik, 2003). In specific cases it is
completely impossible to reconstruct the open sea wind fields from data measured
at certain locations (Keevallik, 2003b).

Yet, visually observed wave data are one of the few sources for detecting the
wave climate and its long-term changes. Their basic advantage is the large
temporal coverage. For example, records of hydrometeorological parameters at
Tallinn Harbour started in 1805 and occasionally contained visually estimated
wave parameters (R. Vahter, personal communication, 2003). The first wave data
from the island of Ruhnu in the Gulf of Riga date back to 1896. Visual wave
observations at signal stations have been carried out for about 140 years in the
southern Baltic (Rosenhagen and Tinz, 2013). Regular visual observations that
started in the mid-1940s in many locations of the eastern coast of the Baltic Sea
have been conducted with the use of a unified procedure until today.

The archive of the signal stations of the German Weather Service (Deutscher
Wetterdienst) contains hundreds of handwritten diaries over the 123-year-long time
interval 1877-1999 (Rosenhagen and Tinz, 2013). Signal stations were positioned
close to the seashore along the entire German Baltic Sea coast, from Flensburg up
to Klaipéda (Memel), with a major task to warn sailors of severe weather
conditions. Although the wind conditions were of particular interest for the sailors,
the records often contain information about wave properties. Most of the data have
not been digitized yet (Rosenhagen and Tinz, 2013).

Regular visual wave observations have been performed also in Danish waters,
mostly from lightships anchored at multiple locations (including Gedser Rev and
Halsskov Rev) and a permanent station at Drogden. Observations from Drogden
continued until 1994. Typically, 6-8 observations were performed each day
(Sparre, 1982; Hiinicke et al., 2013). The ships were located at shallow sites of
particular danger to ship traffic. Also, the lightships have been moved by short
distances on several occasions. This may affect the wave field statistics but gradual
changes in wave properties should still be identifiable. As typical of visual
observations, the recorded data sets contain some gaps but they still constitute a
unique source of retrospective information on the wave climate in the western
Baltic Sea. Most of the outcome of visual wave observations from the coast is
infrequently used in wave climate studies simply because the relevant data have not
been digitized yet. According to Hiinicke et al. (2013), the data from Danish waters
from 1931 to until the withdrawal of the ships in the 1970s and 1980s, used in
Sparre (1982), are digitized.
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In the described perspective, the historical visual wave data from the eastern
parts of the Baltic Sea form an extremely valuable data set for the identification of
changes in the local wave climate because of their relatively high quality and
extremely long temporal coverage. Similarly to the generic problems with visual
wave observations there is some uncertainty about the significance of various
factors (such as observer’s error or subjectivity, or noise in the data; see above and
Paper 1) affecting the observed changes. Still, in cases where major changes
extracted from visual observations occurred simultaneously and with a similar
relative range to those obtained from instrumental measurements (cf. the variations
in the wave height in Broman et al. (2006) and in Paper I), it is very likely that the
changes observed at the coast do represent the processes on the open sea.

1.4. Wave observations from the eastern coast of the Baltic Sea

The eastern Baltic Sea is one of the few areas where systematic visual wave
observations have been performed at numerous locations during a long time using
an identical observation procedure. Some of these observations are going on also
today. In this thesis I consider the data filed at hydrometeorological stations of the
former USSR and using the same routine starting from the mid-1950s. These
records provide an exceptionally long temporal and relatively good spatial
coverage. Several data sets of wave heights have recently been reconstructed back
to 1946 using a high correlation between the wave height and qualitative measures
of sea state (Soomere, 2013). As will be demonstrated below, these data sets not
only successfully reproduce the basic features of the wave climate at the site but
also give an overview of seasonal cycles, interannual variations and spatial patterns
of long-term changes in certain wave parameters (Soomere et al., 2011).

From a total of 12 data sets that have been digitized by now, I focus on the data
from four Estonian sites and one Lithuanian observation site (Figure 1). A detailed
description of the observation sites, the used routine and data pre-processing is
available in Papers I-V and I present here only the key information. I occasionally
use also the data from Liepaja and Ventspils that were analysed using the
methodology employed in Papers I, Il and V and were published in Pindsoo et al.
(2012) and Soomere (2013). The overview of the relevant data sets is presented in
Table 1.

The site on the western coast of the island of Vilsandi (58°22'59" N,
21°48'55" E) in the Western Estonian archipelago is known for its ability to
reasonably reflect the predominant wind directions (SW and NNW, Soomere and
Keevallik, 2001) in the northern Baltic Proper. These data are frequently used in
simulations of waves, water level or circulation patterns (e.g., Suursaar et al.,
2006). This island is also named Felsland on older maps after a limestone cliff
along its western coast. Meteorological observations have a long tradition on this
island. The first data are known from September 1865 but observations have
evidently been performed also earlier. The collected data satisfactorily reflect wave
conditions for the predominant wind directions but are definitely inadequate for
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easterly winds (which are relatively weak and infrequent in this area, Soomere and
Keevallik, 2001). As the water depth is only 3—4 m in the arca where waves are
observed, the highest waves may experience a heavy impact of bathymetry and
may already be breaking. For this reason, observations of unreasonably high waves
are discarded from the data set (Paper I).

Table 1. Basic parameters of wave observations at Vilsandi, Pakri and Narva-
Joesuu. Notice that the difference between the average values of the maximum and
mean wave heights is partly connected with the availability of these parameters for
different time intervals.

Vilsandi Pakri Narva- Nida
1954-2008 1954-1985  Jdesuu 1954—
1954-2008 2008
Co-ordinates 58°22'59" N 59°23'37" N 59°28'06"" N  55°19'N
21°48'55" E  24°02'40" E  28°02'32" E  28°02'E
Nearest grid point of the wave 58°24' N 59°24' N 59°30" N
model WAM (Rédamet, 2010)  21°48' E 24°00' E 28°00' E
Consistent total 27 131 13 283 35027 48 237
wave height  days 15977 9554 15 863 19 474
entries covered
Consistent total 28016 10 354 8488 8618
wave period days 12 553 7724 3514 3469
entries covered
Largest maximum/mean wave 8/7.6 6/6 3.4/33 —/5.2
height, m
Average of the  total mean 0.584 0.616 0.455 0.719
maximum mean of 0.621 0.610 0.462 0.727
wave heights,  daily values
m
Average of the total mean 0.511 0.591 0.393 0.694
mean  wave mean of 0.539 0.589 0.391 0.702
heights, m daily values
Mean wave height based on 0.575 0.590 0.391 0.701
mean of daily values
Number of calm conditions 11417 1923 4692 342

As the station was occasionally used for training purposes, at times the
observations were performed by inexperienced observers and thus may contain
relatively large uncertainties (T. Kouts, personal communication, 2013). Another
source of somewhat reduced quality of wave data at this site is the practice of using
two alternative observation points. The properties of waves approaching from the
western and partially from the northern directions (SW—NNE) are observed from a
coastal site located about 1.5 m above mean water level. For waves approaching
from more southern directions, an observation point at a light pier was used.
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The observed wave properties represent well the open sea conditions for
northerly wave directions at Pakri (59°23'37" N, 24°02'40" E) in the western part
of the Gulf of Finland. The data were first analysed and published in Paper II. The
average depth of the area over which the waves were observed was 8—11 m and
thus shallow water effects on wave propagation were relatively modest. Waves
were observed from a steep cliff 24 m above mean sea level. The Pakri data set
contains evidence of the roughest ever reliably recorded wave conditions in
Estonian coastal waters. Namely, the wave height of 6 m was registered twice each
day on 67 August 1967 (Paper II) when a strong north-western storm excited
extremely rough wave conditions and caused extensive damage to the forests.
Unfortunately, wave observations were only performed in 1954—1985. The station
was relocated several times (Keevallik and Soomere, 2009; Zujev, 2013), which
makes the analysis of wave approach directions quite complicated (Paper V).

The wave observation site of the Narva-Jdesuu meteorological station is located
on the coast of Narva Bay (59°28'06” N, 28°02'32" E) and provides information
about wave fields in the eastern part of the Gulf of Finland. The site from which
sea observations are made is located to the west of the station and is fully open to
waves propagating from the NW direction and almost open to waves approaching
from the west to north. The presence of a large river mouth allows a wide range of
wave approach directions for observations (Paper III). The height of the first
observation platform (12.8 m above mean sea level) ensured a good sight over the
wave observation area located about 200-250 m from the coast and at a sea depth
of 3-4 m. As waves in the Gulf of Finland are generally much lower than in the
Baltic Proper, they normally do not break in the observation area. When this
platform was damaged (in 1970), the observation site was relocated a bit closer to
the waterline. A buoy was deployed to the observation area in the sea in 1971 to
help the observer. Since 1977 the observation site has been moved on the crest of a
dune at a height of 9 m above the mean sea level (Zujev, 2013). As expected, the
maximum wave heights were much lower at Narva-Joesuu where they exceeded
3 m only four times. The largest maximum/mean wave heights (3.4/3.3 m) were
recorded on 25 October 1957 and twice on 28 August 1961.

The geometry of the coastline at Nida (55°19' N, 21°01" E) in the northern part of
the Curonian Spit (the south-eastern part of the Baltic Sea) allows proper
observations of the waves approaching from the south-west to north. These
directions represent the largest fetch. The observer was standing at a turret located
7 m above mean water level at the coast and observed waves in an area located
about 700 m from the coastline at a water depth of 67 m. A short section of the
data from Nida was used in the analysis of Kelpsaité et al. (2008) and the bulk of
the data was presented in Paper V.

At Palanga (55°55’' N, 21°03' E), observations were made from the Palanga Sea
Bridge, about 3 m above sea level, which extends 470 m offshore where the water
depth area was 6—7 m. The site is open to the wave directions from the south-
south-west to north-north-west. At Klaipéda (55°42' N, 21°07" E), observations
were made from the coast. The observer was standing about 3 m above sea level
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and observed an area that lies about 500 m off the coast. This site is also open to
the wave directions from the south-west to north-north-west. Observations at the
Lithuanian coast were made using the same methodology as at the Estonian coast
(Kelpsaite et al., 2008).

The analysis of visually observed wave data from three Lithuanian sites (Nida,
Palanga and Klaipéda) for 1993-2008 shows that the changes to the annual mean
wave height are almost synchronous there. This is not unexpected as the sites are
located on the open slightly curved <90 km long section of the coast (Kelpsaité et
al., 2008) and spatial changes in the wave climate have a typical scale of at least
200 km for the Baltic Proper (Soomere and Rédmet, 2011a). For this reason, in
Paper V the data from Nida are chosen to represent the wave climate and its
changes for the entire coast of Lithuania.

As discussed in detail in Papers -V, all study sites are coastal and thus only
conditionally represent open sea conditions. Although these sites are fully open in
some directions and waves in the Baltic Sea are relatively short and thus less
affected by finite-depth effects than much longer ocean waves at similar depths, the
sheltering effect of the shoreline and a relatively small water depth may at times
significantly alter the local wave regime compared to that in the open sea due to the
shoaling, refraction, reflection and damping of the waves.

The wave observation routine was identical at all visual observation sites. The
number of observed parameters varied greatly in different years. During various
years of observations (i) the qualitative sea state, (ii) the general appearance of the
wave field, (iii) the wave direction, (iv) the intensity of waves, (v) the maximum
and (vi) mean wave height, (vii) wave steepness, (viii) length and (ix) period were
recorded (Guidelines, 1985). Not all of the recorded parameters are independent,
and in the course of time their number was reduced. The data about the wave
height, direction and period have the largest temporal coverage. A link between the
qualitative sea state and the wave height (Soomere, 2013) made it possible to
reconstruct changes in the wave heights back to the mid-1940s. Also, several
qualitative measures were helpful in estimates of the consistency of data (Paper I).

The entire procedure relies on the detection of single waves and their properties
similarly to the classical zero-crossing method (IAHR, 1989). The observer noted
the five highest waves during a 5-min time interval. The accuracy of specification
of their height was 0.25 m for wave heights <1.5 m, 0.5 m for wave heights from
1.5 to 4m and 1 m for even higher waves. Both the height of the highest single
wave H__ (called maximum wave height) and the mean height H of these five

waves were filed until about 1990.

Typical wave periods in the coastal zone of the Baltic Sea are 2—4 s (Broman et
al., 2006, Papers I, II, V, Soomere et al., 2012). Therefore, the maximum wave
height is approximately equal to the average height of 2.5-3% of the highest waves
and the mean wave height is approximately equal to the average height of 5-7% of
the highest waves. A certain overestimation of the wave height compared to a
record at a fixed point may stem from a wish of the observer to recognize clearly
separable largest waves over the entire observation area (T.Kouts, personal
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communication, 2013). A comparison of the outcome of visual observations with
numerical studies in Papers III and IV suggests that such an overestimation was
negligible in terms of overall wave statistics.

The wave period (or length) was determined as an arithmetic mean from three
consecutive observations of the passing time (total length) of 10 waves each time.
These waves were not necessarily the highest ones. The visually observed wave
period is usually only a few tenths of seconds shorter than the peak period (Gulev
and Hasse, 1998, 1999). For that reason, we shall interpret the visually observed
wave period as an estimate of the peak period.

The wave direction was defined (with a resolution of 45°) as the direction from
which the waves approached. For a combination of windseas and swell, or for
cross-seas, the wave parameters were given for the dominating component.

Wave observations were only performed during daylight hours. The initial time
of observations in the 1950s and 1960s (7:00, 13:00 and 19:00 Moscow time, GMT
+3 h, Guidelines, 1985) was shifted to 6:00, 12:00 and 18:00 GMT according to the
World Meteorological Organization (WMO) guidelines in 1991 (WMO, 2001). As
the diurnal variations in the wave height are very small in the Baltic Sea (Pindsoo
et al., 2012; Soomere et al., 2012), this shift apparently has no great impact on the
quality and homogeneity of the data.
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2. Observed wave climate

This chapter discusses the major features of the Baltic Sea wave fields extracted
from visually observed data sets. The presentation of these aspects mainly follows
Papers I, II and V where most of these data sets were first published in
international literature. The use of wave observations from coastal sites for wave
climate studies is not straightforward and much more complex pre-processing of
the observed wave data than standard meteorological variables is needed. Reliable
estimates of the wave climate also generally require a combination of different data
sources with extensive modelling resources. For this reason the results of visual
wave observations are systematically compared with measured and modelled data
following the relevant material in Papers II, III and IV. The major outcome of the
analysis is of course not surprising: the visually observed wave data sets represent
well the general features of the Baltic Sea wave fields, first of all the relatively low
overall wave activity, short wave periods, the overall shape of the distributions of
the basic wave parameters and substantial seasonal variation in wave conditions
(Soomere, 2008; Hiinicke et al., 2013).

2.1. Pre-processing and interpretation of visually observed wave data

As discussed above and in all papers on which this thesis is based, visual wave
observations, albeit forming an important source of information about the sea state
in the past, have several obvious shortcomings. Nevertheless, large pools of
visually observed data from ships adequately reflect the basic wave features in the
open sea (Gulev and Hasse, 1998) and are extremely useful for reconstructing
long-term changes in wave properties (Gulev et al., 2003; Gulev and Grigorieva,
2006). Wave observations from coastal sites are more problematic because the
results inherently reflect a multitude of processes of wave transformation in the
nearshore. There is thus a need for much more complex pre-processing of the
observed wave data than standard meteorological variables such as pressure,
temperature or wind speed (Soomere, 2013).

The interval between subsequent observations (6—24 h depending on the season)
is often much longer than the typical saturation time of rough seas (about 8 h,
Soomere, 2001) in the northern Baltic Proper. The duration of a wave storm
seldom exceeds 10 h in this area (Broman et al., 2006; Lopatukhin et al., 2006a,
2006b). Therefore even the strongest storms, if they were not long enough, or
occurred during a night, or were accompanied by low visibility, are not necessarily
represented in the data set. Consequently, the observations cannot be used for the
reconstruction of the time series of the sea state. Instead, they should be interpreted
as a set of regular samples reflecting the sea state. Since the number of
observations is quite large (usually 30 000-50 000 at each site, Table 1), the data
apparently reflect the basic features of the wave climate at the site even if the
uncertainty of each single observation is relatively large.
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This procedure of data pre-processing is described in detail in Paper I. As a first
step, all obviously erroneous or ambiguously written entries were omitted. The
digitized data sets were then checked for internal consistency (e.g., whether large
wave heights are associated with relatively large periods). Clearly inconsistent
records (e.g., the wave height was >1 m but the sea state was marked as nearly
calm) were discarded. Many records of the wave height formulated as <0.25 are
available in older diaries. They have been digitized as 0.25 m, because completely
calm seas are infrequent in the Baltic Proper (Broman et al., 2006).

The water depth at the location where the wave properties were determined was
often such that the highest waves were already in the breaking stage. This is the
probable reason why in some diaries (most notably at Vilsandi) unrealistically
large wave heights exceeding the water depth in the observation area have been
reported. All such observations were made in quite strong wind conditions and the
maximum and mean wave heights were in a reasonable balance. Therefore, it is
likely that they corresponded to a certain overestimation of wave heights in very
rough seas. Such observations were either discarded or corrected to physically
reasonable values in the evaluation of long-term wave properties. The original
values were only kept in the scatter diagrams of all observed wave conditions. The
number of such cases was very small (a few tens per observation site; <0.1% of the
total number of sensible observations) and the use of either approach
insignificantly affected the wave statistics.

Wave height recordings over years showed some inconsistency at almost all
measurement sites. Usually the diaries contain both the maximum and mean wave
heights during the first years of observations, further on, however, only one
measure although the two entries appear at times (Paper I). In the analysis of the
wave data, the mean wave height is commonly used; when it was missing, it was
substituted by the maximum wave height. The maximum wave height was, on
average, only by 6% higher than the mean wave height at Vilsandi (Paper I). The
difference between these quantities is thus much smaller than the accuracy of the
determination of the wave height and it is very likely that such a substitution
insignificantly affects the wave statistics.

As the observers’ estimates represent the significant wave height well (Gulev
and Hasse, 1998; 1999), the visually observed data are often interpreted as
estimates of the significant wave height. As swells of considerable height are
infrequent in the Baltic Sea (Broman et al., 2006), the wave approach direction
normally represents the direction of the windseas.

The data sets have several gaps. At least one sensible observation exists at these
sites, on average, on about 80% of all the calendar days. Some of the gaps stem
from shutting down the relevant meteorological station (e.g., July—September 1991
when the Vilsandi station was closed) or simply from omitting the observations in
the 1990s (Figure 2). A larger number of gaps result from the impossibility of
carrying out observations either because of darkness or the presence of sea ice.
Such gaps are characteristic of more northern stations such as Vilsandi, Pakri and
Narva-Joesuu (Figure 3) where the data coverage varies greatly in different years
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and seasons. Systematic gaps from January to March are evidently connected with
the presence of sea ice at these sites. On top of that, the number of sensible
observations made at different observation times varies considerably in the
northern Baltic Sea and in the Gulf of Finland (Papers I, I, V).

b
100 @ 100 ®
A~ a8

= ~e
= sofﬁ J - 7 p SN
c
2 ] /
© =
z 60,& g 60F
2 o
s % \——J
3 40 O 40
23
(=1
&

20 20

0 0

1960 1970 1980 1990 2000 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Year Month

Figure 2. Percentage of days with at least one sensible wave observation at Vilsandi: (a) in
years 1954-2005, (b) in different months (Paper I).
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Figure 3. The proportion of days with at least one sensible wave observation at Vilsandi
(upper panel, Paper I), Narva-Joesuu (middle panel, Paper IIT) and Nida (lower panel). High
coverage is indicated in white, the 100% coverage in green and low coverage corresponds
to dark grey.
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The majority of observations have been made at these sites at noon. Morning
and evening observations are more fragmentary. Usually more observations a day
were performed during the relatively calm spring and summer seasons than during
the relatively windy autumn season. Therefore, a direct use of the full set of
observations may lead to a bias in statistics of wave height stemming from the
different number of observations per day in seasons with different wave properties.
Relevant research (Pindsoo et al., 2012; Soomere et al., 2012) has shown that daily
variations in wave properties are very small in the eastern and southern regions of
the Baltic Sea. The formal average wave height of all sensible observations at
Vilsandi is, however, 0.49, 0.57 and 0.42 m for the morning, noon and evening
measurements, respectively (Paper 1). Based on these arguments, the potential bias
in the long-term average wave height is eliminated by means of using the daily
mean wave height (over 1, 2 or 3 sensible observations) at all sites.

As the number of sensible observations of other parameters is clearly smaller
and several parameters (such as wave period or approach direction) are not
additive, the full set of the relevant data is used in Papers I-IIl and VI. The results
largely represent Type A statistics in terms of the classification of Kahma et al.
(2003) and Tuomi et al. (2011). Except for using an average of the available wave
height observations on each day in some parts of the analysis, no corrections have
been made to compensate for missing values, for the uneven distribution of data or
for ice cover. In particular, all observed values of the wave height are used to
construct the joint distributions of wave heights and periods.

2.2. Comparison with the output of wave models

A variety of different wave models are available. Their examples range from
simple models that estimate only certain wave properties for the given geometry of
the basin based on a time series of locally measured wind information to
contemporary spectral models that are able to adequately account for all major
drivers of wave generation, interaction, decay and transformation. The Ilatter
models describe the wave fields in terms of a wave spectrum, which shows how the
wave energy is shared between components of different length and propagation
directions.

The presented outcome of visual wave observations is compared against the
results obtained with a locally calibrated hindcast using a fetch-based model (Paper
II), and with the data from the WAM model forced with adjusted geostrophic
winds (Papers III, IV).

The calculation of wave parameters near the Harilaid Peninsula (at a location
about 1-1.5 km off the coast and 7 km to the north of the Vilsandi observation site)
was based on the fetch-limited equations of Sverdrup, Munk and Bretschneider
(SMB-model; see, e.g., Seymour, 1977; Huttula, 1994) developed and run by Dr.
U. Suursaar. The model was forced by wind data from Vilsandi for 19662006 and
accounted for the effective fetch and water depth. It calculates the time series of
significant wave height, wave period and wavelength for the chosen location. In
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shallow, nearshore areas with complex shoreline geometry and bottom topography,
long-term hindcast simulations with more up-to-date wave models may be time-
consuming and complicated. In such conditions, fetch-limited point models may
offer a simple alternative (Ozger and Sen, 2007). The model was calibrated using
in situ data from a measuring complex RDCP-600 (Aanderaa Data Instruments)
that was deployed to the seabed at the same location (58°28' N, 21°49' E) for
which the wave calculations were made. The mooring depth was about 14 m. A
more detailed overview of the calibration procedure is presented in Paper II and
Suursaar and Kullas (2009a).

The outcome of the analysis of visually observed data was also compared with
wave properties computed using the WAM model Cycle 4 (Komen et al., 1994).
This model was run by A. Rédédmet over 38 years for 1970-2007 (Réémet, 2010). It
is commonly accepted that the WAM model gives good results in the Baltic Sea if
its resolution is appropriate and the wind information is correct (e.g., Augustin,
2005; Schmager et al., 2008; Tuomi et al., 2011). The WAM model was run in the
shallow-water mode with depth refraction in order to match realistic wave
propagation over the highly variable bathymetry of the relatively shallow Baltic
Sea. The bathymetry was based on data prepared by Seifert et al. (2001) and has
been adjusted as described in Soomere (2001). The calculations were performed for
the entire Baltic Sea. The sea was covered by a regular rectangular grid with a
resolution of about 3x3 nautical miles (3’ for latitude and 6’ for longitude).

At each sea point 1008 components of the 2D spectrum were computed. The
spectrum represented wave components corresponding to 24 equally spaced
directions (with the angular resolution of 15°) and 42 frequencies from 0.042 Hz
(23.9 s) to about 2 Hz (0.5 s). Such an extended frequency range up to 2 Hz was
used to ensure realistic wave growth in low wind conditions that often occur in the
Baltic Sea (Soomere, 2005). The wave model was forced with wind data
constructed on the basis of geostrophic winds provided by the Swedish
Meteorological and Hydrological Institute (SMHI). An approximation of the near-
surface wind at the 10 m level was calculated following a procedure in which the
geostrophic wind speed was multiplied by 0.6 and the direction turned 15°
anticlockwise (Bumke and Hasse, 1989). A detailed validation of the model results
was performed using wave statistics from Almagrundet and several data segments
from waverider measurements in the northern Baltic Proper by Rédimet et al.
(2009) and Réédmet and Soomere (2010). The wave model reasonably reproduces
the time series of wave properties (Rddmet et al., 2009). The maximum wave
heights are somewhat overestimated for some storms and underestimated for other
wind events. Detailed information about the model setup, validation and
performance is available in Rdamet (2010).

2.3. Distributions of wave heights, periods and approach directions

As discussed above, the analysis of wave heights largely relies on the daily average
wave height, calculated as an arithmetic mean of sensible observations of each day.
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The long-term average wave height, calculated using this approach, is 0.575 m at
Vilsandi, 0.59 m at Pakri, 0.39 m at Narva-Jéesuu and 0.73 m at Nida (Table 1).
These values are clearly smaller than the mean significant wave height at
Almagrundet (0.876 m in 1978-1995, 1.04 m in 1993-2003, Broman et al., 2006).
The wave height median values at all sites (0.3, 0.5, 0.35 and 0.45 m for Vilsandi,
Pakri, Narva-Joesuu and Nida, respectively) are also much smaller than at
Almagrundet. This difference is natural as all the observation sites are coastal and
therefore sheltered from some directions. This feature becomes also evident as a
relatively large number of almost calm days at all observations sites. The presented
mean values in some cases reflect different time intervals and thus are not always
directly comparable.

The observed long-term wave heights match the numerically reconstructed
wave heights (Table 2) quite well (Paper III; Réddmet, 2010). The comparison of
heights, however, is not straightforward because the time intervals covered by the
hindcast and observed data only partially overlap. For the overlapping time
intervals the observed and modelled average wave heights at Vilsandi differ by less
than 1 cm (<2%) over the period 1970-2007 (Table 2). The match is of almost the
same quality at Pakri for 1970—-1985. The overall observed wave height at Pakri in
1954-1985 is very close to that calculated for 1970-2007 (Table 2). As the
observed wave heights represent the areas quite close to the coast where the wave
height usually is clearly smaller than in the model grid cells, the described feature
has been interpreted as showing that the model configuration in Rédamet (2010) to a
certain extent underestimates the long-term average wave height.

Table 2. Average wave heights at the measurement sites in the northern Baltic
Proper and the Gulf of Finland. For the visual observation sites the average of daily
mean values is presented (Papers I, 1I).

Site Years Average wave height, m
Observed or measured Hindcast (Rddmet, 2010)
Almagrundet  1978-1995 0.876 0.714
(Broman et 1993-2003 1.040 0.705
al., 2006)
Vilsandi 1954-2008 0.575 no data
1970-2007 0.560 0.563
Pakri 1954-1985 0.591 no data
1970-1985 0.571 0.569
1970-2007 no data 0.584
Narva-JGesuu  1954-2008 0.390 no data
1970-2007 0.368 0.466

The observed wave heights are clearly smaller than the hindcast ones at Narva-
Joesuu. This is evidently caused by a combination of the location of the model grid
point far (about 4 km from) from the observation site in much deeper water (about
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7 m, Papers III, IV) and the presence of ice (that is not accounted for in the model)
during a large part of the year.

One of the basic properties of the wave climate is the frequency of occurrence
of wave conditions with different parameters. This property is usually
characterized using empirical distribution functions. Unlike the analysis of average
wave heights, these distributions reflect all consistent observations of wave heights
with non-zero wave periods and thus to some extent overestimate the proportion of
relatively low wave conditions in seasons with a longer duration of daylight.

The frequencies of occurrence of different wave heights vary considerably at
different sites (Figure 4). At Vilsandi and Narva they reveal a high proportion of
low waves with heights below 0.25 m and resemble analogous distributions for
wave heights in semi-sheltered bays of the Baltic Sea (Soomere, 2005). Such
distributions differ largely from an analogous distribution at Almagrundet (that
resembles the Rayleigh distribution, Broman et al., 2006). Although the
frequencies of the highest waves at these sites are not directly comparable, the
probability of occurrence of the wave height H >4 m at Vilsandi (~0.2%) matches
well an analogous probability (about 0.42%) at Almagrundet in 1978-2003. On the
contrary, this distribution at Pakri matches the ones for Almagrundet and the
northern Baltic Proper (Broman et al., 2006; Soomere, 2008). This feature suggests
that the observed wave properties at Vilsandi are quite strongly affected by the
presence of the coast while the observations at Pakri better represent offshore wave
properties.
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Figure 4. Frequency of occurrence of different wave heights (resolution 0.25 m) at
Vilsandi (white bars), Pakri (light grey bars) and Narva-Jdesuu (dark grey bars).

A comparison of the distributions of observed and modelled wave data reveals a
relatively large difference between modelled results if the step in wave heights is
below 0.5 m (Papers II, IV; Radmet, 2010). While this distribution at several sites
(especially Narva-Joesuu and Vilsandi) has a clear maximum for waves with
heights below 0.25 m, the modelled distributions (Figure 5) exhibit similarity to a
Rayleigh distribution (that is characteristic of offshore domains, Soomere, 2008).
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The frequency of the observed (36%) and modelled (44%) low wave heights
(below 0.5 m) differ only insignificantly. While waves with heights around 1—
1.5m are sensibly reproduced, the frequency of even higher waves is
underestimated by models. These differences may be attributed to changes in wave
properties in the nearshore: visual observation points are located much closer to the
coast than the relevant centres of the model grid cells and thus often reflect
extensive wave shoaling. Another possible reason for the mismatch between the
modelled and observed distributions is the sea-breeze that is ignored in model
calculations. Also, ice conditions frequently impact the sea state at these sites
(Sooair and Jaagus, 2007).

A slightly different pattern of discrepancies exists between the central area of
the northern Baltic Proper and the coastal area of Lithuania (R4&dmet, 2010). The
WAM model adequately captures the frequency of calm conditions and reasonably
hindcasts relatively rough windseas but significantly overestimates the frequency
of the most typical wave conditions with a height around 0.5 m. Interestingly, the
WAM model gives one of the best matches of the distributions in question with
observations at Pakri, suggesting that this site has good potential for representing
wave conditions in the region.
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Figure 5. Frequency of occurrence of significant wave heights in hindcast data in 1966—
2006 at a location near Harilaid, about 7 km from the Vilsandi observation site (Paper I,
data and graphics by U. Suursaar).

The distributions of wave periods presented in Figure 6 also involve all sensible
observations and are thus similarly biased as the distributions for wave heights.
Moreover, wave periods are not always recorded in visual observations (Kelpsaite
et al., 2008) and are not usable in some measured wave data sets (Broman et al.,
2006). As these distributions tend to have a very stable shape in time (Soomere et
al., 2012), the presented ones can be considered as representative for the relevant
sites. All these distributions have a general shape that matches a similar
distribution for offshore waves in the northern Baltic Proper (Kahma et al., 2003).
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Figure 6. Frequency of occurrence of different observed wave periods (resolution 1 s) at
Vilsandi (white bars, Paper I), Pakri (light grey bars, Paper II) and Narva-Joesuu (dark grey
bars, Paper II).

The most common wave periods are 2—4 s at Vilsandi and Pakri, with the
largest number of waves with a period of 3 s. As will be demonstrated below, they
correspond to low, about 0.5 m high waves. Typical periods are slightly longer, 3—
5 s at Narva-Joesuu where they match periods typical of the open part of the Baltic
Sea (Kahma et al., 2003). This feature may be explained by the frequent presence
of long waves travelling along the axis of the gulf. Such waves are often excited in
this water body even when the wind blows obliquely with respect to its axis in so-
called slanted fetch conditions (Pettersson, 2004; Pettersson et al., 2010). It is also
possible that frequent westerly winds (that have quite a large fetch, >150 km) may
bring to Narva Bay appreciable amounts of remotely generated wave energy even
from the northern Baltic Proper.

The wave approach direction was recorded with the resolution of 45°. The
ambiguity in the use of zero values at different sites and times (calm seas or waves
propagating from the north) was resolved based on other measured parameters. A
few doubtful cases were left out of the analysis. A relatively large number of wave
conditions with zero wave heights but sensible wave directions from the eastern
sector filed at Vilsandi apparently represent weak wave fields excited by offshore
(easterly) winds. Very few such cases have been recorded at the other sites.

The predominant wave directions (Figure 7) match the two-peak directional
structure of the prevailing winds of the northern Baltic Proper (Soomere and
Keevallik, 2001) at all observation sites. The particular direction for the peaks to
some extent depends on the orientation of the coastline and is evidently also
affected by refraction (Viska and Soomere, 2012). At Vilsandi waves mostly
approach from the south-west or from the north (the latter direction also involves
north-north-west owing to the low directional resolution). Waves approach Pakri
mostly from the west (although the site is also fully open to the north), and Narva-
Joesuu — from the west-north-western direction. The modelled distributions follow
the same pattern but are to some extent more contrast (with slightly narrower and
higher peaks, Paper III) due to the low directional resolution of observations.
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Figure 7. Frequency of occurrence of different wave approach directions at Ventspils in
1954-2011 (Pindsoo et al., 2012).

2.4. Combinations of wave properties

For many purposes it is important to know the occurrence of different
combinations of wave heights and periods. This knowledge is crucial, for example,
in planning the wave energy plants (Cruz, 2008) and for estimates of the potential
impact of the highest and steepest waves to ensure navigation safety (Toffoli et al.,
2005). Respective information can be obtained from empirical two-dimensional
distributions of the joint frequency of occurrence of wave fields with different
heights and periods. Such distributions often enable rough evaluation of the
properties of the severest wave storms in the area (Lopatukhin et al., 2006a,
2006b). They are sometimes called scatter diagrams of wave heights and periods
(Kahma et al., 2003). The scatter diagrams (yielding distributions of different wave
heights and periods by integration over the relevant direction) have been
constructed and analysed for different sites in Papers I and III.

Typical combinations of wave properties correspond to the points located at the
maxima of these distributions. For the open ocean sites such diagrams usually
contain two branches. One of them represents windseas, the other one swells with
relatively large periods and moderate heights (Lopatukhin et al., 2006a). The
scatter diagrams, however, have a regular shape of an elongated, slightly curved
elevation for all observation sites of the Baltic Sea. The most typical wave
conditions roughly correspond to fully developed seas with a Pierson—Moskowitz
spectrum (Figure 8). The branch representing swells is almost degenerate at all
observations sites. It only becomes evident as a pool of waves with periods of 7-9 s
and heights around 1 m at Pakri and is almost missing at Almagrundet (Paper III).

The periods of 2-3 s usually correspond to wave heights well below 1 m,
whereas waves with periods of 4 s have a typical height of about 1 m. Wave
periods of about 5-6 s also occur with an appreciable frequency and usually
correspond to wave heights of about 1.5-2 m. Wave fields with periods of about
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7s occur with a frequency of about 3%. The corresponding wave heights are
usually close to 2.5 m. Wave periods over 8 s are rare and occur with a probability
of about 1%.
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Figure 8. Joint distribution of the observed wave heights and periods at Vilsandi, Pakri,
Narva-Joesuu and Nida. The wave height step is 0.25 m. Isolines for 1, 3, 10 (dashed lines),
33, 100, 330, 1000 and 3300 (solid lines) cases are plotted. The bold line shows the height
of the fully developed wave systems with the Pierson—Moskowitz spectrum for the given
mean period.

A large part of the observed wave data are represented in Figure 8 by points
lying considerably to the left from the curve reflecting the wave conditions with a
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Pierson-Moskowitz spectrum. Such points correspond to high and short, thus very
steep waves that are frequently associated with acute danger to ships (Toffoli et al.,
2005). In the nearshore the combination of shoaling and a decrease in the wave
period evidently contributes to the steepening of the observed waves. Still, also
wave simulations (Paper III; Rddmet, 2010) confirm that the Baltic Sea hosts a
substantial proportion of dangerously steep waves. In particular, the instrumental
data from Almagrundet, Bogskér and the central part of the northern Baltic Proper
(Figure 1, Section 1.2) show that the predominant waves in the roughest seas in the
Baltic Sea are generally steeper than in the fully developed wave systems (Kahma
et al., 2003; Soomere, 2008). The highest waves ( H; =7 m) correspond to mean

periods of 8-9 s at Almagrundet and to peak periods of 9—11 s at Bogskér and in
the northern Baltic Proper (Soomere, 2008).

The scatter diagrams for the observed and modelled waves are compared in
Paper III based on the output of the WAM model for grid cells adjacent to the
observation sites. These diagrams are very similar at all observation sites for low
and moderate wave conditions, up to wave heights of 3 m. The numerically
simulated distributions are narrower. This feature probably reflects the relatively
low accuracy of single visual observations. Another source of differences is that
the observation site and the nearest grid point of the wave model do not coincide.
The largest difference in the shape of the distributions in question is recorded at
Vilsandi and probably stems from relatively extensive impact of the nearhsore
effects on the waves observed at this site. Therefore, the hindcast distribution
evidently provides a more adequate estimate for the wave properties in strong
storms at Vilsandi.

Paper III also discusses a simple approach to estimate the most probable
combination of properties of the largest waves at the observation sites using the
scatter diagrams (cf. Lopatukhin et al., 2006a). Once in about 40 years the highest
waves may reach 6.5 m in the deeper nearshore at Vilsandi and about 6 m at Pakri.
The corresponding mean wave periods are 11-12 s at Vilsandi but much shorter,
about 9-10s, at Pakri. This difference apparently reflects the longer fetch for
Vilsandi. Still, very high waves at Pakri may be excited by severe north-north-
western storms (Soomere, 2001; Soomere and Keevallik, 2001) that have a shorter
fetch. The scatter diagrams and the properties of maximum waves are very similar
at Pakri and Nida. At Narva-Joesuu already 4 m high waves are extreme. Their
period is expected to be about 7-8 s. These estimates reasonably match similar
estimates extracted from numerically simulated data (Paper III).

2.5. Seasonal course of wave heights

A key feature of the wind and wave climate of the Baltic Sea is their high seasonal
variability (Jonsson et al., 2003; BACC, 2008; Schmager et al., 2008). It is driven
by a considerable seasonal variation in the wind speed (Mietus, 1998), which is
accompanied by variations in the angular distributions of wind properties in
different seasons (Soomere and Keevallik, 2001). The monthly mean wind speeds
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are usually the highest in autumn and early winter (October—January), while the
months are the mildest in late spring and early summer (Mietus, 1998). The
variations in the monthly mean wind speed are about £20-25% of the annual mean.
For example at Utd (in 1961-2001) the wind speed was about 5.3 m/s in May—July
and >8.4 m/s in December, whereas the mean wind speed was 6.7 m/s. An
interesting feature of the seasonal course of the wind speed and wave height is that
the windiest season is shifted by about 1-2 months with respect to the season with
the largest wave activity in this region (Rd4dmet and Soomere, 2010).

Seasonal variation in the monthly mean wave heights is clearly evident at all
observation sites (Figure 9; Papers I, III, V). Wave intensity largely follows the
seasonal pattern in the mean wind speed with a substantial variability on weekly
scales (see below). At Estonian sites the wave heights are large in October—January
and reach the annual maxima in late autumn and early winter (December—January).
At Nida November is the roughest month. Relatively low values of the monthly
mean wave heights at Narva in November—December compared to those in
October apparently reflect the frequent presence of sea ice in the entire eastern
Gulf of Finland in late autumn (Soo#dr and Jaagus, 2007). The calmest months are
in late spring and summer. This variation is adequately reproduced in numerical
simulations (Jonsson et al., 2003; Suursaar and Kullas, 2009; Paper III). It also
resembles a similar cycle of water level in adjacent coastal waters of Finland
(Johansson et al., 2001). The two cycles are only shifted by 1-2 months with
respect to each other.
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Figure 9. Seasonal variation in the monthly mean wave height at Vilsandi (light grey bars),
Pakri (dark grey bars), Narva-Joesuu (black bars) and Nida (white bars) (Paper V).

The relative amplitude of the variation in the monthly mean wave height is
usually clearly larger than a similar variation in the wind speed. For example, at
Vilsandi it is £30-35% of the annual mean: from about 0.39 m (0.40 m in the
simulated data) in the calmest months to 0.77 m (0.75 m in the simulated data) in
the windiest months (Figure 9). Seasonal variation at the coastal sites is less
pronounced than in the offshore; for example, at Almagrundet the mean wave
height in the roughest and calmest months differ by 2.2-2.6 times (Broman et al.,
2006). The comparatively modest seasonal course is an expected feature of coastal
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observations. To a large extent it is associated with the frequent presence of weak
wave fields even in case of quite strong but offshore winds. This conjecture is
supported by the fact that seasonal variations in the wave height at sites reflecting
well the properties of open sea waves (such as Vilsandi or Pakri) are clearly more
pronounced than the variations in the wind speed. The seasonal cycle is also clearly
visible in the most typical wave conditions, dominant wave periods and higher
percentiles of observed, measured and hindcast wave heights.

An interesting insight into the quality and representativeness of visual
observations can be obtained from the analysis of variations in wave intensity
within certain months.
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Figure 10.  Seasonal variation in the average mean wave height for single calendar days
at Nida (cyan, plotted shifted by 0.2 m upwards for better visibility), Liepaja (red),
Ventspils (blue), Vilsandi (magenta, —0.1 m), Pakri (black, —0.5 m), Ruhnu (cyan, —0.7 m),
Narva-Joesuu (green, —0.9 m) and Sorve (yellow, —1.0 m). The records from 29 February
are merged with the data from 01 March. The thin lines show the daily average and the bold
lines its five-day running average. Based on Figure 4 of Paper IV. From the poster “Lessons
from almost seven decades of visual wave observations from the eastern Baltic Sea” by
T. Soomere, M. Eelsalu, K. Pindsoo and M. Zujev, presented at the 7th Study Conference
on BALTEX, 10-14 June 2013, Borgholm, Sweden.
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Figure 10 presents the mean wave height for single calendar days at different
observation sites. This quantity eventually contains some noise, the level of which
is the largest for the seasons when a relatively small number of measurements exist
(Paper II). An important message from such a representation of the wave climate is
that several transitional months (such as March or September) host quite large
gradients in the long-term wave height. Therefore, the relevant monthly mean wave
heights should be used with care in applications. A reasonable alternative is to use
the climatologically valid values for single calendar days, for example, to fill gaps
in the data (Paper IV). This approach is used several times in Chapter 3.

Another key message from the described coherence of the daily means of the
wave heights recorded at different sites is that visual observations, notwithstanding
a low accuracy of single recordings, in the long run adequately reflect not only
long-term wave statistics but are also able to indicate some potential changes in the
wave regime.
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3. Decadal and long-term changes

3.1. Introduction

Long-term changes in wind properties and storm activity over the Baltic Sea
exhibit greatly variable patterns (Jaagus et al., 2008). The average wind speed over
most of the Baltic basin (especially in its southern part) increases (Pryor and
Barthelmie, 2003, 2010). Simultaneously, the wind speed has decreased in a part of
the Western Estonian Archipelago and on the southern coast of the Gulf of Finland
(Keevallik and Soomere, 2004; Kull, 2005). On the one hand, according to some
studies, storminess in the entire region gradually decreased over the first half of the
20th century but rapidly increased in the 1980s—1990s (Alexandersson et al., 1998).
On the other hand, both the overall storminess and the number of storm days in the
Finnish marine areas have decreased since the mid-1990s (Alexandersson et al.,
2000; Helminen, 2006).

As discussed above, changes in wave properties in water bodies adjacent to the
Baltic Sea also reveal controversial patterns. Early studies identified an increase in
the mean wave height over the whole of the North Atlantic and North Sea since
about 1950 (Bacon and Carter, 1991; 1993; Kushnir et al., 1997). Contrariwise,
WASA Group (1998) concluded that the North Atlantic wave climate has
undergone significant decadal variations but revealed no clear trends. An apparent
worsening of the storm climate in data-sparse areas was evidently an artefact
(Giinther et al., 1998). Wang and Swail (2002) argued that the north-eastern
Atlantic has roughened in winters of the last four decades. The number of rough
wave conditions actually increased only in the 1960s—1970s but both the intensity
and duration of severe storms have decreased in the 1990s (Weisse and Giinther,
2007).

The described overall match of the shape and basic properties of the observed,
measured and modelled properties of the waves in the nearshore suggests that the
visually observed data sets properly reproduce the long-term statistics of wave
fields in the nearshore of the eastern Baltic Sea coast even if single observations
contain considerable errors. These visually observed data sets are particularly
significant in the light of the well-known high anisotropy of the Baltic Sea wave
fields (Jonsson et al., 2003; Soomere, 2003; Augustin, 2005; Broman et al., 2006;
Schmager et al., 2008). The results of several numerical simulations confirm that
the areas with the largest average wave intensity are located in the south-eastern
and north-eastern regions of the Baltic Proper (Jonsson et al., 2003; Schmager et
al., 2008). These areas host high mean wind speeds and correspond to long fetches.
Waves may be extremely high also offshore the coasts of Latvia and Saaremaa
(Jonsson et al., 2003; Soomere et al., 2008). Several related characteristics such as
hydrodynamic bottom stress and resuspension patterns are strongly correlated with
these features of the wave climate (Elken et al., 2002; Jonsson et al., 2005). As the
distance between the discussed observation sites is much smaller than the extension
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of the Baltic Proper, the data from such a dense observation network have great
potential for validating spatial variations in wave climate changes that have been
identified in numerical simulations (Soomere and Réémet, 2011).

Long-term variations in the annual mean wave height (called wave activity for
simplicity) are addressed in Papers I, II, IV and V based on observations made at
Estonian and Lithuanian sites. These studies were continued during the writing of
this thesis by colleagues in the Wave Engineering Laboratory using data from
Latvian observation sites (Pindsoo et al., 2012) and unpublished, recently digitized
data from the Gulf of Riga (see the reference in the caption to Figure 10). Although
single pieces of information about spatial variability of wave activity have been
obtained over years by various studies, I present below the whole picture as it is
understood today.

3.2. Coherence of interannual variations in the significant wave height

All time series of the annual mean wave heights calculated from visual
observations at the coasts of the Baltic Proper and the Gulf of Finland show a
reasonable match of years of relatively high and low wave intensity in 19571986
(Figure 11). A high correlation (statistically significant at a >99% level) is seen
between annual mean wave heights at all Estonian sites within this time interval
(Table 3). Therefore, the short-term interannual variability (at time scales of 1-3
years) had the same appearance along the entire eastern Baltic Sea coast from the
Curonian Spit to Narva Bay in these years. Especially the match of the data set
from the coasts of the Baltic Proper once more confirms that visual wave
observations do reflect the basic features of changes to the wave heights.

This coherence ends abruptly starting from the year 1988 (Figure 11, Table 3).
From the 1980s onwards, years with relatively high wave intensity at Vilsandi
correspond to relatively calm years in Narva Bay. The correlation between the time
series for Vilsandi and Narva-Joesuu is negative for 1987-2008 and the p-value
suggests that there is no statistically significant correlation indeed. Moreover, the
annual mean wave height at Narva-Joesuu is even in anti-phase with the height in
the Baltic Proper. A similar loss of correlation also occurs in the observed and
numerically simulated time series of the annual mean wave heights (Paper IV). The
coherence, however, continues along the coast of the Baltic Proper. Unfortunately
no data from Pakri are available from 1986 onwards.

The adequacy of the described short-term variations and of the level of
correlation between the wave intensity at different locations can be to some extent
checked by replacing the gaps in the observed data by climatological values of
wave height for single calendar days (Section 2.5, Paper IV). Doing so
considerably improves the correlation between the observed and simulated wave
data but does not alter the correlation of interannual variations until the end of the
1980s and the loss of coherence since then.

The pattern of changes in Figure 11 reveals drastic decadal-scale fluctuations in
wave activity in the Baltic Proper during the 1990s and 2000s but a gradual
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decrease in the annual mean wave height (0.4% per annum) at Narva-Joesuu. This
feature indicates that certain large-scale changes in wind properties over the Baltic
Sea have occurred since the mid-1980s. Intriguingly, these changes have taken
place on the background of gradually increasing wind speeds in the Baltic Proper
(Pryor and Barthelmie, 2003, 2010; Broman et al., 2006). They have mostly
affected the proportion or strength of winds that predominantly created waves in
the eastern Gulf of Finland. Kull (2005) and Jaagus (2009) demonstrate that during
the last 40 years the frequency of south-western winds increased significantly at the
“expense” of other wind directions over Estonia. These winds have very limited
fetch for waves observed at Narva-Jdesuu. This change thus explains well why the
annual mean wave heights have been almost constant or even decreased in Narva
Bay.
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Figure 11. Long-term variations in wave heights at Narva-Joesuu, Vilsandi, Ventspils,
Liepaja and Nida. Data for Ventspils and Liepaja are from Pindsoo et al. (2012) and
Soomere (2013).

Table 3. Correlation coefficients (upper right cells) and the statistical significance
(p-values, lower left cells, in italics) between the annual mean wave heights at
Vilsandi, Pakri and Narva-Joesuu in 1957-2008 (1957-1985 for Pakri). The values
in brackets show these quantities for 1957-1986 and 1987-2008 for Vilsandi and
Narva-Joesuu. Years 1954—1956 are omitted (Paper IV).

Site Vilsandi Pakri (until 1985) Narva-Joesuu

Vilsandi 0.53 —0.14 (0.49/ -0.25)
Pakri (until 1985)  0.0023 0.44
Narva-Joesuu 0.28 (0.0028/0.47) 0.014

3.3. Decadal variations in the significant wave height
In the analysis of decadal-scale variations in wave intensity along the eastern Baltic

Proper data from Vilsandi (Paper I) were the most controversial. They revealed a
quasiperiodic variation in wave activity at decadal scales with an exceptionally
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large amplitude but with no long-term trend (Figure 11). The interval between
subsequent periods of high or low wave activity is about 25 years. The wave
heights were relatively large in 1965-1975 and at the end of the 1990s. The
increase rate was as high as 2.8% per annum in 1979-1995. Wave activity
decreased fast starting from the end of the 1990s. The sea was comparatively calm
at the end of the 1950s and in the middle of the 1980s.

Although the fast increase in wave heights at Vilsandi may have partially
resulted from a large number of gaps in these years (Figure 3) and/or from the low
quality of observations (T. Kduts, personal communication, 2013), it corresponds
to the increase in the annual mean wave height at Almagrundet as well as to the
analogous trends for the southern Baltic Sea, North Sea and North Atlantic (Bacon
and Carter, 1991; Kushnir et al., 1997; Gulev and Hasse, 1999; Vikebg et al., 2003;
Gulev and Grigorieva, 2006; Weisse and Giinther, 2007). It also matches the
general tendency of the wind speed to increase over the northern Baltic Sea
(Broman et al., 2006). Thus, the equally rapid decrease in the wave activity in
1995-2003 was the most controversial, contradicting with a gradual increase in the
wind speed at Utd (Figure 12, Paper V) but almost perfectly matching a similar
decrease at Almagrundet (Broman et al., 2006).
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Figure 12. Annual mean wind speed at Uté in 1961-2009. The trendline reveals an
increase in the wind speed by 2.84 cm/s/year (Paper V).

Therefore, while the increase in the wave heights generally matches similar
trends in the North Sea, both its magnitude and subsequent decrease in the northern
Baltic Proper are somewhat counter-intuitive. Moreover, no such variation was
recorded along the Lithuanian coast from the observed data (Kelpsaite et al., 2008)
and in the middle of the Gulf of Finland from numerical simulations based on high-
quality marine winds (Kelpsaite et al., 2009).

As the described changes occurred simultaneously and with a similar relative
magnitude at the eastern and western coasts of the Baltic Proper, it is still likely
that they reflect the realm of the changing wave situation in particular sea areas
rather than failures of instruments or the relay of the observer. The adequacy of
these drastic variations in the northern Baltic Proper is questioned against several
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sources of errors (such as large gaps in the time series or great changes in the
duration of ice cover in the vicinity of the observation site) in Papers II and IV.

Paper II presents an analysis of decadal variations in the local wave height at
Harilaid in 1966-2006. The time series of significant wave heights were simulated
with an SMB model (Section 2.2) using wind information from Vilsandi. The
annual means of the observed wave height at Vilsandi and the modelled wave
heights at Harilaid were highly correlated but the match of their long-term
variations (cf. Figure 11) was far from perfect. A certain mismatch is not surprising
because in many occasions the wave generation conditions in remote sea areas
govern local wave properties at Vilsandi but the SMB model mostly relies on local
wind. The modelled data demonstrated the presence of quasi-periodic cycles with a
typical duration of 30—40 years, with no distinct trend. The wave intensity was
above average roughly from 1980 to 1995 and lower than average from 1970 to
1980 and up to 1995. Increase in the modelled wave heights occurred in 1975—
1993, followed by a subsequent decrease since 1998. The modelled data, however,
do not show a large increase at the turn of the millennium but the time series of
modelled 99%-iles reveals a clear increase. This feature is particularly interesting,
because it may be interpreted as evidence of an increase in the wave heights of
extreme storms on the background of a decrease in the overall wave activity
(Soomere and Healy, 2008).

As described above, variations in the annual mean wave height at Pakri, the
closest observation site to Vilsandi, are the most similar to those at Vilsandi
(Figure 11, Paper II). The largest difference is in the data from the first three years
of visual observations (1954—-1956). The reason for this difference remains unclear
in Paper II and is discussed further below. Still, these years were omitted from the
correlation analysis in Paper IV (Table 2). There is an increase in the mean wave
height at Vilsandi and for a few years at Pakri and Harilaid around the year 1960,
and an overall slow decrease until the mid-1970s. As the Pakri data are available
only until 1985, it is not possible to establish whether the above drastic variations
have extended also to the Gulf of Finland.

A clear decreasing trend in wave activity is evident in the Narva-Joesuu data.
This trend may be related to an asymmetric decrease in the length of the ice season
in the Gulf of Finland, which has mostly occurred during a relatively calm season
(Sooddr and Jaagus, 2007). Another reason is a substantial increase in the
frequency of south-western winds over Estonia (Kull, 2005; Jaagus, 2009). This
turn in wind directions means that the frequency of winds corresponding to very
short fetches has considerably increased at Narva-Joesuu. The related changes in
the wave field are more clearly visible in the long-term course of the highest
waves: the 99%-iles have considerably decreased along the Estonian coast
(Suursaar, 2010) but have increased in the north-eastern region of the Gulf of
Finland (Soomere et al., 2010).

The data calculated with the WAM model forced by geostrophic winds (Section
2.2) show no statistically significant trend of any of the percentiles (Rdamet, 2010).
A very slight increase is recorded in the 95%-ile and a similar slight decrease in the
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99%-ile at Pakri and Narva-Joesuu. A very small increase occurs in both values
simulated by the WAM model at Vilsandi.

Paper V extends the analysis of the visually observed wave data to the south-
eastern part of the Baltic Sea. Basically confirming the results obtained in
Kelpsaite et al. (2008), the analysis (that now covers many decades) presents new
evidence of large spatial variations in wave properties along the eastern coast of the
Baltic Sea. The pattern of large decadal changes in the wave heights is particularly
interesting.

A suprising difference exists in the long-term behaviour of the wave height in the
southern and northern parts of the Baltic Proper (Figure 11). The temporal courses
in wave activity at the Lithuanian sites and Vilsandi match each other relatively
well until about 1993. Further on the annual mean wave height behaves completely
differently at these sites. The wave height decreases substantially at Nida in 1990—
1995 but a gradual increase starts in about 1996. This behaviour is even more
surprising when compared with changes in the wind speed (that has gradually
increased in the northern Baltic Proper since the 1960s, Figure 12).

As discussed above and in Paper I, the observations at Vilsandi in 1991-2004
include large gaps. The course of wave intensity at all observation sites is re-
analysed in Paper IV using the time series in which the missing observations of
wave heights have been replaced by their climatological values for the same
calendar day (Section 2.5, Paper IV). The two estimates for the annual mean wave
heights differ insignificantly for Pakri and Narva-Joesuu (Figure 13). A relatively
large difference is recorded for Narva-Joesuu starting from 2005. Interestingly, the
original and corrected values for Vilsandi almost exactly coincide for these years.

The climatologically corrected values of the annual mean wave height for
Vilsandi differ by up to 30% from the values based on original data. The corrected
wave intensity is larger for the years with a relatively low wave intensity and long
ice cover (for example, in the 1970s). The corrected mean wave heights are
reduced by up to 20% in the mid-1990s and at the turn of the millennium when the
original data showed extremely stormy years. The increase in wave intensity at the
beginning of the 1990s according to the corrected data set is smoother than in the
original data. There is still evidence of a substantial increase in the wave heights in
1993-2002 compared with the long-term mean.

The climatologically corrected data sets reveal a much higher correlation with
the simulated wave intensity until 1987 than the original time series (Paper IV).
This is not unexpected, because the presence of ice is ignored in the simulations
but filling the gaps mirrors the ignoring of the ice cover. The correlation between
the simulated and observed values of the annual mean wave heights is still
completely lost for the years 1988-2007 (Paper IV).

Stormy seasons and periods with ice cover may occur during quite different
months in different years (Sooddr and Jaagus, 2007). Therefore the above
comparisons based on calendar years may give a somewhat distorted reflection of
the severity of wave conditions in a particular autumn-winter windy season. In
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Paper IV we analysed the temporal evolution of the average wave height over
periods covering the entire windy season (September—March).
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Figure 13. Long-term variations in wave and ice conditions calculated based on calendar
years at Vilsandi, Pakri and Narva-JGesuu. The original observed time series is shown by
red squares, climatologically corrected time series by green diamonds, numerically
simulated time series by blue circles and the duration of ice coverage (estimated as the

number of days from the first appearance of ice to total disappearance of ice) by crosses
(Paper IV).

The resulting courses of the observed and measured wave heights, including
their interannual, decadal and long-term variations at all sites, are practically the
same as presented in Figure 13. There is high interannual variation around the year
1960 in all data sets, a period of relatively low wave intensity in the 1980s and a
drastic increase in wave heights over the 1990s at Vilsandi. The correlations
between numerically simulated and observed data are also almost the same.

3.4. Long-term changes in wave heights and directions

The presented analysis has revealed several interesting properties of the Baltic Sea
wave climate on a decadal scale. Both the visually observed data and numerical
simulations clearly demonstrate that the wave activity at the eastern coast of the
Baltic Sea has no any clearly defined long-term trend. The longest subtrends persist
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for about three or four decades. The major feature of the wave climate is the
presence of extensive decadal-scale, mostly aperiodic variations at almost all
observation sites (Figure 11). The amplitude of these variations is remarkable: the
annual mean wave height may change by a factor of two at sites open to the Baltic
Proper. The only exception is Narva-Joesuu where the wave intensity has an
overall decreasing trend over half a century.

A recent reconstruction of the long-term course of wave intensity back to the
1940s (Soomere, 2013) together with wave data from the Lithuanian sites (Paper
V) sheds more light to changes in the study area. First of all, it clarifies the nature
of relatively strong oscillations of wave activity in the mid-1950s and presents
evidence that these should be interpreted, as hypothesized in Paper V, as parts of a
long decreasing phase in wave intensity from the mid-1940s until about 1970.

This decrease seems to be present along the entire eastern coast of the Baltic
Sea. As no existing wave simulations cover such a long time span, the validity of
this conclusion needs further analysis. Such an ultimate decrease, by almost a
factor of two on average, in wave intensity over three decades is consistent with a
substantial decrease in the storminess over these decades in the entire Baltic during
the first half of the 20th century (cf. Alexandersson et al., 2000), expressed also as
a decrease in the number of storm days in the Baltic region (Bergstrom et al.,
2001). Although the magnitude of the decrease may be somewhat overestimated by
observers, the presented data very likely represent a major modification of the
Baltic Sea wave fields in the third quarter of the 20th century. The described
feature also shows the above-discussed large difference of the wave intensity at
Nida and Vilsandi during the first three years of visual observations (1954—1956)
in a new light. It is likely that the difference indicates some actual changes in wave
activity rather than a systematic overestimation of wave heights at Vilsandi during
the first years of the observations.

Numerical simulations suggest that wave intensity did not undergo long-term
changes along most of the eastern coast of the Baltic Proper in 1970-2007
(Soomere and Radmet, 2011). Only the north-western coast of Latvia was shown to
host an increase. The observed wave data from Ventspils and Liepaja (Figure 11)
reveal that such a trend does exist in this area and has a magnitude similar to the
numerically simulated one (Pindsoo et al., 2012). Remarkably, this trend started
exactly in the year 1970, whereas an even more rapid decrease in the wave height
occurred at these sites in the 1950s and the 1960s.

The course of wave intensity had quite a different nature during the fourth
quarter of the 20th century and around the turn of the millennium. Numerical
simulations suggest that the latter time interval is characterized by a complicated
spatial pattern of decadal variations of substantial amplitude (Soomere and Rédédmet,
2013). Visually observed wave data confirm this hypothesis. While the overall
wave intensity in the entire Baltic Sea basin has experienced no considerable
changes since the 1970s, the local wave climate has undergone significant changes
as discussed in the previous section. For example, wave intensity increased
markedly in the northern Baltic Proper during the 1990s. Changes with a
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comparable (but slightly smaller) amplitude evidently occurred in the south-eastern
and south-western parts of the sea. The long-term course of the observed wave
heights suggests that these variations in wave activity were a short-term
phenomenon. It is likely that the Baltic Sea is now in a phase characterized by
relatively moderate average wave heights.

The discussed extensive variations in the wave height in the 1990s can be
explained by a concentration of a large part of the centres of cyclones crossing the
Baltic Sea in the middle of the Sea of Bothnia. This process is highlighted, for
example, as a dramatic increase in the number of days with low pressure at
Hiarnosand in the 1990s (Béarring and von Storch, 2004; BACC, 2008).

The changes before the year 1970 are highly coherent along a more than
500 km long coastal section. It is thus likely that they have been caused by some
larger-scale phenomenon. Most of the reconstructions of wind speed over the
Baltic for this period reveal some increase in wind intensity rather than decrease
(e.g., Pryor and Barthelmie, 2003, 2010; Lehmann et al., 2011). As the Baltic Sea
has a strongly elongated shape, a considerable increase or decrease in the wave
height may be caused, for example, by a systematic rotation of the predominant
direction of strong winds. Such a seeming rotation of the wind rose at a single
observation site may be caused by a variation in the trajectory of cyclones. For an
observer this process is reflected as a change in wave approach directions.

Similarly to wave periods, the wave propagation direction is often dynamically
insignificant but becomes decisive in many applications such as navigation (Bitner-
Gregersen et al., 2013) or coastal engineering (Dean and Dalrymple, 2002). The
pool of observed data about wave periods and propagation directions is much
smaller than that about wave heights.

The predominant wave directions at the observation sites match the directional
structure of the prevailing winds and the geometry of the nearshore of the
observation sites. The annual distributions of wave approach directions show a
certain interannual and decadal variability at most sites but usually reveal no
substantial long-term changes (Figure 14). Relatively small changes (but still
strongly affecting the course of coastal processes) have been identified at the
Lithuanian coast for the years 1993-2008 (Kelpsaite et al., 2011). Several abrupt
shifts in the wave approach direction stem from changes in observation conditions
(Paper V).

Drastic changes in wave approach directions have occurred at Narva-Jdesuu
(Figure 14). Waves mostly approached from the west or north-west until about
1965. The approach direction shifted almost to the north by the 1970s, turned to the
south-west over the 1980s and has mostly been from the south within the last two
decades. The most frequent propagation direction has rotated by more than 90°.
The second most frequent wave direction (south-south-east) has turned in a similar
manner. Interestingly, none of these changes are reflected in the simulated
propagation directions (Paper IV).

The reasons for the described changes are unclear. The number of sensible wave
direction recordings is usually smaller than that of wave heights. Consequently, the
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reliability of the directional analysis is much lower than that of wave heights. The
observers also tend to overestimate the role of relatively short waves (Orlenko et
al., 1984). This feature may lead to a certain overestimation of the frequency of
locally generated wave fields and may simply highlight changes in the frequency or
strength of the local breeze.

Figure 14. The observed directional distribution of wave approach at Narva-Joesuu (left
panel, 1954-2008, Paper III) and at Liepaja (right panel, 19462011, from the poster
“Interannual, decadal and long-term variations in the wave fields at the Latvian coast of the
Baltic Proper” by K. Pindsoo and T. Soomere, presented at the 11th Colloquium on Baltic
Sea Marine Geology, Helsinki—Stockholm, 19-21 September 2012). The colour scale
shows the frequency of occurrence (%) of waves from a particular direction.

Still, several arguments suggest that the turn in question reflects certain important
changes in wave fields. The turn evolves gradually over many years and is
evidently not related to potential inhomogeneities stemming, for example, from the
change of observers. More importantly, it matches the increase in the frequency of
south-western winds in Estonia at the expense of almost all other wind directions
(Kull, 2005; Jaagus, 2009).

The wave period is often considered as a secondary parameter of wave fields,
which has less dynamic or kinematic significance and the systematic changes in
which are not easy to interpret. This property is, however, important in many
aspects of offshore and coastal engineering, for instance, in coastal processes (for
example, in terms of the parameters of the width of the equilibrium coastal profile;
Dean and Dalrymple, 2002), navigation safety (where the wave steepness is a
decisive factor) or renewable energy issues (where it contributes to the available
wave energy flux through the group speed, Cruz, 2008). Potential changes in the
periods have been addressed in numerical simulations (Radmet, 2010). The largest
periods mostly occur in the eastern part of the Baltic Proper and the Bothnian Sea;
yet the overall values are largest in the southern Baltic Proper. The numerically
simulated changes in wave periods follow the pattern of changes in wave heights.
Wave periods have become longer in the eastern part and shorter in the western
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part of the Baltic Proper. The magnitude of these changes is quite small, maximally
a couple of tenths of seconds and can thus be neglected in practical applications.

3.5. Wave properties and ice cover

One of the key features forming the Baltic Sea wave fields is the ice cover. The
maximum area covered by ice in the Baltic Sea varies largely between different
years (Bergstrom et al., 2001; Leppéranta and Myrberg, 2009). The duration of the
ice cover, for example at Vilsandi, may vary from a few to more than 100 days
during a winter (Figure 13). The presence of ice may have twofold impact on the
observed wave data. Fast ice often makes visual wave observations impossible. An
ice cover upwind from the observation site reduces the effective fetch length and
modifies the wave properties.

The absence of sea and coastal ice in some years generally leads to enhanced
erosion of coastal areas of seasonally ice-covered seas (Overeem et al., 2011; St-
Hilaire-Gravel et al., 2012). Changes in ice conditions evidently play a great role in
the intensity of coastal processes in the Baltic Sea area (Orviku et al., 2003). A
combination of occasional strong wave storms, high surges and sediment
deficiency at the Baltic Sea coasts makes this area extremely vulnerable to any
changes in hydrodynamics (Eberhards and Lapinskis, 2008; Kartau et al., 2011).
The most dramatic erosion events have been shown to occur when late autumn and
winter storms attack coastal sections that in more severe winters would be
protected by ice cover (Ryabchuk et al., 2011).

A common opinion is that climate changes in the Baltic Sea area will generally
lead to a shortening of the ice period (BACC, 2008). This means an increase in the
total wave energy levels that reach the nearshore and the coast. Changes in the
wave climate even in terms of shifts in the stormy season to months with no ice
cover may lead to most severe destruction of vulnerable beaches in the eastern
Baltic Sea (Orviku et al., 2003; Ryabchuk et al., 2011).

The average number of days with ice has decreased steeply along the entire
coast of Estonia (Jaagus, 2006; Soodér and Jaagus, 2007). The ice covered parts of
the coasts of Estonia from mid-November to mid-April in the past. The changes in
the beginning and end of the ice season have been almost symmetric, with a
slightly larger number of additional ice-free days in spring (Sooddr and Jaagus,
2007). The impact of the gradual lengthening of the ice-free season is not
straightforward. December, which is mostly ice-free nowadays, is one of the
windiest months and April, which is also largely ice-free now at Vilsandi, is one of
the calmest months (Section 2.5). If the season of the highest waves overlaps with
the ice season (e.g., in the eastern part of the Gulf of Finland where fast ice is
frequently formed in November), the reduction of the ice season may drastically
intensify the coastal processes (Ryabchuk et al., 2011). Such an effect becomes
evident in Paper IV where the inserting of climatological values for the missing
measurements (this operation has basically the same effect as partially ignoring the
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ice) results in a clear increase in the annual mean wave height at Vilsandi in normal
and relatively severe winters of 1975—-1988 (Figure 13).

Although the lengthening of the ice-free period obviously increases the total
wave load on the coasts, its impact on the average wave properties is not
straightforward. Typically, Estonian coastal waters are ice-covered from January to
March (Soodir and Jaagus, 2007). Figure 9 and Figure 10 suggest that the absence
of ice cover in the windiest months such as December or January would generally
cause an increase in the annual mean wave height at Vilsandi and Pakri, but the
absence of ice cover in March—April may lead to its decrease. The construction of
adequate wave statistics for seasonally ice-covered seas is extremely complicated
(Kahma et al., 2003; Tuomi et al., 2011). Moreover, most of the rapid changes to
the coast occur during a few severe wave storms (Orviku et al., 2003). The
presence or absence of ice during these storms only weakly affects the annual mean
wave height.

Somewhat surprisingly, the analysis in Paper IV shows virtually no correlation
between the annual mean wave height and the length of the ice cover at the
Estonian observation sites (Figure 13). The same feature is revealed for the average
wave heights calculated for windy seasons and estimated with the use of
climatologically corrected daily values. Although there is some qualitative match
of these quantities in single years, the relevant correlation coefficients are well
below 0.2 and no statistically significant correlation exists.

3.6. Quantifying the impact of ice cover on wave fields

The results presented in Section 3.5 are in some sense not satisfactory. The absence
of any correlations between the average of the basic properties of wave fields and
ice cover is not constructive as many recent studies have revealed a clear
relationship between ice conditions and coastal processes. Several options for
identifying a suitable measure for quantifying the impact of ice on wave fields in
seasonally ice-covered seas are explored in Paper VI. The aim is to identify a more
appropriate but still simple measure of wave fields that would be able to reflect the
potential impact of the change in the duration of the ice season.

As the “linear” measures such as the annual average wave height were unable to
do the job (Paper 1V), it is natural to use some quadratic (second-order) measures
such as the wave energy or wave energy flux (called also wave power). The latter
quantity is commonly recognized as an acceptable measure of the instantaneous
intensity of wave-driven alongshore sediment drift (USACE, 2002). Other
measures that may have the potential of quantifying the role of ice in the coastal
processes are the mean energy and the mean wave height over the ice-free season.
All these quantities are calculated for time periods from July of a selected year
until June of the subsequent year. Differently from the analysis in previous
sections, here the mean energy and the mean wave height are evaluated for the ice-
free period. The total wave energy flux reaching the coast during the ice-free
period is called bulk wave power below.
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The analysis is based on the wave properties derived from visual observations
during 1954-2005 at three observation sites at the Estonian coast (Narva-Joesuu,
Pakri (until 1985) and Vilsandi) and on the output of numerical simulations using
the wave model WAM (Komen et al., 1994; Section 2.2) for 1970-2005.

The wave data are amended with the data on the duration of the ice season for
these sites. Observations of ice properties in the nearshore zone of Estonia started
at several lighthouses in the 1800s. They have been performed systematically at
several locations by the Estonian Meteorological and Hydrological Institute since
the mid-20th century. The ice data include the dates of the first freezing, the
formation of permanent ice cover, the end of permanent ice cover and the final
disappearance of the ice and, optionally, the thickness of the ice cover (Jevrejeva
and Leppéranta, 2002). The date of the first freezing (the first appearance of sea
ice) is registered when ice of any type is first observed (Sooéér and Jaagus, 2007).

The duration of the ice season is estimated in Paper VI for each site and winter
as the number of days, from July to June of the subsequent year, between the day
of the first appearance of the ice cover and that of the total disappearance of the
ice. Similar to historical visual wave observations, ice observations have extensive
gaps and uncertainties. Since wave observations were made for areas located at
some distance from the shore, they were at times performed in the presence of ice
phenomena. As a result, on many occasions quite high waves have been recorded
within the formal ice season as defined above. Such events are ignored in the
calculations in Paper VI based on the following assumptions: (1) the first
appearance of the ice is associated with the freezing of onshore ground in potential
areas of coastal erosion; (2) these potentially erodible coastal sediments are frozen
until the ice has completely disappeared.

As wave periods were available only for a part of the visually observed data, the
wave energy flux was calculated using the approximation of long waves. Doing so
is generally adequate for visually observed waves but may to some extent
overestimate the wave energy flux for numerically simulated waves (for which the
water depth at the relevant model grid cells was larger than in the observation area)
and also for waves observed at Pakri. This bias, however, evidently does not affect
the correlation between the resulting estimates and the parameters of the ice
season. The missing data in visual observations were replaced by their
climatological values for each calendar day as described in Section 2.5.

Similarly to the duration of the ice season (Soodir and Jaagus, 2007; Paper VI),
all three parameters of wave fields exhibit quite large variations in single years.
The standard deviation of single annual values from the long-term mean is
typically 40-50% for the observed and 20—30% for the modelled wave properties.

The observed average wave height over the ice-free period has no correlation
with the length of the ice-free season. On the contrary, the similar modelled wave
height showed a high negative correlation (statistically significant at the 95%
confidence level) with the duration of the ice season at Vilsandi and Narva-Jdesuu.

The modelled mean wave energy over the ice-free period reveals a significant
negative correlation with the duration of the ice season only at Narva-Joesuu and

65



Pakri. Somewhat surprisingly, the similar observed quantity has a significant
positive correlation with the duration of the ice season at Narva-J&esuu.

No statistically significant correlation between the mean wave energy and the
duration of the ice season exists for the two other sites. This feature is not
surprising for both data sets at Vilsandi and Pakri because the mean wave energy
only implicitly reflects variations in the duration of ice cover. The discrepancy at
Narva-Joesuu may reflect insufficient temporal resolution of visual observations
that are often only possible once a day during the windiest season just before ice
formation. However, it once more signifies that the outcome of single visual wave
observations should be interpreted with great care.

The bulk wave power provides the best performance in this respect. Its short-
term interannual variations are in counter-phase with the duration of the ice cover
(Figure 15). It is natural that long ice-free autumns correspond to large annual
values of this measure, while long ice seasons correspond to its relatively low
levels. The numerically simulated data from all sites reveal a statistically
significant negative correlation at a >95% confidence level between the duration of
the ice season and the bulk wave power. There is, however, virtually no correlation
between the bulk wave power estimated from visual observations and the duration
of the ice season at Pakri and Narva-Jdesuu.

The key finding in Paper VI is that the commonly used characteristics of wave
fields such as the mean wave energy and the bulk wave power, even if calculated
over the ice-free time, are not necessarily strongly correlated with the duration of
the ice season at the coasts of the north-eastern Baltic Sea. Contrariwise, such
correlations are highly dependent on the particular site. This feature should be
carefully accounted for in the estimates of the impact of potential climate warming
on the intensity of coastal processes. Namely, the above-discussed obvious
convenient measures for wave-driven impact on the coast may be completely
uncorrelated with changes in ice conditions. A possible reason is that the duration
of the ice season and the wave intensity may have complicated interrelations
depending on the openness of a particular site to the waves excited by predominant
winds.

Finally I would like to note that the research in Paper VI focuses on a single ice-
driven limitation of the impact of waves on coastal processes and omits several
indirect but still equally important effects of coastal ice. Firstly, virtually all
properties of ice have been ignored and the analysis exclusively relies on the
duration of the ice period. In many instances, extensive ice-driven erosion and ice
ride-up on the coast may mobilize sediments or destroy dune vegetation
(Leppéranta, 2013). Somewhat less visible processes are bottom scouring and
transport of large boulders. These effects usually occur irregularly. Although they
are definitely caused by specific wind conditions, there seems to be no way to
relate them to wave activity (except for specific cases when thin coastal ice is
destroyed and piled up on a coast by a strong late autumn storm). The additional
forces that wave-driven mass and momentum transport exert to the ice edge are
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often decisive for ice formation and destruction but are negligible compared to the
wind impact over the entire ice sheet in terms of ice drift.
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Figure 15. Long-term variations in the total energy flux during the ice-free season and
the ice season duration (triangles) at Vilsandi, Narva-Jdesuu and Pakri calculated over the
time period from 1 July to 30 June of the subsequent year. Diamonds and squares indicate
the estimates of the energy flux derived from wave observations and simulated data,
respectively (Paper VI).
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Conclusions
Summary of the results

The main aim of this thesis was to reconstruct the basic features of the wind wave
climate and its possible decadal and long-term variations for the eastern Baltic
Proper and the Gulf of Finland by using historical visual observations of wave
properties. The focus was on the coastal waters of Estonia. The key properties of
the nearshore wave climate in the areas in question were determined from records
at eight coastal measurement sites in (1946)1954-2008(2011) in terms of the
typical and extreme wave heights, wave periods and approach directions and in
terms of the distribution of the listed properties. The results were interpreted in the
light of simulations with a fetch-based wave model and reconstructions of the wave
climate using a contemporary spectral wave model WAM.

While the accuracy of single observations is not particularly high and the
recorded time series may contain considerable uncertainties, statistical distributions
of various wave properties reasonably match the similar distributions obtained
from instrumental measurements and numerical simulations. The pattern of
seasonal, annual, interannual and decadal-scale variations is mostly reliable. The
monthly mean wave height follows the seasonal variation in wind speed with a
maximum in October—January at Estonian coastal sites and in November at the
Lithuanian coast with the late spring and early summer months being the calmest.
The directional distributions of waves match the directional structure of the
prevailing winds in the area.

Owing to the extremely complex geometry and bathymetry of the Baltic Sea, it
is often almost impossible to reconstruct the offshore wave properties from those
observed near the coast. It is, however, possible to identify changes in wave
properties at different sites and in this way to recognize changes in wave
generation conditions and to some extent spatio-temporal variations in these
changes. Although the observed wave properties are site-specific, the key
contribution of this work is the detection of a new and partially unexpected picture
of changes in wave activity in space and time. As the used data characterize the
eastern (downwind) parts of the Baltic Sea, the results also reflect certain changes
in the climate of the entire Baltic Sea basin.

The long-term course of the wave heights in the study area consists of two
phases. Wave activity generally decreased from the beginning of the observations
(1940s—1950s) until about the year 1970 in the entire study area. Its further
behaviour had mostly a quasiperiodic nature, with the interval between subsequent
periods of high or low wave activity about 25 years and strong differences between
the southern and northern parts of the sea. The northern Baltic Proper experienced
a rapid increase in the annual mean wave height from the mid-1980s to the mid-
1990s and a drastic decrease since about 1997. The average wave height was at its
lowest in the 1990s in the south-eastern Baltic Proper.
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An interesting outcome is an abrupt change in the match of the long-term course
in the annual mean wave height in different coastal sections. This quantity revealed
nearly synchronous interannual variations over the entire eastern Baltic Proper
coast from the 1950s until the mid-1980s. Starting from the end of the 1980s, the
temporal course of wave activity in the eastern Gulf of Finland has been essentially
decoupled from that in the northern Baltic Proper.

Although there is evidence about gradual increase in the mean wind speed over
the Baltic Sea basin, the annual mean wave heights reveal no long-term increase at
any of the observation sites. A highly interesting feature is a drastic change in
observed wave approach directions at Narva-Joesuu. The most frequent wave
propagation direction has rotated by more than 90° since the end of the 1970s.
Notable is also the associated decreasing trend in the 99%-iles of wave heights near
the northern Estonian coast, which differs from trends in average wave heights
(Soomere et al., 2010; Suursaar, 2010). All these features can be explained by a
rotation of the predominant wind directions, possibly caused by changes in the
trajectories of cyclones.

Main conclusions proposed to defend

1. The properties of the Baltic Sea wave fields extracted from visual observations
are consistent with the existing knowledge: the long-term average significant
wave height in the nearshore is 0.7-0.8 m, the wave regime is highly
intermittent (maximum wave heights by an order of magnitude exceed the
average heights), common wave periods are 2—4 s in the nearshore and 3-6 s
offshore, wave approach directions follow the two-peak angular structure of
predominant winds and the seasonal course of the wave heights matches the
similar course of wind speed.

2. The properties of wave fields in extreme storms in Estonian coastal waters
match those extracted from numerical simulations. The highest waves once in
about 50 years may reach 6 m (periods 11-12 s) near Vilsandi, 5 m (periods 9—
10 s) near Pakri and 4 m (periods 7—8 s) near Narva-Joesuu.

3. The pattern of interannual variations in the wave height was highly coherent
along the eastern Baltic Sea coast from the mid-1950s until the year 1987.
Starting from 1988, the years with a relatively large mean height in the Baltic
Proper correspond to low wave intensity in the eastern Gulf of Finland.

4. Wave activity decreased in the 1950s—1960s and was at its lowest in the 1970s
in the eastern Baltic. Its further decadal variations had completely different
courses in different parts of the Baltic Sea. Relatively high wave activity in the
northern Baltic Proper in the 1990s was accompanied by low wave heights at
the south-eastern coast of the Baltic Sea.

5. The described changes are not consistent with the gradual increase in the
annual mean wind speed in the northern Baltic Proper. They have thus been
caused by other changes in the wind properties, possibly by a clustering of a
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large part of low pressure systems in the Sea of Bothnia in the 1990s (Bérring
and von Storch, 2004).

6. No long-term trend in terms of annual mean wave height is present at any of
the visual observation sites. Only at Narva-Joesuu the wave heights have been
decreasing since the mid-1960s. This conclusion is consistent with independent
estimates of the long-term course of wave heights at the northern coast of
Estonia (Suursaar, 2010).

7. A major rotation of the predominant wave approach direction by about 90°
since the end of 1970s has been identified at Narva-Joesuu. This rotation was
not replicated in numerical simulations of Réddamet (2010) and in other data sets.

8. There is no evident correlation between the commonly used wave
characteristics (such as the annual mean wave height or the annual mean
energy) and the length of the ice season. A reasonable measure of the impact of
ice cover on waves is the annual integral wave energy flux.

Recommendations for further work

As wind waves not only affect offshore activities but are one of the main driving
forces of coastal processes, especially for the vulnerable eastern coast of the Baltic
Sea, a better understanding of their past, current and future properties is essential
for all coastal countries of this region. In particular, possible increase in the
frequency and/or severity of marine coastal hazards along with global climate
changes or even a change in the typical wave approach direction may considerably
alter the conditions of operation and maintenance of the coastal infrastructure and
environment.

Estonia as a marine country is using its coastal area in a variety of economic
applications such as shipping or recreation. Several cities are low-lying and
possibly subject to wave-induced coastal hazards. The Estonian coast is in some
places very vulnerable and frequent storm surges and sea level elevations, possibly
enhanced by wave action, increase the pressure. Recent studies of extreme
conditions (e.g., in November 2001 and January 2005; Soomere, 2005; Soomere et
al. 2008a) in the Baltic Sea revealed extensive gaps in our knowledge about the
extremes of the wave fields. We have to admit that these gaps have not been filled
yet even by means of contemporary wave models (Radmet, 2010).

Along with several interesting and surprising features, the performed analysis
revealed a number of shortcomings in our perception of the wave climatology and
potential changes in the wave climate. First of all, the presented results indicate
that possible changes in wind direction may have a much larger role in the
variations in the wave climate than alterations in wind speed. This conjecture,
albeit largely expected because of the elongated shape of the Baltic Sea, is still
waiting to be verified through numerical simulations (Réddmet, 2010). The available
set of instrumentally measured wave data is fairly small in the eastern Baltic and of
little use for resolving this issue. The peril here is that many Estonian beaches are
open to a few directions that not necessarily match the directions of the most

70



frequent or the strongest winds. This peculiarity causes high intermittency of wave
fields in the vicinity of many existing and planned coastal engineering structures
and suggests that even small changes in the direction of strong winds may lead to
substantial changes in the severity of wave conditions in semi-sheltered bays.

The quality of numerically reconstructed wind fields is the narrowest bottleneck
here. It is not enough to validate or tune the wind fields against wind data at
selected measurement sites. It is necessary to get the wind fields also correct for the
open sea areas in terms of their ability to excite high and long waves. Various wave
properties are here a very useful tool for assessment of the quality of different wind
data sets. Given the existing large biases between the modelled and measured wind
data for the Baltic Sea (Ansper and Fortelius, 2003; Keevallik et al., 2010), the use
of historical wave data for this purpose has particularly great potential for
improving the quality of reconstruction of atmospheric fields in the past. The
results are of much value also for adequate modelling of high water levels and
patterns of currents.

The analysis above has once more highlighted a number of discrepancies
between measured and observed wave data at different sites of the Baltic Sea.
Although the differences can be interpreted as reflecting the internal spatio-
temporal variability of the Baltic Sea wave climate, the provided arguments are
mostly qualitative and quantitative estimates of this variability have quite a large
uncertainty. In essence, the reliability and associated potential for the use of visual
wave data for quantitative assessment of changes in the offshore wave properties
remain questionable. A reasonable way forward seems to be high-resolution
evaluation of changes in the properties of waves approaching the observation sites
from different directions. A reconstruction of the offshore wave characteristics may
be possible for certain directions similarly to the possibilities of reconstructing
marine wind fields from coastal stations (Keevallik, 2003b).

It is commonly accepted that changes in certain properties of the wind fields,
such as the duration of winds from different directions or changes in wind patterns
related to the shifts of the trajectories of cyclones (Alexandersson et al., 1998;
Suursaar et al., 2006), play an important role in the formation of long-term
variations in the Baltic Sea wave fields. Importantly, changes in long-term wave
statistics can also be used to identify potential changes in the “climate” of forcing
factors. Although historical visual observations have low temporal resolution and
questionable quality of single recordings, the discussion above has demonstrated
that the overall (at least qualitative) variations in the main wave parameters have
high potential to reveal such changes in the offshore. Even if it is not always
possible to reconstruct the open sea wave properties from the results of nearshore
observations, changes in wave generation conditions can eventually be recognized
from these data.

Last but not least, in the changing climate conditions one of the key questions
would be the possible economic consequences. This analysis is still missing due to
limited knowledge about the impact of different hydrometeorological drivers and
large uncertainties in the methods of evaluation of the cost of various scenarios.
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Abstract

This thesis makes an attempt to reconstruct the basic features of the nearshore
wave climate of the eastern Baltic Sea and the Gulf of Finland from historical
visual observations at eight coastal measurement sites in 1954-2011. The goal was
to identify and quantify the core changes and trends in the main properties of
waves, to identify spatial variability of the wave climate in this region, especially
concerning the wave height, and to establish the magnitude of decadal variability in
the wave properties in the eastern Baltic Sea.

While the accuracy of single observations is not particularly high, statistical
distributions of various wave properties (wave height, period, approach direction)
reasonably match similar distributions obtained using instrumental measurements
and numerical simulations. The average properties of the wave fields extracted
from visual observations are consistent with the existing knowledge. The typical
long-term average significant wave height in the nearshore is 0.7-0.8 m. The wave
regime is highly intermittent. The majority of wave periods are in the range of 2—
4 s in the nearshore and 3—6 s offshore. The highest waves once in about 50 years
may reach 6 m (periods 11-12 s) near Vilsandi, 5 m (periods 9-10 s) near Pakri
and 4 m (periods 7-8 s) near Narva-Joesuu. The distribution of wave approach
directions has a two-peak appearance. The seasonal course of the wave heights
matches the similar course of wind speed, with May usually the calmest month and
November the month with the highest waves.

Interannual variations in the mean wave height were coherent along the entire
eastern Baltic Sea coast from the mid-1950s until the end of the 1980s. Later on the
years with a relatively large mean height in the Baltic Proper correspond to
comparatively low wave intensity in the eastern Gulf of Finland. Visual
observations suggest that wave activity decreased in the 1950s and 1960s and was
at its lowest at the end of the 1980s. The phase of relatively high wave activity in
the northern Baltic Proper in the 1990s was accompanied by very low annual mean
wave heights at the south-eastern coast of the Baltic Sea. The described changes
were probably caused by changes in the wind direction and possibly by a clustering
of low pressure systems in the Sea of Bothnia in the 1990s.

No long-term trend in the annual mean wave height is evident in the eastern
Baltic Proper. Wave heights have gradually decreased in the south-eastern Gulf of
Finland since the 1960s. A major rotation of the predominant wave approach
direction by about 90° since the end of the 1970s has been identified in this region.
There is no evident correlation between the commonly used wave characteristics
(such as the annual mean wave height or the annual mean energy) and the length of
the ice season. A reasonable measure of the impact of ice cover on waves is the
annual integral wave energy flux
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Resiimee

Eesti kui mereriigi privileeg on vdimalus kasutada meie rannikuvoondit nii majan-
dustegevuseks (sadamate rajamine, kaubavedu, puhkealad) kui ka unikaalsete
looduskoosluste sdilitamiseks. Samas on rannikud tormide ja korge veeseisuga
esineva lainetuse tottu tugeva loodusliku surve all. Lddnemere lainetus on tundlik
isegi viikeste véliste tingimuste muutuste suhtes. Erinevalt avaookeanist voib tuule
suuna muutumine pohjustada lainekdrguse margatavat kasvu. Ebatavalisest suunast
saabuvad lained voivad kahjustada randu ja insener-tehnilisi rajatisi.

Viitekirjas on rekonstrueeritud rannaldhedase lainetuse peamised omadused
(teisisOnu, lainekliima peamised parameetrid) ning nende ajalis-ruumilise muutlik-
kuse pohijooned Ladnemere idaosas ja Soome lahes visuaalsete lainevaatluste
andmestike alusel. Kasutatakse vaatlusi kaheksast kohast. Detailselt on analiiiisitud
kolme andmestikku Eestist ja iiht Leedust 1954-2009. On néidatud, et lainetuse
parameetrid (nt aasta keskmine lainekdrgus) on konesoleva mereala iiksikutes
osades viimastel aastakiimnetel drastiliselt muutunud.

On nédidatud, et kuigi iiksikute lainevaatluste tipsus ja usaldusvédédrsus on
tagasihoidlikud, on lainete peamiste omaduste (keskmine lainekdrgus, tiitipiline
periood, levikusuund) rekonstrueeritud keskmised vdi tiiiipilised véirtused ning
nende empiirilised jaotused heas kooskdlas nende suuruste modelleeritud ja
instrumentaalselt mdodetud véartustega. Keskmine lainekorgus Ladnemere idaosa
rannaldhedases meres on 0,7-0,8 m. Lainete tiilipilised perioodid rannaldihedases
meres (2—4 s) on liihemad kui avamerel (3—6 s). Lained saabuvad valdavalt kahest
kindlast suunast. Lainekdrguse sesoonne kdik jirgib tuule sesoonset muutumist:
mais on lainekorgus tavaliselt viikseim ja novembris suurim.

Aastane lainekorgus muutus koigis Liddnemere idaranniku vaatluspunktides
samas riitmis alates 1950ndatest kuni 1980ndate 16puni. Alates 1990ndatest on
Narva-Joesuus keskmine lainekdrgus suurim aastail, mil see on madal Ladnemere
avaosas ja vastupidi. Lainekorgus kahanes kogu Ladnemere idaosas 1950ndatel ja
1960ndatel ning oli eriti tagasihoidlik 1980ndate 16pul. Aastail, mil Li&nemere
avaosa pohjapoolses sektoris oli lainekorgus ebatavaliselt suur (1990ndatel), oli
lainekorgus mere kaguosas tavapéirasest mérksa madalam. Selle néhtuse tdendoline
pohjus on tsiiklonite trajektooride koondumine Botnia merele. Lainekdrguste
muutustes ei tuvastatud {ihtegi statistiliselt usaldusviirset pikaajalist (iile 30 a)
trendi. Vaid Soome lahe edelaosas, Narva-Joesuus, ilmnes tuntav lainekdrguse
kahanemine. Selles piirkonnas identifitseeriti ka lainete leviku valdava suuna
pO6rdumine ligi 90° vorra. Toéos identifitseeritud suhteliselt pikaajalised ja
tsiiklilised muutused lainekdrguses ja laineleviku suunas vodivad olla pohjuseks,
miks paljud Eesti rannad on ldhiminevikus tugevasti kahjustatud.

Naéidati, et korrelatsioon jadperioodi pikkuse ja lainetuse mitmesuguste para-
meetrite vahel avaldub erinevates vaatluskohtades véga erinevalt. Klassikalistest
lainetust iseloomustavatest suurustest on tugevaim korrelatsioon jédperioodi
pikkuse ja jadvabal ajal aset leidnud summaarse laineenergia voo vahel.
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Abstract. Wave conditions, their seasonal cycle and long-term variations in the northern part of the
Baltic Sea Proper are studied, based on visual wave observations at the Vilsandi Island near the
coast of Saaremaa in 1954-2005. Typical wave periods are from 2 to 4 s. The monthly mean wave
height follows the seasonal variation in wind speed and varies from about 0.4 m in April-July to
almost 0.8 m in January. The annual mean wave height shows a quasiperiodic behaviour. The wave
activity varied insignificantly in the 1960s and 1970s, considerably increased in the 1980s, was the
highest just before the turn of the century and is decreasing starting from about 1998.

Key words: wind waves, Baltic Sea, wave climate, visual wave data.

1. INTRODUCTION

Several cases of extremely rough wave conditions at the turn of the
millennium ['] and two ferocious winter storms in 2004/2005 [**] have
reinforced the discussion about whether the wave conditions in the Baltic Sea
have become more rough compared to the situation a few decades ago. On the
one hand, it is argued in [*] that the apparently increasing storminess in the Baltic
Sea has already caused extensive erosion of depositional coasts. On the other
hand, possible changes in the wave climate [*°] have been found marginal, at
least until the mid-1990s.

These discussions presume a thorough knowledge of the typical wave
conditions. The information about the wave climate of the Baltic Sea, however, is
relatively fragmentary. This feature can be partially explained by the fact that
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both numerical and experimental studies of wave conditions in the Baltic Sea
area are very complex tasks. This water body is characterized by a relatively
small size, extremely complex geometry, highly varying wind field, extremely
rough wave conditions at times, extensive archipelago areas with specific wave
propagation properties, and the ice cover during a large part of the year. The
global wave data set KNMI/ERA-40 Wave Atlas ['] (based on an atmospheric
reanalysis data set covering the period from September 1957 to August 2002 by
the European Centre for Medium Range Weather Forecasts) reveals a reliable
wave climatology for open ocean conditions. However, the basic wave para-
meters (such as the 6-hourly significant wave height, the mean zero-upcrossing
wave period and the mean wave direction) are presented as an average of a
1.5 x 1.5° area. This resolution is too sparse for the Baltic Sea conditions.

Contemporary wave recorders have been used in the northern Baltic Sea
during a few decades ["*]. High-quality wave data sets exist for the sea areas
around Finland since the 1970s ["*'*]. The wave climate of these areas is fairly
well investigated. Regular wave measurements in the central area of the northern
Baltic Proper (Fig. 1) were launched in September 1996 [']. These data are
particularly important for understanding the Baltic Sea wave climate; however,
this time series is much shorter than 30 years, the interval recommended by the
World Meteorological Organization for determining the climatological values of
the environmental data ['*].

i sghdi

Wav"eride\rrl'
northern
Baltic Proper

-
J

Fig. 1. Location of the observation site at Vilsandi and the wave measurement sites (marked by ®),
data from which is analysed in ["'].
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Several semi-autonomous wave measurement devices were deployed in the
shallow areas of the northern Baltic Sea about three decades ago ["]. A data set,
recorded in 1978-2003 near the lighthouse of Almagrundet (the western sector of
the northern Baltic Proper, 59°09” N, 19°08” E, Fig. 1) has been recently analysed
in['°]. The data from the years 1978-1993 were found most reliable. Later
recordings at the turn of the century showed quite an irregular behaviour of wave
properties and were only partially analysed. This time period is also too short for
the reliable description of the local wave climate. Also, the observation site is
sheltered from a part of dominating winds. Hardly any instrumentally measured
wave data is available from the coastal areas of Estonia, Latvia and Lithuania,
except for sporadic measurements made with pressure-based sensors ['"'*]. As a
result, older sources such as ['*?] are at times still in use in estimates of wave
conditions in the eastern part of the Baltic Sea.

Since the waves from the rest of the World Ocean practically do not affect the
Baltic Sea waves, the wave properties here can be described with the use of local
models. The existing numerical wave studies in the Baltic Sea basin have been
recently discussed in ['*'"]. The central conclusion is that the spatial distribution
of the wave activity reflects the anisotropy of the wind regime in the Baltic
Proper [*'*?]. Statistically, the regions of the largest wave activity are found
along the eastern coasts of the Baltic Proper [*2*]. A number of studies has been
performed for limited areas of the Baltic Sea [*7]. Yet an adequate long-term
simulation of the Baltic Sea wave fields is still missing. For that reason, historical
sources of wave information are highly valuable for this area.

A reasonable source of the open sea wave information form visual observa-
tions from the ships [**]. Such data have been used for description of wave fields
also in the Baltic Sea [*°]. Even the wave climate changes, estimated from the
data observed from merchant ships, are consistent with those obtained from the
instrumental records [***°]. Only wave periods were somewhat underestimated by
the observers.

Visual observations from the coast have been frequently interpreted as repre-
senting only wave properties in the immediate vicinity of the observation point.
For example, visual data from Tallinn Harbour were found to represent wave
properties only in the near-coastal regions and inadequate for describing open-sea
wave fields [°']. Such data always contain an element of subjectivity, are not
necessarily homogeneous in time, usually have a poor spatial and temporal
resolution, inadequately reflect waves for several wind directions, reflect waves
only during a short observation interval a few times a day, may give a distorted
impression of extreme wave conditions because of wave breaking and reflection
in shallow water, have many gaps caused either by inappropriate weather condi-
tions or by the presence of ice, etc.

Yet the visual wave data are one of the few sources for detecting the wave
climate and its long-term changes. Their basic advantage is the large temporal
coverage. For example, records of hydrometeorological parameters at Tallinn
Harbour started in 1805 and optionally contained visually estimated wave
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parameters (R. Vahter, personal communication 2003). In the second half of the
20th century, visual wave observations with the use of a unified procedure
(partially with the help of some technical means) were performed in many
locations of the eastern coast of the Baltic Sea.

In this paper, an attempt is made to estimate certain basic features of the wave
climate and their long-term changes in the eastern sector of the northern Baltic
Proper, based on visual wave observations from the coast. The data from the
Vilsandi Island, located at the western periphery of the West-Estonian
Archipelago are used in the analysis. The data are interpreted as regular samples
of wave conditions that apparently reflect the basic properties of the wave
climate. We start from the description of the measurement site and the procedure
of quantifying the sea state. The quality of the data, the average wave properties
at the site, the appearance of the distribution of wave heights and the joint
distribution of wave heights and periods are discussed next. Finally we analyse
the seasonal and long-term variation of wave heights, based on daily mean wave
conditions. The results largely represent type A statistics in terms of the
classification of [']. Except for using all available observations at each day for
the estimate of the daily mean wave height, no corrections have been made to
compensate for missing values, for the uneven distribution of data, or for ice
cover.

2. OBSERVATION SITE, PROCEDURE AND DATA

Regular visual wave observations have been performed at several coastal sites
of Estonia during the second half of the 20th century (see www.emhi.ee). The
majority of the sites are located either at the coasts of semi-enclosed basins of the
Baltic Sea or are open to a few directions. An observation site, apparently well
reflecting the open sea wave conditions, is located westwards from Saaremaa at
the western coast of the Vilsandi Island (58°22°59” N, 21°48°55” E, Fig. 1). This
island is also named Felsland on older maps after a limestone cliff along its
western coast. Meteorological observations have a long tradition on this island.
The first data exist from September 1865 but apparently observations have been
performed also earlier.

The meteorological data from this site well reflect the open-sea wind
properties [**]. They are frequently used in simulations of waves, water level, or
circulation patterns [>??]. This feature suggests that the observed wave properties
also more or less adequately reflect the offshore sea state for most of the wind
directions. The wave conditions at this site do not represent offshore wave fields
for easterly winds; however, the frequency and strength of such winds is
relatively low in this area [**].

Systematic wave observations at Vilsandi have been performed starting from
1954 [*]. The properties of waves, approaching from the western and partially
from the northern directions (SW-NNE), are observed from a coastal site located
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about 1.5 m above the mean water level. For waves approaching from more
southern directions, another observation point, located at a light pier, was used.
Although waves, observable from the pier, are more affected by the coastline,
small islands and shallow areas nearby, this site is more representative for waves,
approaching from south and southeast. The seabed in the vicinity of both sites is
gently sloping. The 4 m isobath is located at about 200 m from the coast-
line [****]. Therefore the sea area, in which the waves were observed, apparently
had a maximum depth of 3-4 m. Wave observations were only performed in
daylight. The initial observation times (7:00, 13:00 and 19:00 Moscow time, or
GMT +3 hours [*°]) were later shifted to 6:00, 12:00 and 18:00 GMT according
to the WMO guidelines ["*]. This shift obviously has no large influence on the
estimates of the wave climate.

The interval between subsequent observations at Vilsandi is often (in
particular, in autumn and winter, when only one observation per day is available)
much longer than the typical saturation time of rough seas (about 8 hours [*]) in
the northern Baltic Proper. The duration of a wave storm seldom exceeds 10
hours (see also ['%]). Therefore even the strongest storms, if they were not long
enough, or occurred during a night, or were accompanied by low visibility, are
not necessarily represented in the data set. Consequently, the observations cannot
be used for a reconstruction of the time series of the sea state. Instead, they are
interpreted as a set of regular samples reflecting the sea state. Since the number
of observations is quite large, the data apparently reflect the basic features of the
wave climate at the site.

The number of observed parameters varied greatly in different years. In the
first years of observations 1) the type of the sea state, 2) the general appearance
of the wave field, 3)the wave direction, 4)the intensity of waves, 5)the
maximum and 6) mean wave height, 7) wave steepness, 8) length and 9) period
were recorded [*°]. The type of the sea state is reflected in terms of 9 categories
whether windseas or swell, or their combination dominates. The general
appearance of the wave field was described in a scale of 10 qualitative units
ranging from calm seas to extremely rough wave conditions. The wave direction
was defined (with a resolution of 45°) as the direction from which the waves
approached. For a combination of windseas and swell, or for cross seas, the wave
parameters were given for the dominating component. If several wave systems
had a comparable intensity, the preference was given to waves, propagation
direction of which matched the local wind direction. The intensity of waves was
characterized in 9 qualitative units ranging from calm seas to exceptionally rough
seas. Not all the parameters are independent, and in the course of time the
number of recorded properties was reduced. For example, the wave steepness
was only observed during a short time and was occasionally replaced by
observations of the appearance of the wave field, and the type of sea state has
been recorded until 30 July 1961. The basic measurable parameters such as the
wave height, direction, period and length have the largest temporal coverage.
Although the qualitative characteristics of the sea state apparently cannot be
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linked with contemporary wave data, they were at times helpful in estimates of
the data consistency.

The analysis below is mostly performed for wave heights and to a certain
extent for wave periods. The observational procedure resembles the classical
zero-crossing method [*’]. The observer noted the five highest waves during a
S-minute time interval with an accuracy of 0.25 m for wave heights less than
1.5 m, 0.5 m for wave heights from 1.5 to 4 m, and 1 m for even higher waves.
The highest single wave H_, and the mean height H of these 5 waves were
filed.

The most widely used measure of wave heights today, the significant wave
height H_, has been originally defined as the average height H,,, of the 1/3 of
the highest waves during a certain time interval. In contemporary wave measure-
ment devices and in numerical wave models it is estimated as H, = 4\/"70 , where
m, is the zero-order moment of the spectrum, or, equivalently, the total variance
of the water surface displacement [**]. Typical periods of wind waves in the
northern Baltic Proper are from 3 to 4 s ['°]. Consequently, the mean wave height
observed at Vilsandi is formally equivalent to the average height H, s, —H,, of
2.5-3% of the highest waves during the observation interval. Since the number of
observed waves was quite small, the mean height usually insignificantly differed
from the maximum wave height. The average ratio of H/H,, at Vilsandi is
0.94, thus the two measures are fairly close to each other. The experience with
the visual observations, however, proves that the observer’s estimate of the wave
height represents rather well the significant wave height [***°]. For that reason we
shall interpret the mean wave height, observed at Vilsandi, as an estimate of the
significant wave height.

The wave period (or length) was determined as an arithmetic mean from three
consecutive observations of passing time (total length) of 10 waves each time.
These waves were not necessarily the highest ones. The result could be formally
interpreted as an estimate of the mean wave period. The experience with visual
observations, however, suggests that the visually observed wave period is only a
few tenths of seconds shorter than the peak period [*°]. For that reason, we shall
interpret the visually observed wave period as an estimate of the peak period.

The properties of waves in the observation area are affected by a number of
shallow-water effects such as shoaling, refraction, the wave energy loss due to
bottom friction and partial breaking, and partial reflection of wave energy from
the underwater slope, among others. Since the water depth at the location, where
the wave properties were determined, was less than 4 m, waves higher than 4 m
evidently were in the breaking stage. Since the fraction of 4 m and higher waves
is less than 0.4% in this area ['®], errors in their observation insignificantly affect
the overall wave statistics. Although the joint influence of the listed effects may
considerably change the heights of the observed waves, in most cases it does not
change the dominating wave period. Also, their joint effect apparently does not
substantially affect the magnitude of the relative variations of the seasonal and
long-term wave properties.

X
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3. DATA PREPROCESSING

The data was recently digitized from the original observation diaries for the
years 1954-2005 [**]. All obviously erroneous, ambiguously written or
inconsistent entries (for example, the maximum wave height 5 m and the mean
wave height 0.5 m, the sea state nearly calm) were omitted. There are many
records of the wave height less than 0.25 m in older diaries. They have been
digitized as 0.25 m, because completely calm seas are infrequent in this area ['°].

As mentioned above, the number of observed wave parameters decreases in
the course of time. Only the wave height has been observed during all the years.
Both the maximum and mean wave heights are present in the diaries until 1993.
Further on mostly only one measure is present although the two entries appear a
few times afterwards until 23 April 1998. The wave period has been recorded
until 30 April 1994 and the wave direction until 23 April 1998.

The total number of sensible observations, reflecting at least one parameter of
the wave field, is 32 449 (Table 1). The majority of observations has been made
at noon. Morning and evening observations are more fragmentary. They are
absent during the late autumn and winter eventually because of the darkness. At
least one sensible observation exists on 15 038 days, that is, on 79% from the
total number (18 993) of days. The data coverage in different years and seasons
varies greatly (Fig. 2). The gaps from January to March (Figs. 2, 3) apparently
are connected with the presence of sea ice. The largest gaps during other seasons
are in July—September 1991 (when the meteorological station was closed), and in
August-November 1997 (Fig. 3). There are a few other shorter time intervals,
which do not contain wave data. During the first years of measurements the data
set contains a few unrealistically high waves. In many cases these entries
correspond to very rough seas. The method used for correction of such entries is
described below.

Table 1. Parameters of wave observations and properties at Vilsandi

Total Days | Morning | Noon | Evening
covered

Sensible entries of wave data (maximum 32 449 15 038 10 893 14 484 7072
or mean) in the diaries in 1954-2005

(18 993 days)

Inconsistent data 707 206 351 150
Consistent maximum wave height entries 31 742 14 775 10 687 14133 6922
Consistent mean wave height entries 27203 12 256 9261 11856 6 086
Sensible wave period entries in 1954— 28016 12553 9495 12 266 6255
1994 (14 975 days)

Zero wave period 13 550 4812 5495 3243
Records represented in Fig. 4 14 466 7719 4683 6771 3012
Corrected observations of Hy,, > 4.5 m 51 12 31 8
Corrected observations of H>4 m 34 11 18 5
Average maximum wave height, m 0.56 0.65 0.48
Average mean wave height, m 0.49 0.57 0.42

54



o
o
o
o

®
o
®
o

[0}
o
[0}
o

IN
o
IN
o

IN]
=]
IN]
=]

Days with sensible observations, %
Days with sensible observations, %

0
1960 1970 1980 1990 2000 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Year Month

Fig. 2. Percentage of days with at least one sensible wave observation at Vilsandi: (a) in years
1954-2005, (b) in different months.

Jan
Feb []
Mar ]
Apr
May
Jun
Jul
Aug
Sep
QOct
Nov
Dec

1965 1960 1965 1970 1975 1980 1985 1990 199% 2000 2005

Fig. 3. Temporal distribution of days containing at least one sensible wave observation. The 100%
coverage is indicated in white and low coverage corresponds to dark grey.

There are in total 10 838 (10 661) cases (33.4%) when the maximum (mean)
wave height is zero. In 9399 cases they both are zero. The majority of such cases
apparently correspond to calm seas. However, in some cases the diary reflects a
zero wave height but its other entries suggest that the wave height was
appreciable. The consistency of such records can be estimated until 30 June 1961
by a comparison with the record of the sea state and later on optionally with the
use of another qualitative estimate of wave intensity. The sea state, corres-
ponding to code 0, is perfectly calm and code 1 means very low waves. Code 2
corresponds to the start of breaking of relatively small waves. It is intuitively
clear that the wave height under 0.25m (which could have been filed as
H ... =H =0 according to the resolution used) may only correspond to codes 0,
1 or 2. The same is true for the wave intensity that is recorded according to the
9-stage scale (see above). Therefore, in the cases when any qualitative measure
of the sea state exceeds 2, the wave height cannot be zero. All such entries
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(Table 1) have been omitted from further analysis. The resulting data set consists
of 31742 (27203) measurements of the maximum (mean) wave height on
14 775 (12 256) days. In nearly all the remaining cases (27 188) the record of the
mean wave height was accompanied by the record of the maximum wave height.

For observations where both the mean and maximum wave height were filed,
the mean wave height is used below. Since the average ratio of these
characteristics is about 0.94, the possible distortion of the wave properties, owing
to the potential inhomogeneity of the time series, is fairly minor.

4. OCCURRENCE OF DIFFERENT SEA STATES

The joint distribution of the occurrence of wave heights and mean periods at
Vilsandi (Fig. 4) represents all sensible wave observations with non-zero wave
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Fig. 4. Joint distribution of observed wave heights A and periods 7 at Vilsandi in 1954-1994.
The wave height step is 0.25 m. The range of periods is shown on the horizontal axis, for example,
Ismeans 0.5<T <1.5s,2smeans 1.5<7 <2.5 s etc. Isolines for 1, 3, 10 (dashed lines), 33,
100, 330 and 1000 (solid lines) observed cases are plotted. The bold grey line shows the height of
the saturated wave field with the Pierson-Moskowitz spectrum for the given peak period.
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period. Since observations of the wave period were made in 1954-1994, the
distribution does not reflect the wave properties during the last decade. The total
number of records containing sensible wave period is 28 016 on 12 553 days
from the total of 14 975 days in 1954-1994. The wave period was zero in 13 550
records. Figure 4 thus represents 14 466 observations on 7719 days. Since there
are usually more observations on a day during the relatively calm spring and
summer seasons than during the relatively windy autumn season (see below), this
distribution may have a certain bias towards overestimation of the frequency of
mild wave conditions. This bias, however, is very small in Fig. 4 that uses the
logarithmically increasing values of the isolines.

This distribution has the shape, typical for the Baltic Sea wave fields ["'°].
The most frequent wave periods are 2—4 s (20-27% of the observations, Fig. Sa),
with the largest number of waves with a period of 3 s. The periods from 2 to 3 s
usually correspond to wave heights well below 1 m whereas waves with periods
of 4 s have a typical height of about 1 m. Wave periods about 5 and 6 s also
occur with an appreciable frequency (14 and 8%, respectively) and usually
correspond to wave heights of about 1.5-2 m. Wave fields with periods about 7 s
occur with a frequency of about 3%. The corresponding wave heights usually are
close to 2.5 m. Wave periods over 8 s are seldom and occur with a probability of
about 1%.

Wave data, recorded in the northern Baltic Proper ['], at Almagrundet ['*] and
in the Gulf of Finland ['*], contain a certain amount of swell-dominated wave
fields with (peak or mean) periods over 10s. A wave period close to 10 s has
been observed only once and larger periods never at Vilsandi. This feature
eventually reflects specific features of visual observations. They tend to over-
estimate the proportion of windseas [*'] and systematically underestimate the
peak periods by a few tenths of seconds [**°]. The Almagrundet data indicate
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Fig. 5. Distribution of the occurrence of different wave periods (a) and daily mean wave heights (b)
at Vilsandi. Notice that panel (a) reflects wave conditions only with non-zero periods, that is, the
calm seas are excluded, whereas panel (b) reflects also observed calm conditions. The solid line in
panel (b) reflects the corresponding Rayleigh distribution.
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that long waves with periods over 10s usually correspond to low swell
conditions when the wave height is well below 1 m. Such waves are not easy to
detect from the coast.

Figure 4 suggests that the wave heights in very rough seas (in particular,
unrealistically high waves with the height over 4 m) are probably overestimated or
reflect groups of large breaking waves. They may also represent a superposition of
the incoming and reflected waves, or some specific cross-seas conditions. It is
improbable that such combinations of wave heights and periods may occur at the
open sea because typical periods in the wave conditions in question range from 5 to
9 s and mostly are from 6 to 8 s. They are much smaller than typical wave periods
in extremely rough seas in the Baltic Proper ["'].

The maximum (mean) wave height was reported to exceed 4.5 m (4 m)
several times. There are 26, 9, 6 and 8 observations of wave heights over 4 m in
1954-1957, respectively. The diaries report 8 m high single waves in 5 observa-
tions on 17 and 28 September 1954 and on 15-16 October 1955. A wave height
of 6.5 m is reported on 9 January 1954 and a 6 m high wave on 31 August 1956.
Starting from 1958, the observed maximum (mean) wave height never exceeded
5 m (4 m). Five metres high single waves are once reported in 1997 and once in
2000. Since all the described observations were made in quite strong wind
conditions and the maximum and mean wave heights were in a reasonable
balance, they eventually correspond to a certain overestimation of wave para-
meters in relatively rough seas in the early years of the observations.

As a first approximation, the observations of over 4.5 m high single waves
(51 observations) were corrected to physically reasonable 4.5 m, and observa-
tions of over 4 m high mean wave heights (34 observations) to 4 m. The
difference of the mean and maximum wave heights was kept 0.5 m in such cases
in order to match the average ratio of 0.94 of these measures. The listed values
also roughly match the relevant wave periods in other cases of very rough seas
(Fig. 4). The number of corrected entries is about 0.1% from the total number of
sensible observations (Table 1). The potential errors of the average wave
properties are small; for example, the overall average of maximum wave heights
decreases less than 0.2% after the correction. Further analysis has been per-
formed with the use of the corrected wave heights.

5. DISTRIBUTIONS OF WAVE HEIGHTS AND PERIODS

The average wave height at different observation times varies significantly
(Table 1). This variation obviously has its origin in the seasonal course of the wave
conditions. Statistically, rough seas occur more often in late autumn and winter
when only the noon observation can be made in daylight. Therefore the straight-
forward use of the set of the observations would result in a certain bias of the mean
wave properties. For that reason, further analysis relies on the daily average wave
height, calculated as an arithmetic mean of sensible observations of each day.
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The average wave height at Vilsandi, calculated from daily mean wave
heights, is 0.575 m. This is clearly smaller than the mean significant wave height
at Almagrundet (0.876 m in 1978—1995 and 1.04 m in 1993-2003 ['®]). The wave
height median is 0.3 m that is also much smaller than at Almagrundet.

A large part of these differences is apparently caused by the specific location
of the observation site. A very rough estimate of the open sea wave climate,
based on the Vilsandi data, can be made using the wave statistics from the open
part of the Baltic Proper. The fraction of calm situations (wave height less than
0.25 m) is about 5-7% in the northern Baltic Proper ['] but it is much higher in
the Vilsandi data. The excess proportion of calm days evidently is largely due to
the absence of observable waves in many cases of easterly winds. Removing a
fraction of calm days from the Vilsandi data set is therefore roughly equivalent to
ignoring such wind conditions. If the number of calm records is reduced to 6%
from the total number of non-zero wave conditions, the average wave height at
Vilsandi would be 0.74 m and the wave height median close to 0.5 m. These
estimates match much better wave conditions at Almagrundet. Note that such an
ignoring of a part of calm conditions (equivalently, waves created by easterly
winds) insignificantly affects the distribution of relatively rough wave conditions,
because easterly winds usually are weak in this area [**]. The relevant correction
coefficient for the above estimates of the long-term properties of wave fields is
about 1.28.

The probability distribution of the occurrence of different wave heights
(Fig. 5b) resembles analogous distributions of wave heights in semi-sheltered
bays of the Baltic Sea ['"]. It is largely different from the analogous distribution
at Almagrundet that resembles the Rayleigh distribution [']. The probability of
the occurrence of the wave height H >4 m is about 0.2% that well matches the
analogous probability for H,,;>4m (about 0.42%) at Almagrundet in 1978—
2003. Yet these estimates are not directly comparable, because a part of
observations of over 4 m high waves from the first years of wave observations at
Vilsandi may be overestimated and extremely rough wave conditions that occur
during a short time in the Baltic Proper may be undersampled in the Vilsandi
data.

6. SEASONAL VARIATIONS AND LONG-TERM TRENDS
OF WAVE HEIGHTS

The observed wave conditions exhibit a strong seasonal variability at Vilsandi
(Fig. 6a). The monthly mean wave height varies from about 0.4 m during the
summer to about 0.8 m in the winter. The highest wave activity occurs in January
but from October to December a comparable wave activity is observed. The
calmest months are the spring and summer months from March to August, with a
well-defined minimum in May. Such an annual variation mostly matches the
annual variation of the wind speed in the northern Baltic Proper [*']. It also
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Fig. 6. (a) Seasonal variation of the monthly mean wave height at Vilsandi; (b) annual mean wave
height at Vilsandi in 1954-2005.

resembles the similar cycle of water level at this site [*’]. The two cycles are only
shifted by 1-2 months with respect to each other. The seasonal variation of the
wave height at Vilsandi is somewhat less pronounced than at Almagrundet,
where the mean wave heights at the most rough and at the calmest months differ
from 2.2 to 2.6 times ['°]. This difference may reflect different measurement
procedures but most probably it reflects the above-discussed absence of waves,
excited by eastern winds at Vilsandi.

The total coverage of the measurements is 52 years. This time interval is long
enough to extract long-term features of the changes in the overall wave activity.
Figure 6b presents the annual mean wave height, calculated from the daily mean
heights. The wave heights in the first four years of observations (1954-1957)
may be overestimated, because most of the unrealistically high waves were
observed during these years. However, the qualitative behaviour of the mean
wave height in 1954-1957 apparently reflects a decrease of the wave activity
during these years.

The most important conclusion from Fig. 6b is that no simple trend exists in
the long-term variation of the annual mean wave height at Vilsandi. The formal
trend is indistinct, about 0.1% per annum. The correlation coefficient between the
linear trend and the mean wave height is fairly small (R* = 0.0063). Instead, a
quasiperiodic variation of the overall wave activity can be distinguished. The
interval between subsequent time periods of high or low wave activity is about
25 years. The wave heights are relatively large in 1965-1975 and at the end of
the 1990s. The latter maximum is much more pronounced than the former one.
The wave activity decreases fast starting from the end of the 1990s. The sea was
comparatively calm in the end of the 1950s and in the middle of the 1980s.

The Almagrundet data from the turn of the century were considered as doubt-
ful in ['°]. Tt was argued that the large variation of the wave heights in 1995-2003
did not match the analogous variation of the annual and monthly mean wind
speed at Utd, although the wind data from this small island in the northern Baltic
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Proper (Fig. 1) represents well the open-sea wind conditions ['*2]. Comparison of
Fig. 6b with Fig. 8 of ['*] shows that the Almagrundet data from 1995-2003 are
in good agreement with the Vilsandi data. Consequently, both data sets probably
reflect the changing wave situation in these years.

A fast increase in the annual mean wave height at Vilsandi occurred in 1979—
1995. The increase rate is as high as 2.8% per annum, with a reasonably high
correlation coefficient R? =0.44. This trend follows the increase of the annual
mean wave height at Almagrundet as well as analogous trends for the southern
Baltic Sea, the North Sea and for the North Atlantic [******]. It also matches the
general tendency of the wind speed to increase over the northern Baltic Sea ['°].
Yet this trend existed only during 1.5-2 decades and has been replaced by a
decrease of the overall wave activity at the end of the century.

7. CONCLUSIONS AND DISCUSSION

The data set of visual wave observations at Vilsandi cannot be used as an
adequate approximation of the time series of the sea state because of their low
temporal resolution. Yet the performed analysis suggests that the data represent
well general features of the Baltic Sea wave fields, extracted from other data sets.
They apparently reflect the basic properties of the wave climate in this area such
as a relatively low overall wave activity, short wave periods, and a substantial
seasonal variation of the wave conditions that mostly match an analogous
variation of the monthly mean sea level.

The central and somewhat surprising outcome from the Vilsandi data is that
no clear trend of increasing wave activity can be identified in the northern Baltic
Proper. This conclusion is supported by the match of the long-term behaviour of
the annual mean wave height at Almagrundet and at Vilsandi. The wave activity
at both sites considerably increased in the 1980s, was the highest at the turn of
the century and is quickly decreasing starting from about 1998 ['°].

Both the temporal behaviour of the wave activity and the water level usually
reflect certain features of the wind impact. Somewhat counter-intuitively, the
long-term behaviour of the mean wave height does not match the behaviour of
the annual amplitude of the monthly mean sea level at the Finnish coast. This
amplitude drastically increased in the 1970s and 1980s, and decreased again at
the end of the century. Also, the short-term water level variability had a local
minimum in the 1960s, increased until the 1980s, and then decreased until the
end of the century [*].

The average wave height not necessarily exactly follows the temporal
behaviour of the mean wind speed. Yet it is intuitively clear that a larger wind
speed generally causes a greater wave activity. This feature eventually causes the
similarity of the seasonal cycles of the monthly mean wind speed and the wave
height. The match of the temporal behaviour of the Utd wind data and the wave
data from Almagrundet in 1979-1995 exists even in years, poorly covered by
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wave measurements. Quite surprisingly, the rapidly falling trend of the annual
average wave height both at Almagrundet and at Vilsandi after 1998 does not
match the relevant Utd wind data (see Figs. 8 and 9 in ['°]).

The mismatch of the changes of the wind and wave properties in the northern
Baltic Proper is a highly interesting feature and needs further investigation. It
was hypothesized in ['°] that secular changes in the dominating wind directions
may affect the trends of Almagrundet wave heights. The qualitative match of the
long-term variation of wave properties at the opposite coasts, however, suggests
that this is unlikely. Consequently, changes of certain other properties of the
wind fields such as the duration of winds from different directions or changes in
wind patterns related to the shifts of the trajectories of cyclones [***] may play an
important role in the forming of the long-term variations of the Baltic Sea wave
fields.
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Liinemere pohjaosa lainekliima hinnang Vilsandil
tehtud visuaalsete vaatluste alusel

Tarmo Soomere ja Inga Zaitseva

On analiiisitud Ladnemere avaosa pdhjapoolse sektori lainekliima pdhilisi
parameetreid ja lainekdrguse sesoonset ning pikaajalist muutlikkust Vilsandil
aastail 1954-2005 visuaalselt hinnatud lainetuse omaduste alusel. Lainete tiiii-
pilised perioodid on 2—4 s. Kuu keskmise lainekdrguse aastane varieerumine on
analoogiline tuulekiiruse varieerumisega. Kuu keskmine lainekdrgus on vaik-
seim, ligikaudu 0,4 m, aprillist juulini, kuid ulatub 0,8 meetrini jaanuaris. Aasta
keskmine lainekdrgus muutus suhteliselt vahe 1960. ja 1970. aastatel, kuid suu-
renes oluliselt 1980. aastatel, saavutas viimase poole sajandi maksimumi
1990. aastate teisel poolel ja on kiiresti kahanenud alates 1998. aastast.
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ABSTRACT | NN

ZAITSEVA-PARNASTE, I., SUURSAAR, U, KULLAS, T., LAPIMAA, S., and SOOMERE, T., 2009. Seasonal and long-
term variations of wave conditions in the northern Baltic Sea. Journal of Coastal Research, SI 56 (Proceedings of
the 10th International Coastal Symposium), 277 — 281. Lisbon, Portugal, ISSN 0749-0258

Although the Baltic Sea is a relatively small water body, it may host significant wave heights up to 9-10 m.
Several authors claim that the rough seas have already caused extensive erosion of depositional coasts of this
body of water. We make an attempt to merge historical visual observations and numerical hindcasts to reveal the
basic features of the wave properties. Wave conditions, their seasonal cycle, and inter-annual and long-term
variations in the northern part of the Baltic Sea are studied based on (i) visual observations along its eastern coast
at Vilsandi (1954-2005) and at Pakri (1954-1985), (ii) instrumentally measured wave properties at Almagrundet
(1978-2003) on the western coast, (iii) directional wave statistics from the northern Baltic Proper (1996-2002),
and (iv) wave hindcast near Saaremaa using a point model. The typical wave periods are 4-6 s and in coastal
areas 2—4 s. The monthly mean wave height follows the seasonal variation in wind speed with a maximum in
October—January. The observed annual mean wave height reveals nearly synchronous, substantial decadal-scale
variations in the entire region, and a rapid increase (1-2% annually) until the mid-1990s. The increasing trend
was replaced by a decrease of the mean wave height since 1997, although the mean wind speed continues to

increase over the area. The model qualitatively represents the long-term variations of the wave intensity.

ADDITIONAL INDEX WORDS: Wave climate, wave modeling, trends, climate change, Baltic Sea.

INTRODUCTION

Studies concerning properties of complex wave fields in
different sea areas and research towards the understanding of both
the status and changes of the wave climate undoubtedly form one
of the key elements of contemporary physical oceanography and
coastal science. This is not only because surface waves are a major
driver of processes in the surface layer, nearshore, and coastal
area, but also because the wave climate is one of the most
sensitive indicators of the changes in wind regime and local
climate in semi-enclosed sea areas.

The complexity of physics and dynamics of the Baltic Sea
extend far beyond the typical features of many other water bodies
of comparable size (WULFF et al., 2001; BACC, 2008). This water
body is characterized by extremely complex geometry, highly
varying wind fields, extremely rough wave conditions at times,
extensive archipelago areas with specific wave propagation
properties, and ice cover during a large part of each year. The
combination of a relatively small size and vulnerability of its
ecosystem makes this region particularly susceptible to climate
changes and shifts.

Numerous changes of the forcing conditions and of the reaction
of the water masses of the Baltic Sea have been reported during
the latter decades (BACC, 2008). There is evidence that the
increasing storminess in this region starting in the 1970s has
already caused extensive erosion of the depositional coasts
(ORVIKU et al., 2003). This trend, however, has been severely

questioned by many authors. The changes in the wave climate of
some parts of the region have been found to be marginal, at least,
until the mid-1990s (WASA Groupr, 1995; MIETUS and VON
STORCH, 1997). The intensity and duration of severe wavestorms
in the southern North Sea have decreased since about 1990-1995
(WEISSE and GUNTHER, 2007). This decrease is consistent with the
updated trends of storminess (ALEXANDERSSON et al., 2000).

Very rough seas measured twice in December 1999 (KAHMA et
al., 2003) reinforced the discussion as to whether the wave
conditions in the Baltic Sea have become rougher compared with
the situation from a few decades ago. One exceptional storm,
Gudrun (January 2005), highlighted inadequate awareness of
extreme wave properties (SOOMERE ef al., 2008) and of the height
and spatial extent of extreme water levels (SUURSAAR et al., 2006).

Recognition of the wave climate changes, and, in particular,
changes of extremes, presumes a thorough knowledge of the
typical and extreme wave conditions. The global wave data set
KNMI/ERA-40 Wave Atlas (1957-2002, STERL and CAIRES,
2005) allows the production of reliable wave climatology for open
ocean conditions based on 6-hourly means of wave properties over
an average of 1.5°x1.5° areas. This resolution is too coarse for the
Baltic Sea conditions.

We make an attempt to merge historical visual observations and
numerical hindcasts to reveal the seasonal, annual, and decadal
changes in the basic wave properties in the northern part of the
Baltic Sea. As contemporary wave measurements are relatively
scarce and short here, the reliable estimates of the wave climate
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Figure 1. Location scheme of the long-term wave measurement
and observation points, and points used for comparisons of
modeled and measured data in the Baltic Sea.

require a combination of different data sources with extensive
modeling resources. The analysis below is based on (i) visual
observations at Vilsandi in 1954-2005 (SOOMERE and ZAITSEVA,
2007) and at Pakri in 1954-1985, (ii) instrumental measurements
at Almagrundet (1978-2003) on the western coast of the Baltic
Proper (BROMAN et al., 2006), (iii) directional wave statistics from
the northern Baltic Proper in 1996-2002 (KAHMA et al., 2003),
and (iv) wave hindcast for the Vilsandi observation point using a
point model forced by high-quality marine winds (Figure 1).

METHODS AND DATA

The data from Almagrundet (1978-2003, 59°09' N, 19°08" E,
Figure 1, BROMAN et al., 2006) form the longest and one of the
most valuable instrumentally measured wave data sets in this
region. The measurement site is at a 14 m deep shoaling area
about 10 nautical miles south-east of Sandhamn in the Stockholm
archipelago. The fetch for winds from the SW, W, and NW is
quite limited at this site. The measurements were performed with
the use of upward-looking echo-sounders placed at a depth of
about 30 m. The position of the water surface was sampled over
640 seconds each hour. Single waves were identified based on the
zero-downcrossing method. An estimate of the significant wave
height Hg was found from the 10" highest wave in a record under
the assumption that wave heights are Rayleigh distributed. The set
of 95,458 measurements from 1978-1995 reliably describes the
wave properties. Later, 46,671 recordings taken from 1993-2003
have certain quality problems: the overall behavior of the wave
height follows the sea state, but the periods are not usable
(BROMAN et al., 2006), and they are not employed below.

A directional waverider has been operated by the Finnish
Institute of Marine Research in the northern Baltic Proper at a
depth of about 100 m (buoy 1 in Figure 1, 59°15'N, 21°00'E)
since September 1996 during the ice-free seasons (KAHMA et al.,
2003). This device, as well as contemporary spectral wave models,
estimate the significant wave height as the four-fold zero-order
moment of the wave spectrum (the total variance of the water
surface displacement, e.g. KOMEN et al., 1994). These data are the

most representative of the open Baltic Sea wave fields. However,
to date, this time series is not long enough for determining the
climatological values of wave properties.

A coastal site reasonably reflecting the open sea wave
conditions for the dominant wind directions in the northern Baltic
Proper is located at the Island of Vilsandi (58°22°59"'N,
21°48°55E, Figure 1) and is operated by the Estonian
Meteorological and Hydrological Institute. This site gives
inadequate data only for easterly winds which are relatively weak
and infrequent in this area. Wave observations were made starting
from 1954 up to three times a day, there. The observer noted the
five highest waves during a 5-minute time interval and recorded
the highest single wave and the mean height of these waves at
Vilsandi. Given the typical wave periods in the coastal zone 3-4 s
(BROMAN et al., 2006), the observed highest single wave height is
approximately equal to the average height of 2.5-3 % of the
highest waves. As the observers’ estimates represent the
significant wave height well (GULEV and HASSE, 1999), the
visually observed data are interpreted as estimates of the
significant wave height. The data represents the general features of
the Baltic Sea wave fields well: relatively low overall wave
activity, short wave periods, and substantial seasonal variation of
wave conditions (SOOMERE and ZAITSEVA, 2007; SOOMERE, 2008).

The wave period was found as an arithmetic mean of three
consecutive observations of the time for 10 waves to pass. Since
the visually observed wave periods are only a few tenths of
seconds shorter than the peak periods (GULEV and HASSE, 1999),
the results are interpreted as estimates of the peak period. At least
one sensible observation of the wave height has been made on
15,038 days (coverage 79 %). Most of the gaps occur from
January to March apparently owing to the presence of sea ice.

Another observation site where observed wave properties
reasonably represent the open sea conditions is at Pakri in the
western part of the Gulf of Finland (59°23°37"'N, 24°02°40"'E,
Figure 1). Pakri is the only wave observation site on the southern
coast of this gulf that is largely open to waves generated in the
Baltic Proper. The average depth of the area over which the waves
were observed was 8-11 meters. The procedure of wave
observations was identical to the one used at Vilsandi. Waves
were observed from a steep, >20 m high cliff, 24 m from the mean
sea level. Regular wave observations are available from 1954. The
recently digitized data set is discussed here for the first time.
Unfortunately, this data set covers only 32 years up to 1985. The
total number of records is 13,916. At least one sensible
observation exists on 9,170 days from a total of 11,657 days.

The calculation of wave parameters near the Harilaid Peninsula
was based on the fetch-limited equations of Sverdrup, Munk, and
Bretschneider (SMB-model, see e.g. SEYMOUR, 1977; HUTTULA,
1994). Also called the significant wave method, the model is
forced by wind speed data, effective fetch and water depth and it
calculates the significant wave height, wave period and
wavelength for the chosen location. The effective fetch is the
distance over which the wind blows. It can be calculated from the
wind direction as the headwind distance for the nearest shore
point. In shallow, nearshore areas with complex shoreline
geometry and bottom topography, long-term hindcast simulations
with more up-to-date wave models may be time-consuming and
complicated. In such conditions, fetch-limited point models may
offer a simple alternative (OZGER and SEN, 2007). Among other
tasks, we were interested in wave forcing conditions near the
geomorphically interesting accumulative Kelba Spit of the
Harilaid Peninsula (SUURSAAR et al., 2008).

The chosen location for hydrodynamic measurements and
modeling was 1-1.5 km off the coast. For meteorological forcing
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of the SMB wave model, we used wind data from the Vilsandi
meteorological station, which is the most open among the
Estonian stations and located just 7 km south of the Harilaid
(Figure 1). The data was available in digital form for the period
1966-2006. The wind has been measured with wind vanes from
1966-1976, with automatic anemorhumbometers from 1976 to
2003, and with MILOS-520 automatic weather complexes starting
from September 2003. The older data in the database has been
slightly corrected for homogeneity. The time interval was 3 hours
from January 1966 to August 2003. MILOS provides hourly
average wind speed and gust wind speed with the value step of 0.1
m/s, and hourly prevailing wind direction with a resolution of 1°.

For comparison and calibration of the SMB-model, an self-
contained oceanographic measuring complex RDCP-600
(Aanderaa Data Instruments) was deployed to the seabed at the
same location (58°28°N, 21°49°E) for which the wave calculations
were made. The mooring depth was about 14 m. The upward
looking instrument recorded from 20 December 2006 to 23 May
2007.

RESULTS

During the 5-month calibration period, the SMB model slightly
underestimated the measured waves. In order to achieve the best
fit of statistical parameters between the measured and modeled
data sets, the model output was slightly corrected using a fourth-
order polynomial, which produced both high correlation
coefficient (0.880), low RMSE (0.233) and nearly equal RDCP
average and maximum values (Figure 2). The same settings were
further used in the 1966-2006 wave hindcast, presented in this
study (Figure 3).

Although the Pakri observation site is sheltered from a part of
the dominant SW winds, wave properties at this site mostly match
the ones observed, measured or hindcast for the northern Baltic
Proper. The distribution of the occurrence of wave height and
mean periods at Pakri (Figure 4) reflects sensible wave
observations with non-zero wave periods. This distribution has a
shape typical for the Baltic Sea region (KAHMA et al., 2003). The
most frequent wave periods are 2-3 s. The total mean wave height
(calculated based on daily mean wave heights (SOOMERE and
ZAITSEVA, 2007)) over all 32 years is 0.59 m. The average mean
value of the recorded maximum wave heights is 0.61 m.

All the observed and hindcast data sets reproduce the basic
features of the northern Baltic Sea wave fields (SOOMERE, 2008)
such as (i) the overall mild wave regime in the basin, with the
overall mean wave height in the open sea approximately 1 m and
in the coastal areas 50-60 cm, (ii) a large proportion of wave
conditions with the significant wave heights around 0.5 m (Figure
3), and (iii) the most frequent peak periods 4-6 s in the open sea
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Figure 2. Measured (RDCP) and modeled significant wave
height for the period of 21 December 2006 — 10 January 2007.
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Figure 3. Frequency of occurrence of significant wave heights in
hindcast data in 1966—-2006.

and 24 s in the nearshore regions (Figure 4). All the listed values
are characteristic to relatively small or semi-sheltered basins and
are several times smaller than the similar values for the open
ocean.

A few (about 50 from total >32,000 recordings) recorded wave
heights over 4 m were interpreted as erroneous at Vilsandi. The
water depth in the observation area is about 4 m, but quite high
single wave crests may at times occur owing to different shallow-
water effects. Their properties may be filed by the observer
because of the short observation period, but they do not
adequately represent the open sea wave fields. Much higher
waves, however, may occur at Pakri. The data set contains 6 cases
when a maximum wave height of >5 m was recorded. These cases
evidently correspond to realistic wave conditions in rough seas.
The highest waves (6 m) were recorded in all available
observations (twice each day) on 6-7 August 1967 when a strong
NW storm excited extremely rough wave conditions and caused
extensive damage to the forests. Waves with height of 5 m were
recorded on 21 January 1964 and on 23 September 1969.

All data sets also reveal strong seasonal variability of the Baltic
Sea wave fields (Figure 5). The amplitude of the seasonal cycle is
quite large, for example, for the monthly mean wave heights it is
up to £40% from the annual mean value. The calmest months are
April-June and the largest wave intensity can be found from
October—January. The monthly mean wave height at Vilsandi
varies from 0.4 m during summer to 0.8 m in winter. The seasonal
cycle is also clearly visible in the most typical wave conditions,
dominant wave periods, and higher percentiles of observed,
measured, and hindcast wave heights. The seasonal cycle basically
follows the annual variation of the wind speed in the northern
Baltic Proper (MIETUS, 1998), which obviously mirrors the
analogous cycle in cyclone generation over the North Atlantic.

Although Pakri is sheltered from some of the waves excited by
the most frequent (SW) winds, the overall mean wave height at
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Figure 4. Frequency of occurrence of mean periods at Pakri.
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Figure 5. The monthly mean wave height at Vilsandi (white), at
Pakri (light grey) and at Harilaid (dark grey).

Pakri and its seasonal variation almost exactly coincide with those
at Vilsandi. This feature suggests that Pakri wave data also
adequately represents the wave conditions in the open sea.

The overall course of wave activity (Figure 6) reveals no clear,
long-term trend at Vilsandi and Pakri. Instead, a quasiperiodic
variation can be identified for all the data sets. The interval
between subsequent periods of high or low wave activity is about
25 years. The sea was comparatively calm at the end of the 1950s,
became slightly rougher in 1965-1975, and then calmer again at
the end of the 1970s. A rapid increase in the annual mean wave
height occurred from the mid-1980s to the mid-1990s. The
increase was well over 1% per annum depending on the particular
choice of the time interval and the site (Almagrundet 1979-92:
1.3%; 1979-95: 1.8% (BROMAN et al., 2006); Vilsandi 1979-95 as
high as 2.8 % per annum (SOOMERE and ZAITSEVA, 2007)). This
trend follows the analogous trends for the southern Baltic Sea and
for the North Atlantic (GULEV and HASSE, 1999; WEISSE and
GUNTHER, 2007). The overall increase of wave heights is
consistent with the increase of wind speed over the northern Baltic
Sea (BROMAN et al., 2006) that is frequently associated with the
increasing storminess occurring in the 20th century over most of
the North Atlantic and northern Europe (ALEXANDERSSON et al.,
2000).

This trend only existed for about 1.5 decades and was replaced
by a drastic decrease in the mean wave height since 1997. The
relevant data from Almagrundet was even estimated as doubtful
by BROMAN et al. (2006) because the annual mean wind speed in
the northern Baltic Proper continued to increase, as suggested by
data from the island of Ut (Figure 1). The match of the long-term
variation of wave properties at Almagrundet and Vilsandi suggests
that both data sets adequately reflect the changing wave situation.

Variations of the annual mean wave height at Pakri are the most
similar to those at Vilsandi (Figure 6). The largest difference is in
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Figure 6. The annual mean wave height at Vilsandi (squares) and
Pakri (circles, 1954-1985).

the data from first three years of visual observations (1954-1956)
during which apparently wave properties have been overestimated
at Vilsandi (SOOMERE and ZAITSEVA, 2007). There is an increase in
the mean wave height at Vilsandi and for a few years at Pakri and
Harilaid around the year 1960, and an overall slow decrease until
the the mid-1970s. The almost perfect match of short-term
variability (1-3 years) of the annual mean wave heights and a high
correlation coefficient (0.58) between these values in 1957-1985
at Vilsandi and Pakri once more confirms that the visual wave
observations reproduce the basic properties of wave fields and
their changes. Although the Pakri data exist only until 1985, still
the above discussion suggests that the drastic variations of wave
properties at Vilsandi reflect real changes in wave fields in the
Baltic Proper even if they are not reproduced by models.

Near the Harilaid Peninsula, the results on long-term variations
of averages (Figure 7) showed quasi-periodic 30-40 year cycles
with above-average values roughly from 1980-1995, and lower
values from 1970-1980 and up until 1995. The overall trend of
averages was negative with an average slope of —0.001 m per
annum (or —4.2 cm over the 41 year period).

According to this data set, the highest wave storm (HS about 4.5
m) probably occurred on 2 November 1969, when wind with
sustained speed of 24 m/s, blew from the direction of 290° (W—
NW). The second highest event occurred on 9 January 2005
during the hurricane Gudrun (significant wave height 4.2 m, wind
speed 23 m/s, 270°). However, due to malfunction of the
equipment at Vilsandi station, the existing wind data (and
therefore also wave hindcast) might be slightly underestimated.
Probably the roughest wave conditions ever estimated for the
Baltic Sea were associated with windstorm Gudrun in January
2005. Significant wave height, in this instance, probably reached
9.5 m and the peak wave period exceeded 12 s 10-30 km off the
coast of NW Saaremaa (Soomere et al., 2008).

DISCUSSION
In the case of Harilaid data, the correlation coefficients between
wave and wind statistics were rather high (0.86, both in average
wind speed and westerly wind component) and the trends in wave
|
07

Wave height (m)

1985 1970 1975 1980 1935 1380 1995 2000 2005

24

214

18 4

Wave height (m)

15 +———r e
1965 14970 1975 1980 1985 1890 1995 2000 2005
Year

Figure 7. The annual average of significant wave height (a) and
its annual 99% value (b) near Harilaid in 1966-2006.
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parameters were quite similar to those in wind statistics. This is
quite natural, as the SMB wave model is directly forced by the
corresponding wind data. Still, the connection is not always
straightforward due to the fetch-limited study area. For example,
there were a number of strong windstorms in the record, which,
due to unfavorable direction, did not yield equally prominent wave
storms. Such storm events occurred, for example, on 12—13 March
1992, 27 February 1990, and 17 December 1999.

While the annual means of wave height at the two observation
sites are highly correlated, the match between the modeled wave
properties at Harilaid (Figure 7) and visually observed wave data
at Vilsandi is far from perfect. Although a period of increase in
modeled wave heights occurred in 1975-1993 with a subsequent
decrease since 1998, the modeled data do show a large increase at
the turn of millennium. This is not unexpected, because the model
in use does not account for spatial variability of wind fields. Yet
several aspects become evident from both data sets. The modeled
data also do not reveal any distinct trend; instead, a quasi-periodic
variation of the overall wave activity can be identified.

However, the series of 99% percentiles showed a clear
increasing trend (Figure 7). This feature is particularly interesting,
because it may be interpreted as evidence of an increase in the
wave heights of extreme storms on the background of a decreasing
trend of the overall wave activity (SOOMERE and HEALY, 2008).

CONCLUSIONS

The analyzed data sets represent the basic properties of the
wave climate in the northern Baltic Sea. The typical wave periods
are 4-6 s (2—4 s in coastal areas). The monthly mean wave height
follows the seasonal variation in wind speed with a maximum in
October—January and with the late spring and early summer
months as the calmest. The annual mean wave height reveals
nearly synchronous, substantial decadal-scale variations in the
entire region, and a rapid increase of wave height (1-2% annually)
until the mid-1990s. The increasing trend was replaced by a
decrease in the mean wave height since 1997, although the mean
wind speed continues to increase over the area. The models
qualitatively represent these long-term variations. The presented
features, in particular, the long-term changes, apparently are site-
specific in the sense that they represent long-term changes in the
storminess over the North Atlantic and related changes in the wind
patterns over the Baltic Sea.
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Abstract. Visual wave observations from the north-eastern coast of the Baltic Proper and from the southern coast of the Gulf of
Finland and numerically hindcast wave properties for the entire Baltic Sea were used for the identification of combinations of
wave heights and periods in extreme storms and long-term changes in extreme wave heights and wave propagation directions. The
extreme wave heights and periods are about 7 m and 10—12 s in the northern Baltic Proper, about 6 m and 8—11 s at the entrance to
the Gulf of Finland, and about 4 m and 6-8 s in the eastern part of this gulf. Wave hindcasts show no statistically significant
trends in the 95%-iles and 99%-iles of the wave heights. Significant observed changes in the directional distribution of waves at

Narva-Jdesuu from the 1980s are not represented in hindcasts.

Key words: wave modelling, wind waves, Baltic Sea, climate change, visual wave observations.

1. INTRODUCTION

Studies of properties of complex wave fields in different
sea areas and research towards understanding both the
status of and changes in the wave climate form one of
the key elements of physical oceanography and coastal
science. This is not only because surface waves are a
major driver of processes in the surface layer, nearshore,
and coastal area, but also because the wave climate is
one of the most robust indicators of changes in the wind
regime in semi-enclosed sea areas. The potential for the
increase in wave heights, for example, in the North Sea
(18%) is substantially greater than that of the wind speed
(7% for the 99%-iles; Grabemann and Weisse, 2008).
An accurate picture of typical and extreme wave pro-
perties and their potential changes is, thus, of great value
for a wide variety of research topics and engineering
applications.

Research into long-term changes in wind properties
over the Baltic Sea has highlighted greatly variable
patterns of changes (Jaagus et al., 2008). The average

*
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wind speed has been increasing over most of this basin
(Pryor and Barthelmie, 2003) while a decrease has been
observed in a part of the West Estonian Archipelago and
on the southern coast of the Gulf of Finland (Keevallik
and Soomere, 2004; Kull, 2005). Storminess in the entire
region gradually decreased over the first half of the 20th
century and rapidly increased in the 1980s-1990s
(Alexandersson et al., 1998), raising concerns about
destructions to sedimentary coasts (Orviku et al., 2003).
On the other hand, both the overall storminess and the
number of storm days in the Finnish marine areas
decreased since the mid-1990s (Alexandersson et al.,
2000; Helminen, 2006).

Long-term changes in wave properties in water bodies
adjacent to the Baltic Sea also reveal controversial
patterns. Early reviews found an increase in the mean
wave height over the whole of the North Atlantic and
North Sea, possibly since 1950, of about 2%/year (Bacon
and Carter, 1991, 1993). A statistical hindcast over the
period of 1962-1986 revealed an increase in the
significant wave height at several locations since about
1960 (Kushnir et al., 1997). Subsequent estimates con-
cluded that the North Atlantic wave climate has under-
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gone significant decadal variations but revealed no clear
trends (WASA Group, 1998) although there was an
apparent artificial worsening of the storm climate in data-
sparse areas (Giinther et al., 1998). Wang and Swail
(2002) argued that the north-east Atlantic has roughened
in winters of the last four decades. Numerical reanalysis
revealed that the number of rough wave conditions
increased only in the 1960s—1970s, but both the intensity
and duration of severe storms decreased in the 1990s
(Weisse and Giinther, 2007). A similar reduction was
characteristic of the UK North Sea coast since the 1970s.

The existing long-term wave measurements, observa-
tions, and simulations from the Baltic Sea contribute to
this pool of controversial patterns. Instrumental data from
Almagrundet and visual data from Vilsandi suggest that
during the 1980s there was a rapid increase in the annual
mean wave activity in the northern Baltic Proper (nBP)
(Broman et al., 2006; Soomere and Zaitseva, 2007),
followed by a drastic decrease since 1997, and quite low
average wave activity since about 2005 (Zaitseva-Pér-
naste et al., 2009). At the same time in December 1999
extremely rough seas occurred in the Baltic Sea (Kahma
et al.,, 2003), and windstorm Gudrun in January 2005
apparently caused the all-time highest significant wave
height Hy =9.5 m (Soomere et al., 2008). This raised the
question as to whether the trends for average and extreme
wave heights are different in the Baltic Sea basin (Soo-
mere and Healy, 2008).

No such variation was found along the Lithuanian
coast (Kelpsaite et al., 2008) and in the Gulf of Finland
(GoF). Instead, a stable situation in wave heights was
established for certain parts of this gulf (Kelpsaite et al.,
2009). Numerical simulations failed to represent the
above variations in the nBP (Rad&met et al., 2009;
Suursaar and Kullas, 2009; Zaitseva-Parnaste et al., 2009)
although they replicated a large part of the interannual
variability of the wave fields. The discrepancies between
the observed and modelled data apparently stem from the
quality of model wind forcing that nowadays is generally
adequate for the open ocean conditions (Winterfeldt and
Weisse, 2009) but may severely underestimate wind
speeds in semi-enclosed basins (e.g., Signell et al., 2005).

The shortages in forcing data and the scarcity of long-
term instrumentally measured wave time series from the
nBP make the available visually observed wave data sets
an important source for the wave research in the Baltic
Sea. The pattern of dominant winds (Soomere and
Keevallik, 2001), the geometry of the Baltic Sea, and the
existing wave climate hindcasts (Radmet and Soomere,
2010) suggest that the highest and longest waves usually
occur either at the entrance of the GoF, at the eastern
coast of the Baltic Proper (BP), along the Polish coasts,
and in the Arkona basin. Historical visual wave data from
the north-eastern (downwind) parts of the BP thus form
an extremely valuable data set for identification of
changes in the local wave climate.
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Visual wave observations involve intrinsic quality and
interpretation problems (Soomere and Zaitseva, 2007;
Zaitseva-Parnaste et al.,, 2009). They always contain an
element of subjectivity, represent only wave properties in
the nearshore and for a limited range of directions, usually
have a poor spatial and temporal resolution and many
gaps, may give a distorted impression of extreme wave
conditions, etc. Their key advantage is the large temporal
coverage. Regular visual observations started from the
mid-1950s in many locations of the eastern coast of the
Baltic Sea and have been carried out with the use of a
unified procedure until today (Soomere and Zaitseva,
2007).

The basic features of wave fields and their long-term
changes along the Estonian coasts such as the distribu-
tions of wave heights and periods and seasonal and
interannual variations of the average wave properties have
been analysed in detail in (Zaitseva-Parnaste et al., 2009;
Radmet and Soomere, 2010) based on comparisons of
measured and observed data with the results of numerical
hindcast.

In this study we mainly focus on the properties of the
largest waves and their variations along the coasts of the
north-eastern Baltic Sea. The analysis relies on com-
parison of joint two-dimensional (2D) distributions of
visually observed and modelled wave properties (scatter
diagrams) for historical wave data sets from the eastern
part of the nBP (Vilsandi) and the GoF (Pakri, Narva-
Joesuu) and for results of modelling of wave properties
over the last 38 years in this region. A relatively good
match of these distributions allows for an adequate
estimate of the combinations of wave heights and periods
in the strongest storms over the entire time interval
covered by the data. This match also suggests that
numerically hindcast extreme wave conditions correspond
well to the realistic roughest seas. Further on, we make an
attempt to identify potential changes in the wave heights
in strongest storms based on 99%-iles and 95%-iles of the
modelled significant wave height for each calendar year.
Finally, we take a short look at changes in the directional
distributions of wave fields — a feature that may
substantially affect the evolution of sedimentary coasts.

2. DATA AND THE MODEL

The analysis below is based on three visually observed
wave data sets recorded at (i) the western coast of the
island of Vilsandi (58°22’59”N, 21°48’55”E), (ii) Pakri in
the western part of the GoF (59°23'37”N, 24°02’40”E),
and (iii) Narva-Joesuu in the eastern part of this gulf
(59°28’06”"N, 28°02°42”E) in Narva Bay (Fig. ).
Systematic wave observations at these sites started in
1954 and have been carried out until today (until 1985 at
Pakri).
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Jéesuu

Fig. 1. Location scheme of the wave observation sites.

Data from Vilsandi reflect well waves coming from
the westerly directions (Soomere and Zaitseva, 2007),
but the largest waves may be distorted owing to a
shallow water depth at the observation site. Pakri is the
only deep-water wave observation site on the southern
coast of the GoF that is largely open to waves generated
in the nBP (Zaitseva-Parnaste et al., 2009). Waves at
Narva-Joesuu are frequently locally generated and
usually stem from the GoF. The site is fully open to
waves approaching from the north-west and almost open
to waves approaching from the south-west to the north.
The height of the observation platform is 12.8 m above
mean sea level. This allows even better wave observa-
tion conditions than at Vilsandi. The measurement
routine was identical for all observation sites (Soomere
and Zaitseva, 2007).

The properties of wave fields were hindcast with the
use of the third generation spectral wave model WAM
(Komen et al., 1994). The calculation was made for a
regular rectangular grid (resolution about 3 x 3 nautical
miles, 239 x 208 points, 11 545 sea points) based on the
bathymetry prepared by Seifert et al. (2001) that extends
over the ice-free sea from 09°36’E to 30°18’E and from
53°57’N to 65°51’N (Soomere, 2003). At each sea point,
1008 components of the 2D wave spectrum were
calculated. The model uses 24 evenly spaced directions.
Difterently from the standard configuration of the WAM
(which ignores waves with periods <2 s), an extended
frequency range from 0.042 to about 2 Hz (wave periods
0.5-23.9 s, 42 frequencies with an increment of 1.1) was

used to ensure realistic wave growth rates in low wind
conditions after calm situations (Soomere, 2005).

The wind forcing at a 10 m level was derived from
geostrophic winds as recommended by Bumke and Hasse
(1989): the geostrophic wind speed was multiplied by 0.6
and the direction turned by 15° to the left. This approxi-
mation is used in many contemporary studies into the
Baltic Sea dynamics (Myrberg et al., 2010). An analysis
of the performance of the model is presented in (Rédmet
and Soomere, 2010). The results are called modelled or
hindcast data below.

3. RESULTS

3.1. Wave properties in extreme storms

The combinations of wave heights and periods in the
roughest storms can be best estimated from the empirical
2D distributions of the joint probability of the occurrence
of wave conditions with different heights and periods
(Fig. 2). Such distributions are sometimes also called
scatter diagrams of wave heights and periods (Kahma et
al., 2003). The most typical combinations of wave pro-
perties apparently correspond to the points that are
located at the “crests” of this distribution, which is
interpreted as a surface elevation map. An exact defini-
tion of these crests can be given in terms of differential
geometry: the crests are the lines of the curvature cor-
responding to the minimum normal curvature of the sur-
face and going through a maximum of the surface. In
particular, the direction along a crest is normal to the
direction of the steepest descent. If such lines can be
constructed and extended towards extreme wave con-
ditions, their location indicates the combinations of the
expected properties of extreme wave storms.

For the Baltic Sea conditions such diagrams have a
regular shape of an elongated hogback-like elevation
that is slightly curved along the conditions correspond-
ing to fully developed seas with the Pierson-Moskowitz
(PM) spectrum (Fig. 2). Similar diagrams for the open
sea conditions usually represent a superposition of two
such elevations. One of them is equivalent to those in
Fig. 2 and corresponds to windseas whereas the other
represents swells with relatively large periods and
moderate or low heights. The latter branch is almost
degenerate in the Baltic Sea where it becomes evident as
a pool of waves with periods of 8-12s and heights
below 0.5 m (Soomere, 2008: fig. 4). A specific feature
of the Baltic Sea is that a large part of the wave condi-
tions are represented by points lying considerably to the
left of the curve reflecting the PM spectrum and corres-
ponding to high and short, thus very steep waves. Such
conditions are frequently connected with acute danger to
ships (Toffoli et al., 2005).

The instrumental data from Almagrundet and Bogskér
in the north-eastern part of the BP and from a directional
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waverider (Fig. 1) in the central part of the nBP (Kahma
et al., 2003; Soomere, 2008) show that the roughest seas
in the Baltic are generally steeper than the fully
developed waves. The highest waves (Hg =7 m) cor-
respond to mean periods of 8-9 s at Almagrundet and to
peak periods of 9-11s at Bogskidr and in the nBP
(Soomere, 2008).

The scatter diagrams for observed and modelled
waves are similar at all observation sites for low and
moderate wave conditions up to wave heights of 3 m
(Fig. 2). The properties of the most frequent low and
moderate wave fields almost exactly match those of fully
developed waves. While almost no swells have been
recorded at Vilsandi, a larger proportion of relatively long
waves for the given wave height is evident at Pakri and
Narva-Joesuu. This difference apparently reflects the
more sheltered locations of these sites where swells may
frequently dominate.

The distributions reflecting numerically simulated
wave conditions are narrower. This feature probably
reflects relatively large uncertainties in the visual
detection of wave properties within a short time interval.
Another source of differences is the finite resolution of
the wave model: the observation site usually does not
coincide with the nearest grid point for which the wave
properties are calculated. The simulated distributions
suggest that moderate and rough windseas are generally
(i) clearly less steep than fully developed waves at
Vilsandi, (ii) somewhat steeper at Pakri, and (iii) match
the properties of wave fields with the PM spectrum at
Narva-Jdesuu.

The largest difference in the shape of the distributions
for observed and hindcast waves is found at Vilsandi. For
example, the typical observed and modelled periods of
4 m high waves are about 8 and 10s, respectively. A
probable reason for this difference is the limited water
depth (3—4 m) of the observation area at Vilsandi where
waves higher than 3 m may already break and their
heights may be easily overestimated. Thus, the hindcast
distribution apparently provides a more adequate estimate
for the wave properties in strong storms at Vilsandi.

The highest waves occurring once in about 40 years
may reach 6.5 m in the deeper nearshore at Vilsandi and
about 6 m at Pakri. Notice that observed wave heights of
7-8 m at Vilsandi are obviously overestimated because
of quite a shallow depth at the observation area (Soo-
mere and Zaitseva, 2007); yet wave heights >7 m have
occurred about twice a decade in the northern Baltic
Proper (Soomere, 2008). The corresponding mean wave
periods were 11-12's at Vilsandi, but much shorter,
about 9—10s, at Pakri. The difference in the periods
apparently reflects the longer fetch for Vilsandi whereas
the maximum wind speed in north-western storms
(which create the largest waves at Pakri but have a
shorter fetch) exceeds that for south-western storms
(Soomere and Keevallik, 2001).

A similar difference in periods persists for somewhat
smaller waves: about 5 m high waves have periods of
about 11s at Vilsandi but around 9s at Pakri. The
difference decreases for about 4 m high waves, which
should have periods of 9-11 s and 7-9 s, respectively. At
Narva-Joesuu already 4 m high waves are extreme. Their
period is expected to be about 7-8 s, that is, the same as at
Pakri and by about 2 s shorter than at Vilsandi.

The 1D distributions of the frequency of occurrence of
different wave heights and periods can be obtained from
distributions in Fig. 2 by integration in the horizontal or in
the vertical direction. They have been thoroughly
discussed in earlier studies (Kahma et al., 2003; Broman
et al., 2006; Soomere and Zaitseva, 2007; Soomere, 2008;
Zaitseva-Pirnaste et al., 2009; Réiimet and Soomere,
2010). The most frequent wave periods correspond to low
waves of about 0.5 m and are 3-5 s in the open sea and
24 s in coastal areas. Larger waves have longer periods
as indicated in Fig. 2. A somewhat unexpected feature is
that the observed data set for Narva-Joesuu contains a
larger proportion of observed waves with periods 3—4 s
compared to Pakri or Vilsandi. A probable reason for such
a large content of longer waves is that frequent westerly
winds may bring to Narva Bay appreciable quantities of
remotely generated wave energy, optionally stemming
already from the nBP.

The described overall match of the shape and basic
properties of the analysed joint distributions of wave
heights and periods suggests that the wave model in
question properly reproduces the long-term statistics of
wave fields in the north-eastern Baltic Sea. This
conjecture motivates its use for the analysis of temporal
variations of wave properties in severe storms.

3.2. Long-term variations of extreme wave heights

Recent analyses of visually observed data at three sites
in question, instrumentally measured data at Almagrun-
det, and numerically simulated data revealed no clear
trend in the annual mean wave heights (Soomere and
Zaitseva, 2007; Radmet and Soomere, 2010). Instead,
there is drastic interannual and decadal variability, with
a typical time scale of 20-30 years, the increasing
phase(s) of which have been at times interpreted as
evidence of an increase in wave heights (Broman et al.,
2006).

The above analysis suggests that visual observations
provide no adequate data for estimates of long-term
changes in extreme wave conditions. As the observed
and simulated wave statistics match each other well, we
discuss such variations based on the simulated values of
the 99%-ile and 95%-ile of Hy for each calendar year.

The temporal course of both percentiles (Fig.3)
reveals quite large, mostly synchronous interannual and
decadal variability in extreme wave conditions at all
sites. There were relatively low extreme waves in 1976—
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1980 and 1985-1988 whereas in 1989—-1995 they were
clearly higher. The correlation coefficients between the
95%-ile and the annual mean wave height are quite high,
0.9 at Vilsandi and Pakri and 0.84 at Narva-Joesuu. The
correlation of the 99%-ile with the 95%-ile varies from
0.76 to 0.79 and is somewhat smaller, about 0.7 with the
annual mean wave height. The variations are also highly
correlated at different sites: the relevant correlation
coefficients are 0.75-0.88 for both percentiles.

A qualitative comparison of the discussed results for
Vilsandi with similar data calculated with the use of a
fetch-based model and one-point wind (Suursaar and
Kullas, 2009; Zaitseva-Pérnaste et al., 2009) reveals that
the short-term variability in the results of different
models is qualitatively similar, but decadal variations
are at times quite different and are almost not correlated
for some decades. This feature apparently stems from
the better ability of the WAM model and adjusted geo-
strophic wind fields to reproduce the extreme events.

The analysis in (Suursaar and Kullas, 2009; Zait-
seva-Pdrnaste et al., 2009) indicated a pronounced
increase in the 99%-ile and a clear decrease in the mean
wave height for the Vilsandi area over the recent past.
Somewhat surprisingly, the modelled data show no
statistically significant trend of any of the percentiles.
There is, instead, a very small increase in the modelled
values at Vilsandi (Fig.3). A very slight increase is
present in the 95%-ile and a similar slight decrease in
the 99%-ile at Pakri and Narva-Jdesuu. Moreover, no
statistically significant trend exists for any of the
numerically simulated attributes of the wave fields under
discussion.

3.3. Wave directions

The direction of visually observed wave propagation
was interpreted as the direction from which the waves
approach, similarly to the definition of the wind direc-
tion (Soomere and Zaitseva, 2007). The opposite inter-
pretation in the WAM model is reversed below so that
all the figures reflect the wave approach direction. The
observations were recorded with the resolution of 45°.
The ambiguity in the use of zero values at different sites
and times (calm seas or waves propagating from the
north) was resolved based on other measured para-
meters. A few doubtful cases are left out from the
analysis. The main difference here compared with the
analysis of the observed wave heights (Soomere and
Zaitseva, 2007; Zaitseva-Pérnaste et al., 2009) is that all
consistent observations of wave directions up to three
times a day have been taken into account. A large
number of wave conditions with zero wave heights and
various wave directions from the eastern sector filed at
Vilsandi apparently correspond to weak wave fields
excited by winds blowing offshore from the measure-
ment site. There are very few such cases at the other

187

sites. The directional resolution of the WAM output in
terms of the position of the spectral peak is 1° but the
realistic resolution obviously cannot be considerably
better than the directional resolution of the grid (15°),
and the simulated wave propagation directions are
divided into 32 sectors, each covering 11.25°.

The predominant wave directions match the direc-
tional structure of the prevailing winds and the geometry
of the nearshore of the observation sites (Fig.4).
Vilsandi is fully open to winds and waves from the
south-western, western, and north-western directions.
The two-peak distribution of modelled waves follows
the wind pattern in the nBP where strong winds blow
from the south-west or north-west (Soomere and Keev-
allik, 2001). The observed distribution follows the same
pattern but is to some extent smoothed due to the low
directional resolution. Waves approach Pakri mostly
from the west (although the site is also fully open to the
north), and Narva-Jdesuu from the W—NW direction and
again the modelled and observed directions generally
match each other.

The simulated propagation distributions for all waves
and for moderate and high waves (Hg >0.5m) almost
coincide whereas the ones for the higher waves have
slightly narrower and higher peaks. Thus, one of the
most interesting properties of wind fields in the GoF
(that the direction of the strongest winds does not match
the direction of most frequent winds (Soomere and
Keevallik, 2003)) is not represented in wave simula-
tions.

The directional distributions of wave approach show
a certain interannual and decadal variability for Vilsandi
and Pakri but reveal no substantial long-term changes of
the predominant direction. As expected from Fig. 4, this
distribution has a specific two-peak structure at Vilsandi
(Fig. 5) and one peak for an almost fixed direction at
Pakri.

Substantial changes in the predominant wave direc-
tion have occurred in Narva Bay during the half-century
of observations (Fig. 6). Waves mostly approached from
the W-NW direction in the 1950s and until about 1965.
The predominant approach direction moved almost to
the north for the 1970s. Further on, it turned consider-
ably, from the north-west to the south-west (for some
years even almost to the south) over the 1980s. Then it
switched between the W—SW and the south and has been
mostly from the south within the latter decade. The most
frequent observed propagation direction, therefore, has
changed by more than 90° over the half-century of the
observations. The second most frequent wave direction
(S-SE) has turned in a similar manner but to a lesser
extent. Interestingly, none of these changes are reflected
in simulated wave propagation directions (Fig. 6).

The nature of the described changes obviously needs
further research, which is out of the scope of this paper.
The observed data on wave propagation do not reflect all
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wave conditions at Vilsandi where for certain years only
wave height was recorded (Soomere and Zaitseva,
2007). At Narva and Pakri, wave direction is recorded
more regularly (Fig. 7), but still the amount of sensible
wave direction recordings is smaller than the number of
recorded wave heights. Consequently, the reliability of
the analysis of the number of wave conditions (that have
been divided between different directions) is much
lower than that for wave heights.

Another phenomenon potentially affecting the results
in question is that the observer may tend to overestimate
the role of relatively short waves whereas a long low
swell frequently remains undetected as documented for
the Tallinn Bay conditions (Orlenko et al., 1984). As the
proportion of long waves is quite large at Narva, this
feature of visual observations may lead to a certain
overestimation of the frequency of locally generated
wave fields.

There are still several arguments suggesting that the
turn in question reflects certain changing features of the
local wave fields. The change in the coverage of
observations in the annual scale, albeit clearly visible
from Fig. 7, concerns only the lengthening of the typical
observation season by 1-2 months. As in these months
only one observation per day was possible in daylight,
the changing amount of observations evidently cannot
affect so strongly the predominant wave direction. The
turn in question evolves gradually over many years and
evidently is not related to potential inhomogeneities
stemming, for example, from the change of observers. It
is highly unlikely that changes in the local wave
generation conditions (for example, the diurnal breeze
cycle) have led to the described phenomenon.

4. DISCUSSION AND CONCLUSIONS

Comparison of modelled and observed wave statistics
confirms that the model satisfactorily represents the basic
statistics of the north-eastern Baltic Sea wave fields and is
an appropriate tool for studies of the combinations of
wave heights and periods in strong storms and of long-
term changes in properties of rough seas. The over-
whelming domination of windseas suggests that the
impact of remote swells is negligible.

Both visual wave observations and simulations with
the WAM model and properly adjusted geostrophic
winds suggest that there has been no clear trend in
severe wave heights (in terms of simulated 95%-ile and
99%-ile) in the north-eastern Baltic Proper and in the
western part of the GoF. Although this conclusion does
not entirely match the results of several earlier studies, it
reflects the limits of the reproduction of the Baltic Sea
wave climate with the use of the geostrophic winds.
These winds are generally believed to mirror the basic
changes in the wind fields in the open ocean but may fail

to do so in semi-enclosed basins surrounded by sub-
stantial topographic features. Therefore, it is not entirely
surprising that the performed simulations failed to
reproduce some wave properties in the Baltic Sea basin
and that simulations based on more elaborated wind data
are necessary to replicate certain aspects of wave
climate in this water body.

The north-eastern coasts of the Baltic Proper develop
under the impact of high waves that come alternatively
from the south-west and the N-NW. The duration of
wave events generated by south-westerly winds is
clearly longer, but the impact of waves approaching
from the N-N'W may be almost as strong because winds
from this direction may be stronger.

A highly interesting feature, however, is the sub-
stantial turn of the predominant observed wave propaga-
tion direction in Narva Bay. Even though the visual
observations may contain errors and are strongly
observer-dependent, the systematic rotation by more
than 90° over half a century can be interpreted as an
evidence of certain changes in the wind fields over the
GoF, possibly connected with the overall increase in the
role of south-western winds over Estonia (Kull, 2005).

This turn, however, does not necessarily bring about
drastic consequences for the evolution of the sedi-
mentary coasts nearby. For example, the evolution of
beaches in Narva Bay is governed by the predominant
largest waves that continue to approach from the west to
the north even when the formal frequency of wave
conditions from these directions has somewhat
decreased. The increase in the frequency of waves from
southerly directions obviously will cause no large
changes in the coastal processes in Narva Bay as these
waves are small and short and never occur in high water
level conditions.

Further understanding of the spatial extent of the
described phenomenon and its magnitude in terms of
changes to the energy flux are highly important because
it is not excluded that such changes reflect not yet
identified properties of wind and wave fields in the
eastern part of the Gulf of Finland that may have con-
sequences in the coastal development in affected areas.
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Ekstreemsete lainetuse tingimuste ja lainete levikusuuna muutustest Eesti rannavetes

Andrus Radmet, Tarmo Soomere ja Inga Zaitseva-Pérnaste

Vilsandil, Pakril ja Narva-Joesuus tehtud lainevaatluste ning kogu Ladnemere lainete numbrilise modelleerimise
baasil on hinnatud lainete kdrguste ja perioodide kombinatsioone ekstreemsetes tormides Lidnemere kirdeosas ning
Soome lahe 1dunarannikul, kdrgeimate lainete omaduste muutusi aastail 1970-2007 ja lainete levikusuundade
nurkjaotuse muutusi aastail 1954-2009. Ekstreemsetes tormides vastavad ligikaudu 7-meetrisele lainekdrgusele
Lédnemere avaosas lainete perioodid 10-12 s, 6-meetrisele lainekdrgusele Soome lahe suudmes perioodid 8-11 s ja
4-meetrisele lainekdrgusele perioodid 6—8 s lahe idaosas. On demonstreeritud, et modelleeritud lainekdrguste 95% ja
99% protsentiilid piisisid vaadeldaval ajavahemikul stabiilsetena. On niidatud, et lainete valdav saabumise suund on
Narva-Joesuus alates 1980. aastast muutunud ligikaudu 90° vorra loodest edelasse. Need muutused ei kajastu
modelleeritud lainetuse omadustes.
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Historical visual observations and numerical hindcasts with the use of the WAM wave
model and adjusted geostrophic winds are merged to reveal the basic features of the wave
properties and to identify the variations in wave height in different scales in the coastal
waters of Estonia. The visually observed wave properties from Vilsandi (1954-2008),
Pakri (1954-1985) and Narva-Joesuu (1954-2008) are compared against wave data hind-
cast for the entire Baltic Sea for 1970-2007. It is shown that the wave height follows the
seasonal variation in wind speed with a maximum in October—January and with a substan-
tial variability on weekly scales. The annual mean wave heights reveal nearly synchronous
interannual variations along the entire coast of Estonia until the mid-1980s after which this
coherence is lost. The length of the ice season is almost uncorrelated with the annual mean

wave heights.

Introduction

The combination of significant wind anisotropy
in the Baltic Sea basin, seasonal variation in the
wind speed and complicated patterns of long-
term changes in wind properties over the entire
Scandinavian area (Pryor and Barthelmie 2003,
2010) gives rise to remarkable anisotropy and
substantial large spatio-temporal variations in
the Baltic Sea wave fields (Jonsson et al. 2002,
Soomere 2003, Broman et al. 2006, Kelpsaite
et al. 2008). The information about the wave
climate in this area, however, mostly relies on a
few measurement sites and on short-term simula-
tions of wave properties with a few years’ dura-
tion (Soomere 2008). The information is par-
ticularly fragmentary for the eastern part of the

Baltic Proper. Extremely complex geometry and
large variations in wave propagation conditions
characterise especially Estonian coastal waters
and the Gulf of Finland (Soomere 2005, Laa-
nearu et al. 2007, Soomere et al. 2008). While a
limited amount of wave statistics from the 1990s
is available from the central part of the Gulf of
Finland for the ice-free time (Pettersson 2001),
contemporary instrumental wave measurements
are almost missing for the Estonian coastal area.
Only recently, data covering five months of wave
fields in the nearshore of Saaremaa (Suursaar
and Kullas 2009) and one year near the NE coast
of Estonia (Suursaar 2010) became available.
The existing data for the coastal areas of
the northern Baltic Proper (nBP) reveal several
highly interesting features of long-term behav-
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iour of wave properties in this area. A rapid
increase in the annual mean wave height in the
nBP from the mid-1980s until the mid-1990s
and an equally rapid decrease since then were
established from both instrumental measure-
ments (Broman et al. 2006) and visual observa-
tions (Soomere and Zaitseva 2007). While the
increase in wave height generally matches simi-
lar trends in the North Sea, both the magnitude
of the increase and the subsequent decrease in
the nBP are somewhat counter-intuitive. Moreo-
ver, simple wave models based on one-point
wind data did not reproduce these variations
(Suursaar and Kullas 2009, Radmet et al. 2009).
As the recorded changes occurred simultane-
ously and with a similar relative magnitude at
both the eastern and western coasts of the nBP,
it is still likely that they expose certain large-
scale decadal variations in the wave properties in
particular sea areas rather than failures of instru-
ments or the relay of the observers.

An accurate picture of wave properties and
their potential changes is necessary for a wide
variety of research topics and coastal engineer-
ing applications. This problem is particularly
important for the Baltic Sea where the impact
of waves depends not only on the properties of
wave fields but also on external features such
as water level or the presence of ice cover. For
example, changes in wave climate even in terms
of shifts of the stormy season to months with
no ice cover may lead to severe destruction of
vulnerable beaches of the eastern Baltic Sea
(Orviku et al. 2003, Ryabchuk et al. 2011).

Coarse wave measurements at a few sites
along a highly variable coastline frequently do
not contain sufficient information about spatial
variability of wave fields, particularly in sea
areas with complex geometry and nontrivial wind
regime such as the Baltic Sea. While the use
of visual wave observations has always been
problematic because of the lack of reliable data
from the open sea areas, nowadays various meth-
ods of wave modelling are most widely spread.
Although there have been several successful
attempts to reproduce local wave properties in
the nearshore of Estonia based on one-point
wind information and simplified wave models
(Soomere 2005, Riadmet er al. 2009, Suursaar
2010, Suursaar et al. 2010), the complexity of
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geometry and bathymetry of the Baltic Sea com-
bined with extensive variations in the wind prop-
erties over the Baltic Sea leads to an acute need
for the use of contemporary wave models and
realistic wind fields in order to obtain reliable
wave statistics. Rddmet and Soomere (2010) have
demonstrated that the wind wave climatology can
be adequately estimated for the Baltic Proper and
for the open sea of the Gulf of Finland based on
properly adjusted geostrophic wind fields.

In this paper, we make an attempt to merge
historical visual observations and numerical
hindcasts to reveal seasonal, annual and dec-
adal changes in the basic wave properties in
different parts of Estonian coastal waters. As
contemporary wave measurements are relatively
scarce and short here, we combine different data
sources with extensive modelling resources. We
first describe the wave model in use and the
pool of existing long-term wave observations
and instrumental measurements in this area. The
basic properties of wave fields such as distribu-
tions of the frequency of occurrence of waves
of different height and period and short-term
(weekly and seasonal) variations in the wave
heights are discussed next. Further, long-term
variations in the annual mean wave activity
are analysed in terms of the mean significant
wave height for both original and climatologi-
cally corrected data sets, and for 12-month-long
time periods containing entire windy autumn and
winter seasons.

Methods and data

The analysis below is largely based on visual
wave observations at sites operated by the Esto-
nian Meteorological and Hydrological Institute
at Vilsandi (1954-2008, Soomere and Zaitseva,
2007), Pakri (1954-1985, Zaitseva-Pirnaste et
al. 2009) and Narva-Joesuu (1954-2008, Table 1
and Fig. 1). Features extracted from this data
set are compared against instrumental meas-
urements at Almagrundet (1978-2003) on the
western coast of the Baltic Proper (Broman et al.
2006) and against numerically modelled wave
data using the WAM model.

The wave observation routine and technol-
ogy were identical at all visual observation sites.
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As an overview of the routine of observations
and a description of the data sets for the sites at
Vilsandi and Pakri are given in (Soomere and
Zaitseva 2007, Zaitseva-Parnaste et al. 2009), we
just present the key features of the routine here.
Observations were only made in daylight. The
initial observation times (07:00, 13:00 and 19:00
Moscow time, or GMT +3 hours) were shifted to
06:00, 12:00 and 18:00 GMT in 1991. This shift
apparently did not cause any substantial inhomo-
geneity of the time series of the daily mean wave
height, which is the property mostly used below.
The observational procedure resembles the
classical zero-crossing method. The observer
noted the five highest waves during a 5-minute
time interval with an accuracy of 0.25 m for
wave heights < 1.5 m, 0.5 m for wave heights
from 1.5 to 4 m, and 1 m for higher than 4 m
waves. Both the height of the highest single
wave H__ (called maximum wave height below)
and the mean height H of these five waves were
filed until about 1990. Given the typical wave
period of about 2—4 s (see below), the estimated
mean wave height was actually the average
height of top 3%—6% of the waves and thus
quite close to the maximum wave height. For the

Variations in wave conditions in Estonian coastal waters
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Fig. 1. Location scheme of the long-term wave meas-
urement and observation sites in the Baltic Sea.

part of data where both the mean and maximum
wave heights were filed, the maximum wave
height was, on average, only by 6% higher than
the mean wave height at Vilsandi (Soomere and

Table 1. Basic parameters of wave observations and properties at Vilsandi, Pakri and Narva-Jéesuu. Notice that
part of the difference between the average values of the maximum and mean wave heights is connected with the
availability of these parameters for different time intervals.

Vilsandi Pakri Narva-Jéesuu
1954-2008 1954-1985 1954-2008

Co-ordinates 58°22'59"'N, 59°23°37°'N, 59°28°06°'N,
21°48'55"E 24°02°40"E 28°02'32"'E

Nearest grid point of the wave model WAM 58°24'N, 21°48'E =~ 59°24'N, 24°00'E ~ 59°30°N, 28°00°E

Consistent wave height entries

total 27131 13283 35027

days covered 15977 9554 15863
Consistent wave period entries

total 28016 10354 8488

days covered 12553 7724 3514
Largest maximum/mean wave height (m) 8/7.6 6/6 3.4/3.3
Average of the maximum wave heights (m)

total mean 0.584 0.616 0.455

mean of daily values 0.621 0.610 0.462
Average of the mean wave heights (m)

total mean 0.511 0.591 0.393

mean of daily values 0.539 0.589 0.391
Mean wave height based on mean of daily values 0.575 0.590 0.391
Number of calm conditions 11417 1923 4692
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Zaitseva 2007). In the analysis below, the mean
wave height is used; when it was missing, the
maximum wave height was used instead. As the
potential difference between these quantities is
much smaller than the accuracy of the determi-
nation of the wave height, doing so did not insig-
nificantly affect the wave statistics.

The wave period (length) was determined
as an arithmetic mean from three consecutive
observations of the passing time (total length) of
10 waves each time. These waves were not nec-
essarily the highest ones. The experience with
visual observations suggests that the observed
wave height represents well the significant wave
height (historically defined as the mean height
of one third of the highest waves) whereas the
estimated wave period is only a few tenths of
seconds shorter than the peak period (Gulev and
Hasse 1998, 1999).

A coastal site reasonably reflecting the near-
shore sea state for the predominant strong wind
directions (SW and NNW, Soomere and Keeval-
lik 2001) in the nBP is at the Island of Vilsandi
(Fig. 1). This site gives inadequate data for east-
erly winds, which are relatively weak and infre-
quent in this area. The observed wave properties
reasonably well represent also the nearshore sea
state conditions at Pakri in the western part of
the Gulf of Finland (Fig. 1). Pakri is the only
wave observation site on the southern coast of
this gulf that is largely open to waves generated
in the nBP (Zaitseva-Pirnaste et al. 2009). The
average depth of the area at Pakri over which
the waves were observed was 8—11 m. Unfortu-
nately, wave observations were only performed
at Pakri in 1954-1985.

The Narva-Joesuu meteorological station
(59°28°06"°N, 28°02°42"°E, Fig. 1) located on
the coast of Narva Bay provides information
about wave conditions in the eastern part of
the Gulf of Finland. The site from which sea
observations were made is located to the west
of the station (Table 1). The height of the obser-
vation platform (12.8 m above the mean sea
level) allows very good observation conditions
over the wave observation area located about
200-250 m from the coast where the water depth
is 3—4 m. As waves in the Gulf of Finland are
generally much lower than in the Baltic Proper,
waves do not break in the observation area under
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most wave conditions. The site is fully open to
waves propagating from the NW direction and
almost open to waves approaching from the west
to the north. Data from Pakri and Narva were
considered recently by Zaitseva-Pirnaste et al.
(2009) as a reference data set allowing some
verification of the changes to the wave climate
in the Baltic Proper and by Réddmet et al. (2010)
from the viewpoint of potential changes to the
wave propagation directions.

For certain comparisons, we use data from
Almagrundet (1978-2003, 59°09°N, 19°08°E,
Fig. 1; Broman et al. 2006), for which the long-
est instrumentally measured wave data sets in
this region are available. Almagrundet is a shoal
about 10 nautical miles SE of Sandhamn in
the Stockholm archipelago. The fetch for winds
from the SW, west, and NW is quite limited at
this site. The position of the water surface was
sampled over 640 s each hour with upward-look-
ing echo-sounders. Single waves were identified
using the zero-downcrossing method. An esti-
mate of the significant wave height H, was found
from the 10th highest waves in a record under
the assumption that wave heights are Rayleigh
distributed. The water at the location of the
instruments was deep enough (about 30 m) for
most of the wave fields to follow the Rayleigh
distribution of wave heights. The data from
1978-1995 reliably describes the wave proper-
ties in this region. Another data set from 1993—
2003 have certain quality problems: the overall
behaviour of the wave height is adequate but the
periods are not usable (Broman et al. 2006).

All the listed sites are coastal and thus only
conditionally represent open sea conditions. The
sites are fully open to a range of predominant
wind directions. The waves in the Baltic Sea
are relatively short and thus less affected by the
finite-depth effects compared to much longer
ocean waves at a similar depth. The sheltering
effect of the shoreline and the relatively low
water depth at the observation sites still may at
times significantly alter local wave properties
compared to those in the open sea due to the
shoaling, refraction and damping of the waves.

The most representative wave data for the
nBP stem from a directional waverider oper-
ated by the Finnish Institute of Marine Research
(FIMR) (from 2008 by the Finnish Meteorologi-



BOREAL ENV. RES. Vol. 16 (suppl. A)

cal Institute) in the nBP at a depth of about 100
m (Fig. 1, 59°15°N, 21°00°E) since September
1996 during the ice-free seasons (Kahma et
al. 2003). Although this time series is not long
enough for determining long-term variations in
wave properties, we use this data as a reference
set for comparisons with wave statistics at differ-
ent sites.

The properties of wave fields at all three
visual observation sites were also hindcast for
the years 1970-2007 with the use of the third-
generation spectral wave model WAM (Komen
et al. 1994). The basic model setup follows the
one described in (Soomere 2003). The presence
of ice was ignored. The calculation was done
for a regular rectangular grid with a resolution
of about 3 X 3 nautical miles (11545 sea points)
covering the entire Baltic Sea. At each sea point,
1008 components of the two-dimensional wave
spectrum (24 evenly spaced directions, 42 fre-
quencies starting from 0.042 Hz with an incre-
ment of 1.1) were computed. Differently from
the standard configuration of the WAM model
(that does not account for waves with periods
< 2 s), an extended frequency range up to about
2 Hz (wave periods down to 0.5 s) was used to
ensure realistic wave growth rates in low wind
conditions after calm situations (Soomere 2005).

The WAM model was forced with a wind
field derived from geostrophic winds provided
by the Swedish Meteorological and Hydrologi-
cal Institute (SMHI). In order to construct the
near-surface wind at 10 m level, used as the
input wind to the model, the geostrophic wind
speed was multiplied by 0.6 and the direction
turned by 15° to the left (cf. Bumke and Hasse
1989) as in many contemporary studies into the
Baltic Sea dynamics (Myrberg et al. 2010). The
wind time step was 6 hours before September
1977 and 3 hours since then.

Owing to the finite resolution of the wave
model, there is always a certain difference
between the location of an observation or meas-
urement site and the nearest grid point for which
the wave properties are calculated. The perform-
ance of the model, the match of the basic statis-
tics of numerically simulated wave conditions
with those observed at different sites and short-
ages connected with the use of different wind
forcing are discussed in (Rdfmet and Soomere
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2010). Several examples of the comparison of
the time series and wave statistics of measured
and observed data with the results of numeri-
cal simulations based on the WAM model and
a simpler fetch-based model are provided by
Ridmet et al. (2009). The model performance
was somewhat better for the Almagrundet area
when the MESAN wind data (Higgmark et al.
2000) were used but for the open Baltic Sea the
use of geostrophic winds showed a better match
with the measurements.

The analysis below involves wave heights
specified in three different manners: visually
observed wave heights, the significant wave
height calculated by using Rayleigh statistics
at Almagrundet and the significant wave height
estimated from the two-dimensional energy
spectrum in the WAM model. The potential dif-
ferences between these quantities, for example,
because of a violation of the Rayleigh distribu-
tion in the nearshore, suggest that the instantane-
ous values and the average characteristics found
from different sources may differ to some extent.
On the other hand, the use of a particular method
for obtaining an estimate for the wave height
apparently does not distort the basic features
of spatio-temporal variations in the wave fields
such as their typical time scales and the direction
and relative magnitudes of the trends.

Basic properties and seasonal
variations of wave fields

The digitized data sets were first checked for
consistency (e.g. whether large wave heights
were associated with relative large periods).
Joint distributions of wave heights and periods
for the three observation sites are discussed by
Riamet et al. (2010). A few (about 50) recorded
wave heights > 4 m were interpreted as errone-
ous at Vilsandi where the water depth in the
observation area is about 4 m (Soomere and
Zaitseva 2007). Much higher waves, however,
may occur at Pakri where the data set contains
six cases when a maximum wave height was
> 5 m. These cases evidently correspond to real-
istic wave conditions in rough seas. The high-
est waves (6 m) were recorded on 6-7 August
1967 when a strong NW storm caused extensive
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Fig. 2. Frequency of occurrence of different wave
heights (above, resolution 0.25 m) and mean periods
(below, resolution 1 s) at Vilsandi (white bars), Pakri
(light grey bars) and Narva-Joesuu (dark grey bars).

damage to the forests in Estonia. Waves with a
height of 5 m were recorded on 21 January 1964
and on 23 September 1969.

As expected, the maximum wave heights
were much lower at Narva-Joesuu where they
exceeded 3 m only four times. The largest
maximum/mean wave heights (3.4/3.3 m) were
recorded on 25 October 1957 and twice on 28
August 1961. Also on 15 October 1954 the maxi-
mum wave height over 3 m (maximum/mean
3.1/2.9 m) was observed.

The distributions of the occurrence of differ-
ent wave heights at Vilsandi, Pakri and Narva-
Joesuu (Fig. 2) reflect all consistent observations
of wave heights with non-zero wave periods.
As there were systematically more observations
per day in fairly calm spring and summer sea-
sons, these distributions slightly overestimate the
proportion of relatively low wave conditions.
The distributions of wave periods are similarly
biased. Notice that they reflect older observations
as the periods were only recorded until the mid-
1990s (Soomere and Zaitseva 2007: table 1).
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The distributions in question reveal very high
frequency of low waves with heights below 0.25
m at Vilsandi and Narva-Joesuu (Fig. 2) and
resemble analogous distributions for semi-shel-
tered bays of the Gulf of Finland (Soomere 2005).
They are largely different from the analogous dis-
tributions for Almagrundet (Broman et al. 2006),
for the nBP (Soomere 2008) and even for Pakri.
Differently from Vilsandi and Narva-Joesuu, the
relevant distributions at Pakri, nBP and Alma-
grundet match the Rayleigh distribution well.

Although the Pakri observation site is shel-
tered from a part of the predominant SW winds,
the distribution of wave periods at this site
matches the distribution for the nBP (Kahma et
al. 2003). The most frequent wave periods are
2-3 s. Interestingly, wave periods observed at
Narva-Joesuu are somewhat longer than those
at Vilsandi and Pakri: the most frequent periods
are 3-5 s as in the open part of the nBP (Kahma
et al. 2003). This feature may be explained by a
specific feature of wave generation and propaga-
tion in the Gulf of Finland. Namely, relatively
long waves travelling along the axis of the gulf
are frequently excited in this water body even
when the wind blows obliquely with respect to
this axis (so-called slanted fetch conditions, Pet-
tersson 2004, Pettersson et al. 2010).

In order to remove the bias caused by the
larger number of observations per day during the
relatively calm spring and summer seasons, the
entire analysis below is based on the set of daily
mean wave heights (Soomere and Zaitseva 2007,
Zaitseva-Pirnaste et al. 2009). The average wave
height, calculated from daily mean wave heights,
is 0.511 m at Vilsandi, 0.591 m at Pakri, and
0.393 m at Narva-Joesuu (Table 1). This is
clearly smaller than the mean significant wave
height at Almagrundet (0.876 m in 1978-1995
and 1.04 m in 1993-2003, Broman et al. 2006).
The wave height medians are 0.3 m, 0.5 m and
0.35 m for Vilsandi, Pakri and Narva-Joesuu,
respectively; these are also much smaller than
at Almagrundet. Notice that the presented mean
values in some cases reflect different time inter-
vals and thus are not always directly comparable.

In general, all the data sets, albeit to some
extent affected by the presence of the coast,
reproduce the basic features of the northern
Baltic Sea wave fields (Soomere 2008) such as



BOREAL ENV. RES. Vol. 16 (suppl. A)

0.8

Variations in wave conditions in Estonian coastal waters

181

Wave height (m)
o o
IS »

©
N

Fig. 3. Seasonal variation
in the monthly mean wave
height at Vilsandi (white),
Pakri (grey) and Narva-
Joesuu (dark grey).
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(i) the overall mild wave regime in the basin,
with the overall mean wave height in the open
sea approximately 1 m, in the coastal areas
0.5-0.6 m (Suursaar and Kullas 2009) and in
semi-sheltered bays about 0.3-0.4 m (Soomere
2005); (ii) a large proportion of wave conditions
with the significant wave heights around 0.5 m
(Fig. 2), and (iii) the most frequent peak periods
4-6 s in the open sea and 2—4 s in the nearshore
regions (Fig. 2). The listed values are character-
istic of relatively small basins and are consider-
ably smaller than the respective values for the
open ocean.

The seasonal course of the wave heights at
the observation sites is discussed by Rédmet
and Soomere (2010) and we present here only
its main features. The wave conditions exhibit
a strong seasonal variability at all sites (Fig. 3),
which is the most pronounced at Vilsandi where
the monthly mean wave height varies from about
0.38 m during summer to about 0.75 m in winter.
The highest wave activity occurs in January and
almost as high waves are observed from October
to December. The calmest months are the spring
and summer months from March to August, with
a well-defined minimum in April or May. Such
an annual variation mostly matches the annual
variation of the wind speed in the nBP (Mietus
1998, Riaamet and Soomere 2010). It also resem-
bles the cycle of water level in adjacent coastal
waters of Finland (Johansson et al. 2001).

The seasonal variation in the wave heights is
much more pronounced at Almagrundet where
the mean wave heights in the roughest and in the
calmest months differ 2.2-2.6 times (Broman
et al. 2006). This difference most probably
stems from the impact of the coast upon visually

Apr May Jun Jul _Aug _Sep _Oct Nov _Dec

Month

observed wave conditions (Soomere and Zait-
seva 2007). Almagrundet is located far enough
from the coast to capture to some extent the
properties of waves created by winds blowing
offshore from the mainland while at the coastal
sites the observer usually files calm seas under
such conditions (cf. Table 1).

Although Pakri is sheltered from some of
the waves excited by the most frequent (SW)
winds, the overall mean wave height at Pakri and
its seasonal variation almost exactly coincide
with those at Vilsandi. Interestingly, the long-
term observed and simulated wave heights also
almost exactly coincide at this site (Rddmet and
Soomere 2010). This feature suggests that Pakri
wave data to a large extent capture the wave
conditions in the open sea but also indicates that
the simulations in (Rddmet and Soomere 2010)
apparently underestimate the wave heights in the
open sea.

There is a less pronounced but still clearly
identifiable annual cycle in wave activity at
Narva-Joesuu (Fig. 3). The calmest months at
this site are, as mentioned above, April and May.
Differently from other sites, the roughest months
in Narva Bay are September and October, when
the monthly mean wave height exceeds 0.4 m.
Relatively low values of the monthly mean wave
heights at this site in November—December com-
pared with those in October apparently reflect
the frequent presence of sea ice on the coasts of
Narva Bay and in the entire eastern Gulf of Fin-
land in late autumn (Soodér and Jaagus 2007).

There are some interesting variations in wave
intensity within certain months. They become
evident through the analysis of the climatologi-
cal mean wave heights for single days (Fig. 4).
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Fig. 4. Climatological mean wave heights at Vilsandi,
Pakri and Narva-Jéesuu over all available wave obser-
vations (solid lines), their 5-day running averages
(black) and the percentages of days with at least one
successful observation on a given calendar day (grey).
Data from 29 February are merged with data from 1
March.

This value is calculated for each calendar day
over 55 years at Vilsandi and Narva-Jéesuu and
over 31 years at Pakri. It eventually contains
some noise, the level of which is the largest for
the season when a relatively small number of
measurements exist. Surprisingly, several short-
time variations are synchronous at all three sites.
This feature once more confirms that the results
of visual observations give an adequate picture
of wave statistics although single measurements
may contain quite a large error.
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The largest short-time feature in the wave
activity is the relatively calm period at all sites at
the end of December and the beginning of Janu-
ary. It can be clearly recognised from Vilsandi
and Pakri data, and is somewhat less pronounced
at Narva-Joesuu. Short time periods with notice-
ably higher waves occur in all records during the
first week of August, in the middle of September,
at the end of October and at the beginning of
December.

Long-term variations in wave
heights

Long-term variations in wave conditions will
be discussed below based on three sets of time
series derived from wave observations, data
from Almagrundet and numerically simulated
time series. The analysis of the annual mean
wave heights (called (overall) wave intensity
below) obtained directly from the uncorrected
daily mean values of observed wave conditions
during a calendar year (Fig. 5) is complemented
with analogous time series in which the miss-
ing measurements have been replaced by their
climatological values for the same calendar day.

The reason behind the relatively large values
of the annual mean wave height at Vilsandi in
1954-1956 is unclear. As the number of storm
days was unusually large on the western coast of
the Baltic Proper in these years (Bergstrom et al.
2001), such high wave intensity at Vilsandi may
be real. Still we omit these years in the correla-
tion analysis below.

All four time series of the annual mean wave
heights based on visual observations and instru-
mental measurements in a calendar year show a
reasonable match of years of relatively high and
low wave intensity at all measurement sites in
1957-1986 (Fig. 5 and Table 2). Accordingly,
there is a high correlation between annual mean
wave heights at all sites in 1957-1986, with
the correlation coefficients ranging from 0.44
to 0.53. The corresponding p-values are of the
order of 0.01 or even smaller, indicating statis-
tically significant correlation at 99% or higher
level. The short-term interannual variability with
time scales of 1-3 years had, therefore, the same
appearance along the entire section of the Baltic
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Sea coast from the Baltic Proper to Narva Bay in
these years.

Interestingly, this coherence in the long-term
variation in wave heights disappears abruptly at
the end of the 1980s (Fig. 5 and Table 2). While
the wave activity reveals a drastic decadal-scale
increase and decrease in the Baltic Proper during
the latter two decades, a gradual decrease in the
annual mean wave height (0.4% per annum) is
observed at Narva-Joesuu. Differently from the
period before the 1980s, years with relatively
high wave intensity at Vilsandi correspond to rel-
atively calm years in Narva Bay and vice versa.

This change is vividly expressed in terms of
correlations between the observed and simulated
annual mean wave heights (Table 2). It can seen
in Fig. 5 that the coherence is abruptly lost start-
ing from the year 1987; for this reason we com-
pare below the course of wave heights in 1954—
1986 and from 1987 onwards. The correlation
between the time series for Vilsandi and Narva-
JGesuu is negative for 1987-2008 and the p value
suggests that there is no correlation indeed.

A similar loss of correlation also occurs for
the observed and numerically simulated time
series of the annual mean wave heights. The cor-

1980 1990 2000

Year

1970 2010

relation is statistically significant until about the
year 1987 for all three sites but is much weaker
(for Narva-Joesuu) or virtually lost (for Vil-
sandi) since then (Table 3). This feature becomes
even clearer in comparing simulated data with
observed time series in which the missing obser-
vations are replaced by climatological mean
values for the given calendar day (see below).

The described features indicate that certain
substantial changes in wind properties appar-
ently have occurred over the Baltic Sea since the
mid-1980s. These changes, if real, have become
evident as an increase in the wave intensity in
areas open to southerly winds. They, however,
have resulted in almost no changes in regions
affected by waves approaching from the northern
and western directions (cf. Kelpsaité et al. 2009).
Further, the described changes have occurred
on the background of gradually increasing wind
speeds in the Baltic Proper (Pryor and Bar-
thelmie 2003, 2010, Broman et al. 2006). Con-
sequently, such changes have mostly affected
southern and SW winds.

This conjecture matches the results of the
analysis by Kull (2005), who demonstrated that
important changes to the directional structure

Table 2. Correlation coefficients between the annual mean wave heights at Vilsandi, Pakri and Narva-J6éesuu.
The upper right cells show correlations for 1957-2008 (also separately for 1957-1986/1987—-2008 for Vilsandi and
Narva-Joesuu); the lower left cells show the relevant p values.

Site Vilsandi Pakri Narva-Jéesuu
Vilsandi - 0.53 —0.14 (0.49/-0.25)
Pakri p=0.0023 . 0.44
Narva-Jéesuu p=0.28 (0.0028/0.47) p=0.014 -
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of winds and wind properties have occurred
over Estonia. Namely, during the last 40 years
there has been a significant increase in the fre-
quency of SW winds and a decrease in south-
ern and eastern winds all over Estonia. Such a
change may be responsible for a large part of the
increase in wave activity in the nBP as it leads to
a systematic increase in the typical fetch length
in this basin. On the other hand, this change also
explains well why the annual mean wave heights
have been almost constant or even decreased in
Narva Bay.

Variations in climatologically
corrected wave heights

It is important to verify the adequacy of the
observed wave data (especially from Vilsandi,
which show drastic variations in wave heights
in the late 1990s and at the turn of the millen-
nium) against major sources of potential errors
or biases in observations such as large gaps in
the time series or substantial changes in the
duration of ice cover in the vicinity of the obser-
vation site. There are large gaps in the observa-
tions from Vilsandi in 1991-2004 (Soomere and
Zaitseva 2007). For example, there are no data
for July—September 1990 and no wave obser-
vations were performed in August-December
1997. Also, there has been a steep decrease in
the average number of days with ice in the entire
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Western Estonian Archipelago (Jaagus 2006). As
the annual mean wave heights were calculated
based on the average wave heights only over the
days when at least one consistent wave observa-
tion was performed, the missing of data from
relatively calm periods eventually lead to an
overestimation of the annual mean wave height.
Similarly, the missing of wave data from a windy
season generally leads to an underestimation of
the annual mean wave activity.

While the impact of the missing of data
from summer seasons on the annual mean wave
height is intuitively obvious, the impact of the
gradual lengthening of the ice-free season may
be more complicated. The ice cover on the coasts
of the western Estonian Archipelago occurred
from mid-November to mid-April in the past.
The changes in the beginning and end of the
ice season have been almost symmetric during
the last century, with a slightly larger number
of additional ice-free days in spring (Jaagus
2006). As December (which is mostly ice-free
nowadays) is one of the windiest months and
April (which is also largely ice-free now at
Vilsandi) is one of the calmest months, this
pattern of changes is not expected to lead to
any large change in the annual average wave
height. (This conjecture does not hold in terms
of the total wave load on the coasts, which obvi-
ously increases with an increase of the length of
the ice-free season.) Therefore, the correlation
between the annual mean wave intensity and the

Table 3. Correlation coefficients, bias and standard deviation (SD) between numerically simulated and observed
time series of the annual mean wave height at Vilsandi, Pakri and Narva-Jéesuu for the calendar years. The divi-
sion of the data set into two sub-intervals is made so that the contrast in the relevant correlation coefficients is
maximised.

Uncorrected data Climatologically corrected data

Correlation (r) Bias (cm) SD (cm) Correlation (r) Bias (cm) SD (cm)

Vilsandi

1970-2007 0.13 2.8 21.3 0.32 13.4 16.3

19701988 0.34 6.5 12.5 0.53 10.5 12.0

1988-2007 0.16 11.0 27.2 0.06 16.0 19.7
Pakri

19701984 0.64 1.3 5.3 0.64 1.6 4.8
Narva-Joesuu

1970-2007 0.36 9.7 11.8 0.32 8.8 10.3

1970-1985 0.74 4.5 6.1 0.69 5.8 6.9

1985-2007 0.15 12.9 14.4 0.03 10.6 12.1
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length of the ice season is mostly implicit and 14 —"
may simply reveal unfavourable conditions for 1.2 120
ice formation either through an increased winter 1
temperature or by the frequent presence of rela- 08 %0
tively high waves.
In order to eliminate part of potential distor- 0.6
tions caused by the lack of data, we amended 0.4 8 40
the recorded time series of wave heights with 02
the use of the climatological mean values of the *x
wave heights for each calendar day. Doing such 0_2 200
a “climatological correction” introduces a certain
amount of noise because of the character of sea-
sonal variations of the daily mean wave height 150§
(Fig. 4). Compared with the option of replacing s
missing observations by the relevant climatologi- 100 ;f
cal monthly mean values, the described method g
avoids a bias connected with gaps in data for the 50 8
transitional months such as April and with above-
discussed variations in the wave heights in weekly o
scales. Physically, introducing such a correction is 0.6 300
equivalent to largely ignoring the ice cover. Con-
sequently, the results should have a better match 05
with the numerically simulated ones. 04 200
There is a clear divergence between the annual
mean wave heights obtained from the observed 03
time series and from the climatologically cor- 0.2 100
rected time series at Vilsandi in 1970-1990
(Fig. 6). The climatologically corrected values 0.1 )
differ by up to 30% from the relevant values Narva-Jdesuu

based on original data. As expected, the corrected
mean wave heights are larger for years with rela-
tively low wave intensity and long ice cover (for
example, in the 1970s). The corrected mean wave
heights are by up to 20% smaller in the 1990s
and at the turn of the millennium. As expected,
the wave intensity in climatologically corrected
time series is clearly smaller than according to
the original data for extremely stormy years 1995
and 1997 (Fig. 6). The increase in the overall
wave intensity at the beginning of the 1990s is
smoother but still substantial in 1993-2002. The
best estimate for the actual wave intensity appar-
ently lies between the two values.

The two estimates for the annual mean wave
heights differ much less for Pakri and Narva-
Joesuu (except for a few most recent years,
Fig. 6). The largest difference becomes evident
for Narva-Joesuu starting from 2005. Interest-
ingly, the original and corrected values almost
exactly coincide for Vilsandi for these years.

01970 1975 1980 1985 1990 1995 2000 2005 0
Years

Fig. 6. Long-term variations in wave and ice conditions
calculated based on calendar years at Vilsandi (upper
panel), Pakri (middle panel) and Narva-Joesuu (lower
panel): original observed time series (squares), clima-
tologically corrected time series (diamonds), numeri-
cally simulated time series (circles) and the length of
ice season (crosses, estimated as the number of days
from the first appearance of ice to the total disappear-
ance of ice).

The climatological correction leads to a sub-
stantial increase in the correlation between simu-
lated and observed annual mean wave heights
(Table 3), in particular, for years of coherent
observed and simulated interannual changes.
This feature is not unexpected, because the pres-
ence of ice is ignored in simulations. On the con-
trary, the correlation between the simulated and
observed values of the annual mean wave heights
is completely lost for the years 1988-2007.
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Fig. 7. Long-term variations in wave height over windy

seasons (1 July-30 June of the subsequent year) at

Vilsandi (upper panel), Pakri (middle panel) and at

Narva-Jéesuu (lower panel). Notations are the same

as for Fig. 6.

Filling the gaps with climatological values
leads to a substantial increase in the differ-
ence of estimates of the long-term average wave
intensity at Vilsandi. While for the original data
the bias between the model results and observa-
tions was 2.8 cm, it increases to 13.4 cm for the
amended data (Table 3). The increase in the dif-
ference is the largest for the years 1988-2007 for
which the match of the observed and modelled
data was the worst. The resulting bias is close to
that obtained in the comparison of the measured
and modelled data for Almagrundet (Rdimet et
al. 2009). This feature could be interpreted as
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additional evidence that the wind forcing in use
in the wave hindcast leads to an overall slight
underestimation of wave heights in the Baltic
Proper.

Stormy and ice seasons

The time series of the annual mean wave heights
presented above were calculated over two rela-
tively windy time periods each year (January—
February and September—December). As stormy
seasons and periods with ice cover may occur
during quite different months in different years
(Soodidr and Jaagus 2007), comparisons based
on calendar years may give somewhat distorted
reflection of the severity of wave conditions
in a particular autumn-winter windy season.
A time series that more adequately reflects the
overall wave conditions during different stormy
seasons is that of the average wave height over
periods covering the entire windy season (Sep-
tember—March), separated by a date correspond-
ing to one of the lowest annual wave heights. For
simplicity, below we consider the average wave
height over periods 01 July to 30 June of the sub-
sequent year calculated, as above, from the daily
average observed wave heights.

The basic properties of long-term variations
in the wave intensity at all the sites are the same
as revealed by the time series over calendar
years (Fig. 7). There is high interannual variation
around the year 1960 in all the data sets, a period
of relatively low wave intensity in the 1980s and
a drastic increase in wave heights over the 1990s
at Vilsandi.

The correlations between simulated and
observed data are almost the same (albeit slightly
lower) as for the data over calendar years for
Pakri and Vilsandi (Tables 3 and 4). The similar
correlations for Vilsandi are almost the same for
the last two decades but considerably higher for
the originally observed and simulated data for the
entire period of simulations 1970-2007 and for
climatologically corrected data for 1988/1989—
2006/2007. This feature suggests that periods
containing long-lasting rough seas are concen-
trated at Vilsandi in a few months whereas such
periods may happen either in autumn or in winter.
The WAM model and the forcing in use represent
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such periods. The analysis over calendar years
apparently has a tendency to smooth out their
contribution into the annual mean wave height
by means of splitting them between subsequent
calendar years. Interestingly, the simulated and
observed wave heights move in antiphase for
1972/1973 at Pakri whereas all other changes are
mostly in phase in other years both at Pakri and
Narva-Joesuu (Fig. 7).

One of the key features forming the wave
fields is ice cover. The maximum area covered
by ice in the Baltic Sea substantially varies
between years (Bergstrom et al. 2001, Lep-
piranta and Myrberg 2009). For example, at
Vilsandi the duration of ice cover may vary from
a few to > 100 days during a winter (Fig. 6).
The presence of ice may have a twofold impact
on the observed wave data. First, fast ice makes
wave observations impossible, leading to gaps
in the time series. Second, an ice cover upwind
from the observation site reduces the effective
fetch length and thus the observed wave height
and period. As the open part of the Baltic Proper
does not freeze during “normal” winters, this
effect is not likely to affect the predominant
waves that approach Vilsandi from the ice-free
SW direction. It may, however, damp the genera-
tion of waves during N-NW storms at all sites in
question.

Typically, Estonian coastal waters are ice-
covered from January to March (Sooddr and
Jaagus 2007). The above analysis (Fig. 3) sug-
gests that the absence of ice cover in January
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would generally lead to an increase in the annual
mean wave height at Vilsandi and Pakri, but the
absence of ice cover in February and especially
in March—April would lead to its decrease. Com-
parison of the interannual variations in the mean
wave height calculated from observations and
from climatologically corrected data (Figs. 6 and
7) confirms this pattern of changes. The artificial
“lengthening” of the ice-free period by inserting
climatological values for the missing measure-
ments leads to a clear increase in the annual
mean wave height at Vilsandi in normal and rela-
tively severe winters of 1975-1988.

In areas where the season of the potentially
highest waves overlaps with the ice season (such
as the eastern part of the Gulf of Finland where
fast ice is frequently formed in November) the
reduction of the ice season may lead to a drastic
intensification of coastal processes (Ryabchuk
et al. 2011). This process may be intensified to
some extent by the presence of longer fetch in
coastal areas of the NE Baltic Proper.

There is almost no difference between the
annual mean wave heights calculated from the
original and climatologically corrected data for
Pakri and Narva-Joesuu. Consequently, these
areas are relatively calm in mild winters. This
feature is not fully unexpected, because the more
frequent presence of mild winters apparently
occurs simultaneously with an increase in the
frequency of SW winds (Kull 2005). Such winds
generally excite large waves neither at Pakri nor
at Narva-Joesuu.

Table 4. Correlation coefficients, bias and standard deviation (SD) between numerically simulated and observed
time series of the mean wave height at Vilsandi, Pakri and Narva-J6éesuu calculated for the time periods from 1 July
to 30 June of the subsequent year. The separation into sub-intervals is the same as for Table 3.

Uncorrected data

Climatologically corrected data

Correlation (r)  Bias (cm) SD (cm) Correlation (r) Bias (cm)  SD (cm)

Vilsandi

1970/1971-2006/2007 0.28 3.4 222 0.38 13.5 16.2

1970/1971-1988/1989 0.28 7.6 12.5 0.35 9.6 11.3

1988/1989—-2006/2007 0.17 13.0 29.3 0.29 16.7 20.0
Pakri

1970/1971-1984/1985 0.58 0.5 5.4 0.57 1.0 4.7
Narva-Joesuu

1970/1971-2006/2007 0.38 9.6 11.5 0.36 9.0 10.6

1970/1971-1985/1986 0.66 4.8 6.0 0.65 6.0 71

1985/1986—2006/2007 0.43 12.6 14.2 0.29 11.0 12.6
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Finally, the analysed data show virtually
no correlation between the annual mean wave
height (optionally calculated over different time
periods and/or with the use of climatologically
corrected values) and the length of ice cover at
the sites (Figs. 6 and 7). Although there is some
qualitative match of these quantities in single
years, the relevant correlation coefficient is well
below 0.2 and no statistically significant correla-
tion exists.

Discussion and conclusions

The data sets of visual wave observations from
Estonian coastal sites Vilsandi, Pakri and Narva-
Joesuu cannot be used as an adequate approxi-
mation of the time series of the sea state because
of their low temporal resolution. Yet the per-
formed analysis suggests that the data represent
well the general features of the wave fields in
the northern Baltic Sea (Jonsson efr al. 2002,
Soomere 2008) such as a relatively low overall
wave activity, short wave periods, and substan-
tial seasonal and interannual variation of the
wave conditions. The basic properties of the
distributions of wave heights and periods and
the overall mean and typical wave parameters
largely follow the heuristically understandable
patterns governed by the combination of the pre-
dominant strong winds and the geometry of the
Baltic Sea. Especially Pakri data seem to reflect
the open sea wave properties adequately.

Our analysis also revealed several intrigu-
ing features of wave fields in different coastal
sections of the NE Baltic Proper and the Gulf
of Finland. The most interesting outcome is a
substantial change in the match of the long-term
course in the wave activity in different coastal
sections. The annual mean wave height showed
nearly synchronous, substantial decadal-scale
variations over the entire coastline of Estonia
from the 1960s until the mid-1980s. Starting
from the end of the 1980s, this coherence is lost
and the temporal course of wave activity has
been essentially decoupled in the northern Baltic
Proper and the Gulf of Finland.

A minor feature, the nature and reliability
of which are unclear, is that wave storms seem
to be unevenly distributed in single months and
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there is an almost two weeks long relatively
calm period around Christmas and the New Year.

Our analysis supports the impression that
there has been a clear increase in the overall
wave intensity in the northern Baltic Proper over
the 1990s (Broman et al. 2006, Soomere and
Zaitseva 2007). The increase in the annual mean
wave height has been substantial, from about
0.5 m to the level of > 0.8 m, with a subsequent
decrease to the level of the 1980s in 2005-2008.
This pattern of changes is supported by the
match of the data from Almagrundet and Vil-
sandi. It is somewhat surprising that simulations
with the use of the high-resolution WAM model
forced by adjusted geostrophic winds do not
reveal these extensive variations although they
do capture the short-term interannual variability
of wave heights at Vilsandi, in particular, for the
values calculated for the autumn-winter seasons.
This feature deserves future detailed studies.

Another surprise was that no trend of increas-
ing wave activity could be identified either in the
northern Baltic Proper or at the entrance to the
Gulf of Finland although the mean wind speed
continues to increase over the area (Pryor and
Barthelmie 2003, 2010, Broman et al. 2006).
Moreover, the wave climate in the SE part of
the Gulf of Finland is even characterized by a
gradual decrease (0.4% per annum) in the wave
height.

It is debatable what causes such mismatches
and the loss of spatial coherence of the changes
in the wave properties over the area studied. The
changes in the ice conditions may have affected
the course of wave activity at Vilsandi to some
extent but evidently have no substantial influ-
ence on what was observed at Narva-Joesuu
as there have been virtually no changes in the
beginning of the ice season (Sooddr and Jaagus
2007). A viable explanation is the radical change
in the directional structure of moderate and
strong winds — a substantial increase in the fre-
quency of SW winds (Kull 2005, Jaagus 2009),
which are able to excite high waves at both the
eastern and western coasts of the northern Baltic
Proper. Such changes affect only a limited part
of the Baltic Proper and are consistent with
analysis in (KelpSaite et al. 2008, 2009) that
identified no substantial changes in wave heights
in its southern sections and on the southern coast
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of the Gulf of Finland. The reasons behind the
described patterns of changes evidently are not
local and may be related to the shifts of the tra-
jectories of cyclones (Alexandersson et al. 1998,
Suursaar et al. 2006) or to certain changes in
other parameters of the large-scale circulation.
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ABSTRACT |

Zaitseva-Pirnaste, I., Soomere, T. and Tribstok, O., 2011. Spatial variations in the wave climate change in the
eastern part of the Baltic Sea. Journal of Coastal Research, SI 64 (Proceedings of the 11th International Coastal
Symposium), 195 — 199. Szczecin, Poland, ISSN 0749-0208

The study presents new evidence of large spatial variations in wave properties along the eastern coast of the
Baltic Sea. The short-term (1-3 years) interannual variability of the annual mean wave height is almost coherent
along the entire eastern coast in 1958—1986. This coherence is completely lost from about 1987: since then the
annual mean wave height at Narva-Joesuu is in anti-phase with this height in the Baltic Proper. Also, in 1954—
1957 the mean wave height in the eastern part of the Baltic Proper gradually decreases but rapidly increases in
the Gulf of Finland. The decadal course of wave activity match relatively well each other at Nida and Vilsandi
until about 1992, after which the annual mean wave height behavior is completely different at these sites. The
largest difference between the long-term course in the wave height is found between Vilsandi (where the wave
activity increases by a factor of two in 1987-1997 and decreases even more since then) and Narva-Jdesuu (where

the wave activity gradually decreases over the entire observation period).

ADDITIONAL INDEX WORDS: Wave climate, wave modeling, trends, climate change, Baltic Sea.

INTRODUCTION

Wave climate and its changes are one of the key elements of
physical oceanography and coastal science as wind waves are a
major driver of coastal processes. Large changes in the wave
climate are unlikely on the open ocean coasts where a substantial
part of wave energy arrives in the form of swell waves (Dodet et
al., 2010; Dragani er al., 2010). On the contrary, even small
changes to the wind regime may easily lead to large variations in
wave properties and extensive consequences for sedimentary
beaches developing in fetch-limited conditions of semi-enclosed
basins. For example, a change in the predominant wind direction
may lead to a substantial increase in the typical fetch length in
such basins. In this light, the wave climate is one of the most
significant indicators of the changes in wind regime in semi-
enclosed sea areas with complex geometry.

The temporal coverage of wave climate studies is usually
limited by the length of existing wave time series. Typically,
contemporary wave measurements begin from the 1970s. We
discuss a unique data set of visual wave observations on the
eastern coast of the Baltic Sea that goes back as long as to the
mid-1950s. Its potential for the identification of the basic features
of wave parameters and for the quantification of the seasonal
cycle, inter-annual variations and long-term changes in the annual
mean wave height (called wave activity below) has been discussed
in (Soomere and Zaitseva, 2007; Kelpsaité et al., 2008; Zaitseva-
Pirnaste ef al., 2009; Radmet ef al., 2010). The analysis based on
data from three observation sites on the north-eastern coast of the
Baltic Sea has shown that the long-term course of the wave
activity reveals no clear trend and has mostly a quasiperiodic
nature, with the interval between subsequent periods of high or
low wave activity about 25 years. The northern Baltic Proper was

comparatively calm at the end of the 1950s, became slightly
rougher in 1965-1975, and then calmer again at the end of the
1970s. A rapid increase in the annual mean wave height (well over
1% per annum) from the mid-1980s to the mid-1990s was
replaced by a drastic decrease in the wave activity since 1997
(Broman et al., 2006; Soomere and Zaitseva, 2007). The
increasing phase in the 1980s and the 1990s matches the
analogous trend for the North Atlantic (Gulev and Hasse, 1999)
whereas a subsequent decrease is consistent with the results of
numerical simulations for the North Sea (Weisse and Giinther,
2007). This course in wave activity is also consistent with the
course of storminess over most of the North Atlantic and northern
Europe. The storminess has gradually increased during most of the
20th century but this trend has ceased by the end of the 20th
century (Alexandersson et al., 2000). Most of the described
variations become evident in wave modeling efforts but the
magnitudes of interannual and long-term variations are much
larger in the visually observed data sets than in the numerically
simulated ones (Suursaar and Kullas, 2009; Réddmet et al., 2010;
Suursaar, 2010).

In this paper, we extend the analysis of historical visually
observed wave data to the SE part of the Baltic Sea. Based on a
comparison of the existing data from the NE of the Baltic Sea with
data from Nida on the coast of Lithuania, we present new evidence
of large spatial variations in wave properties along the eastern
coast of the Baltic Sea and of substantial decadal changes in the
predominant wave propagation direction.

METHODS AND DATA
The analysis is based on four data sets recorded at (i) Nida at
the northern part of Curonian Spit (1954-2009, 55°19'N, 21°01’E)
in the south-eastern part of the Baltic Sea, (ii) the western coast of
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Figure 1. Location scheme of the long-term wave observation
points sites on the eastern coast of the Baltic Sea.

the Island of Vilsandi (1954-2008, 58°22'59”N, 21°48’55”E) in
the Western Estonian archipelago, (iii) Pakri (1954-1985) in the
NW part of the Gulf of Finland (59°23"37”N, 24°02’40”E) and
(iv) Narva-Joesuu in the eastern part of the gulf (1954-2008,
59°28'06”N, 28°0242”E) (Figure 1).

Systematic wave observations at these sites started in 1954 and
have been carried out until today (until 1985 at Pakri) with the use
of an identical observation procedure. Observations at Nida reflect
well waves approaching from the directions of the largest fetch
(west and NW, Kelpsaité et al., 2008). Data from Vilsandi reflect
well waves coming from all westerly directions (Soomere and
Zaitseva, 2007). Pakri is a relatively deep-water observation site
on the southern coast of the Gulf of Finland (Zaitseva-Pirnaste et
al., 2009). Waves at Narva-Joesuu usually stem from the Gulf of
Finland. The presence of a large river mouth allows wide range of
wave approach directions for observations (Rddmet et al., 2010).

The analysis of visually observed wave data from three
Lithuanian sites (Nida, Palanga and Klaipéda) for 1993-2008
shows that the changes to the annual mean wave height occur
almost synchronously at these sites. This is not unexpected as the
sites are located on the open slightly curved section of the coast
with a length of <100 km (Kelpsaité et al., 2008) and spatial
changes to the wave climate have a typical scale of at least 200 km
for the Baltic Proper (Soomere and Riadmet, 2010). For this
reason, we interpret the data from Nida as representing the wave
climate and its changes for the entire coast of Lithuania.

A description of the observation sites, the procedure of
observations and the basic properties of the wave data from the
Estonian coasts is presented in (Soomere and Zaitseva, 2007;
Zaitseva-Pirnaste et al., 2009; Ridmet et al., 2010; Soomere et al.,
2011) and we give here only the key information. We only use
wave height and approach direction from different observed wave
properties. The observational procedure resembles the classical
zero-crossing method. The observer noted the five highest waves
during a S5-minute time interval and recorded the highest single
wave (its height is called the maximum wave height) and the mean
height of these waves. As the typical wave periods in the coastal
zone of the Baltic Sea are 3—4 s (Broman et al., 2006, Ridmet et
al., 2010), the resulting mean wave height is approximately equal
to the average height of 3-6% of the highest waves. As the

observers’ estimates represent the significant wave height well
(Gulev and Hasse, 1999), the visually observed data are
interpreted as estimates of the significant wave height in the
earlier studies (Zaitseva-Pérnaste et al., 2009, Ridmet et al., 2010,
among others). As swells of substantial height are infrequent in
the Baltic Sea (Broman et al., 2006), the wave approach direction
normally represents the direction of the windseas.

The site on Vilsandi reasonably reflects wave conditions for the
predominant wind directions (SW and N-NW) in the northern
Baltic Proper but gives inadequate data for easterly winds (which
are relatively weak and infrequent in this area). As the water depth
is only 4-5 m over the area where waves are observed, the highest
waves may experience substantial impact of bathymetry and may
be already breaking. For this reason, observations of the
unreasonably high waves are discarded from the data set (Soomere
and Zaitseva, 2007).

The observed wave properties represent well the open sea
conditions for northerly wave directions particularly at Pakri. The
average depth of the area over which the waves were observed
was 811 m. Waves were observed from a steep cliff 24 m from
the mean sea level. The Pakri data set contains the evidence of the
roughest ever reliably recorded wave conditions in the Estonian
coastal waters. Namely the wave height of 6 m was recorded twice
each day on 6-7 August 1967 when a strong NW storm excited
extremely rough wave conditions and caused extensive damage to
the forests (Zaitseva-Pirnaste et al., 2009).

Narva-Joesuu meteorological station is located on the coast of
Narva Bay in the eastern part of the Gulf of Finland. The height of
the observation platform (12.8 m above the mean sea level) allows
good wave observation conditions over the area located about
200-250 m from the coast. The average water depth in this area is
3—4 m. As waves in the Gulf of Finland are generally much lower
than in the Baltic Proper, waves normally do not break in the
observation area. The geometry of the coastline at Nida allows
proper observations of the wave parameters approaching from the
western direction (from the west to N-NW). The observer was
standing at a turret located 7 m above mean water level at the
coast. The point at which the properties of waves were observed
was located about 700 m from the coastline at a water depth of 6—
7 m (Kelpsaité et al., 2008).

Wave observations were only performed during daylight hours.
The initial observation times in the 1950s and the 1960s (7:00,
13:00 and 19:00 Moscow time (GMT +3 hours)) were later shifted
to 6:00, 12:00 and 18:00 GMT according to the WMO guidelines.
This shift apparently has no substantial impact on the quality and
homogeneity of the data. The potential bias in wave statistics
related to the different number of observations per day in different
seasons is eliminated by means of using the daily mean wave
height at all sites.

There are several gaps in the data from Estonian sites from
January to March apparently owing to the presence of sea ice. At
least one sensible observation exists at these sites, in average, on
about 80% of all the calendar days. The influence of the gaps on
the overall wave statistics can be partially removed by means of
filling the missing daily mean wave heights by the climatological
values for the particular calendar day (Soomere et al., 2011). As
this procedure only changes the magnitude of the trends but does
not alter the overall course of the wave activity for the Estonian
sites, we do not apply it here.

The low temporal resolution of visual observations means that
they cannot be used for a reconstruction of the time series of the
sea state. They are interpreted here as a set of regular samples
reflecting the sea state. Since the number of observations is quite
large, it is natural to expect that the data reflects the basic features
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of the wave climate at the site. All the observed and hindcast data
sets reproduce the basic features of the northern Baltic Sea wave
fields (Kahma et al., 2003; Soomere, 2008; Rddmet and Soomere,
2010; Réddmet et al., 2010) such as (i) the overall mildness of wave
conditions with the long-term mean wave height in the open sea
approximately 1 m and in the coastal areas 50-60 cm, (ii) a large
proportion of wave conditions with the significant wave heights
around 0.5 m, (iii) the most frequent peak periods 4-6s in the
open sea and 2—4 s in the nearshore regions, (iv) the match of the
distribution of the most frequent combinations of wave heights
and periods with fully saturated wave fields with the Pierson-
Moskowitz spectrum and (v) strong seasonal variability in the
Baltic Sea wave fields.

RESULTS

The basic properties of wave climatology at these sites match
well the numerically simulated values (Rddmet and Soomere,
2010). The monthly mean wave height at all sites follows the
seasonal variation in wind speed in this region (Figure 2). At
Estonian sites the maximum wave height is in October—January
with a substantial variability on weekly scales. Seasonal variations
of mean wave height at Nida coincide well with those at Estonian
coast with May as the calmest and November as the roughest
month. An unexpected feature of the seasonal course of wind
speed and wave height in this region is that the windiest season is
shifted by about 1-2 months with respect to the season with the
largest wave activity (Rddmet and Soomere, 2010).

Long-term behavior of wave fields

Although there is evidence about gradual increase in the mean
wind speed over the Baltic Sea basin (Pryor and
Barthelmie, 2003), there is no long-term increase in the annual
mean wave heights at any of the observation sites on the eastern
coast of the Baltic Sea. Moreover, the overall course of wave
activity (Figure 3) reveals no clear long-term trend at the sites
reflecting the wave conditions in the Baltic Proper (Nida, Vilsandi
and partially Pakri). This feature is consistent with the results of
long-term simulations of wave properties in the Baltic Sea basin
based on geostrophic winds (Soomere and Rédamet, 2010).

A clear decreasing trend in the wave activity is evident in
Narva-Joesuu data. This trend may be related to an asymmetric
decrease in the length of the ice season in the Gulf of Finland
mostly during relatively calm seasons (Soodir and Jaagus, 2007)
or, more probably, to a substantial increase in the frequency of
SW winds over Estonia (Kull, 2009). This turn in wind directions
means that the frequency of winds corresponding to very short
fetches has considerable increased at Narva-Joesuu. The related
changes to the wave field become more clearly evident in the
long-term course of the highest waves (Soomere et al., 2010).

Spatial pattern of quasiperiodic variations

Interestingly, a quasi-periodic variation with a typical time scale
of 25-30 years can be identified in the longest data sets from the
Baltic Proper (cf. Soomere and Zaitseva, 2007). An increase in the
mean wave height at Vilsandi and at Pakri for a few years from
the year 1960 and an overall slow decrease until the mid-1970s is
observed at both sites.

The annual mean wave activity shows an interesting spatio-
temporal pattern (Figure 3). The short-term (1-3 years)
interannual variability is almost coherent at all sites in 1958-1986.
In particular, variations in the wave activity at Pakri are the most
similar to those at Vilsandi: there is almost perfect match of short-
term variability in the annual mean wave heights and a high

Mean wave height, m

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 2. Seasonal variations in wave heights at Vilsandi (light
grey bars), Pakri (dark grey bars), Narva-Joesuu (black bars) and
Nida (white bars).

correlation coefficient (0.58) between these values in 1957-1985
at Vilsandi and Pakri. This coherence is completely lost from
about 1987: since then the annual mean wave height at Narva-
Joesuu is in anti-phase with the height in the Baltic Proper. An
analogous loss of coherence that is evident in 1954-1957 is
discussed below in some detail.

The largest differences in the decadal course in the wave height
become evident between Vilsandi (where the wave activity
increases by a factor of two in 1987-1997 and decreases even
more since then) and Narva-Joesuu (where it gradually decreases
over the entire observation period). There is even more drastic
difference in the long-term behavior of the wave properties in the
southern and northern parts of the Baltic Proper. Namely, the
temporal course in the wave activity at Nida and Vilsandi match
relatively well each other until about 1993. Further on the annual
mean wave height behaves completely differently at these sites:
there is a drastic decrease in the wave heights at Nida for 1990-
1995 and a gradual increase starting from about 1996. This
behavior becomes even more surprising when one compares it
with the long-term changes to the wind speed in the northern
Baltic Proper where the annual mean wind speed has gradually
increased since the 1960s (Figure 4).

The newly presented data from Nida show the largest difference
in the data from first three years of visual observations (1954—

Annual mean wave height, m

L L .
1980 1990 2000

Year

L L
1960 1970

Figure 3. Annual mean wave height at Vilsandi (circles on
dashed line), Pakri (squares) Narva-Joesuu (grey circles) and
Nida (diamonds). Notice that data from Pakri at 1985 do not
contain information about the windiest season (October—
December) and apparently underestimate the wave activity for
this year.
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Annual mean wind speed, m/s

Figure 4. Long-term variations in the annual mean wind speed at
Uto (1961-2009) and the relevant trendline. The average
increase in the annual wind speed is 2.84 sm/s/year.

1956) in a new light. In the previous analysis the deviation in the
wave height at different sites was related to a systematic
overestimation of wave heights at Vilsandi during the first years of
the observations (Soomere and Zaitseva, 2007). The rapid
decrease in the wave activity in the Baltic Proper (at Nida and
Vilsandi) in the mid-1950s is actually consistent with an
analogous decrease in the number of storm days in the Baltic Sea
region during the same period (Bergstrom et al., 2001). The
difference in the data from the Baltic Proper and the Gulf of
Finland (reflected by data from Pakri and Narva-Joesuu) may
indicate an associated turn of the winds creating largest waves at
different sites.

Changes in wave directions

It is natural to expect that the directional structure of
approaching waves follows the prevailing winds and the geometry
of the observation sites. This is particularly true for widely open
sites such as Vilsandi (Figure 5) where a two-peak distribution of
wave directions follows the well-know two-peak wind pattern in
the northern Baltic Proper where strong winds blow from the SW
or from N-NW (Soomere and Keevallik, 2001). The situation is
different at more sheltered sites such as Nida or Narva-Joesuu
(Figure 4) where the fetch for some strong winds is very short.

Waves mostly approach from the SW-NW direction at Nida and
from a much wider range at Narva-Joesuu.

The directional distributions of wave approach show a certain
interannual and decadal variability for Vilsandi and Nida but
reveal no substantial long-term changes of the predominant
direction. The existing shifts and changes to this distribution in
Figure 5 apparently are connected with the changes in the
observation conditions such as a change in the observation site at
Vilsandi (Soomere and Zaitseva, 2007).

The predominant wave directions have, however, exerted quite
large changes at several observation sites whereas the
contemporary wave models do not represent such turns (Riddmet et
al., 2010; Kelpgaite et al., 2011).

For example, relatively small changes (but still substantially
affecting the course of coastal processes) have been identified for
the Lithuanian coast for the years 1993-2008 (Kelpsaité er al.,
2011). The most pronounced changes in the predominant wave
direction have occurred in Narva Bay (Figure 5) where the most
frequent approach direction of waves has turned by more than 90°
since the 1970s (Rddmet et al., 2010). Waves mostly approached
from the W-NW direction until about 1965. The predominant
approach direction moved almost to the north for the 1970s.
Further on, it turned considerably, to the SW over the 1980s and
has been mostly from the south within the latter decade. The most
frequent observed propagation direction, therefore, has changed
by more than 90° over the half-century of the observations
(Réddmet et al., 2010).

DISCUSSION AND CONCLUSIONS

The performed analysis shows that interannual, decadal and
long-term variations and trends may be completely different not
only in different sub-basins of the Baltic Sea but also in different
parts of its major body — the Baltic Proper. The switch from the in-
phase behavior of short-term interannual variability in the wave
activity around 1990 suggests that there has been a certain change
in the nature of wind and wave storms in the entire Baltic Sea
basin. While storms before 1990 have created high waves more or
less simultaneously in the entire sea, since then stormy years in the
Baltic Proper correspond to relatively calm years in the Gulf of
Finland and vice versa. A more drastic difference in wave regimes
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Figure 5. Temporal course in the directional distribution of wave approach directions at Nida (left panel), Vilsandi (middle panel) and
Narva-JGesuu (right panel, from Riémet ez al., 2010, with permission from the Estonian Academy Publishers) in 1954-2008 (% of all
wave conditions in a calendar year). Notice that the number of recorded wave directions has decreased substantially at Vilsandi from
1992 and at Nida from 1998. The relevant distributions of different approach directions are not reliable for 1992/1998-2008. A shift in
the distribution for Vilsandi at the end of the 1970s is apparently connected with a change in observation conditions.
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becomes evident at the turn of millennia in the Baltic Proper.

While until the 1990s the decadal variations in the wave activity
have been mostly similar for both the northern (Vilsandi) and
southern parts (Nida) of this water body, these variations are
completely different during the last two decades. There is a drastic
decrease in the wave heights at Nida for 1990-1995 and a gradual
increase starting from about 1996.

A probable reason for a part of the described changes is
connected with gradual changes to the directional structure of
predominant winds in the areas adjacent to the Gulf of Finland.
The recent analysis by Kull (2005) shows that during the last 40
years there has been a significant increase in the frequency of SW
winds and a decrease in southern and eastern winds all over
Estonia. Such a change leads to a systematic increase in the typical
fetch length for the northern part of the basin.

A highly interesting feature is that the gradual increase in the
annual mean wind speed in most of the Baltic Sea basin (Pryor
and Barthelmie, 2003) does not become evident in the long-term
behavior of the annual mean wave height. This feature suggests
that the Baltic Sea wave fields are more sensitive to other changes
to the wind properties such as the change in wind direction and the
corresponding change to the fetch length (Soomere et al., 2010).
The discussed loss of coherence in the short-term interannual
wave activity from the 1980s may be related with a shift of the
typical trajectory of low-pressure systems over the Baltic Sea.
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ABSTRACT. The major factor shaping the coast of the micro-tidal Baltic Sea is wave activity, the impact
of which is limited by the presence or absence of sea ice. Existing studies have revealed almost no
correlation between the annual mean wave height and the duration of the ice season. We attempt to
evaluate the correlation between ice season duration and bulk wave energy flux (wave power), mean
energy and average wave height over the ice-free season for three segments of the Estonian coast
(Vilsandi, Pakri and Narva-)JGesuu). Statistically significant correlation at the 95% confidence level exists
between the duration of the ice season at Vilsandi (a site fully open to the predominant winds) and bulk
wave energy flux derived from both observed and modelled wave properties. Similarly strong
correlation exists between the mean wave energy and the duration of the ice season at the largely

sheltered Narva-Joesuu site.

1. INTRODUCTION

The Baltic Sea is a unique water body with many specific
features. The major factor shaping its coast is wave activity.
Although the Baltic Sea does not host significant tides,
extensive variations in the water level (e.g. up to 4.21 m over
the long-term mean in St Petersburg and up to 2.75m in
Parnu) due to storm surges may occur in this water body
(Suursaar and others, 2006; Schmager and others, 2008).
Therefore, the particular impact region of waves and the
intensity of coastal erosion may vary significantly during
storm surges. Although the wave climate is relatively mild in
this basin due to limited fetches, occasionally very strong
wave storms may occur, with the offshore wave height
reaching >9.5 m (Tuomi and others, 2011). The majority of
the coast in the eastern part of the Baltic Sea exhibits overall
sediment deficiency. This combination of occasional strong
wave storms, high surges and sediment deficiency makes this
area extremely vulnerable to any changes in hydrodynamics
(Eberhards and Lapinskis, 2008; Kartau and others, 2011). In
particular, the apparent increase in storminess during the
second half of the 20th century (Alexandersson and others,
1998) is believed to be one of the key factors enhancing
coastal erosion in this area (Orviku and others, 2003).
Recent studies have revealed a clear relationship between
ice conditions and coastal processes. The absence of sea and
coastal ice in some years generally means an increase in
wave action in these years, which in turn usually leads to
enhanced erosion of coastal areas of seasonally ice-covered
seas (Overeem and others, 2011; St-Hilaire-Gravel and
others, 2012). Changes in ice conditions also play a great
role, comparable with that of changes in storminess, in the
intensity of coastal processes in the Baltic Sea area (Orviku
and others, 2003). The most drastic erosion events occur
when late autumn and winter storms attack coastal sections
that in more severe winters would be protected by ice cover
(Ryabchuk and others, 2011). A common opinion is that
climate changes in this area will generally lead to a
reduction in the duration of the ice period (BACC Author
Team, 2008) and thus to an increase in the total amount of
wave energy reaching the nearshore and the coast. In this
context, it is likely that rapid erosion in the recent past at

certain locations that experience no direct anthropogenic
impact (e.g. from coastal engineering structures) is associ-
ated with a combination of changes in the wave climate and
a decrease in the duration of the ice season (Orviku and
others, 2003; Ryabchuk and others, 2011).

The duration of the ice season varies substantially among
different years and locations in the Baltic Sea (Leppéranta
and Myrberg, 2009). This variation, together with seasonal
variation in the wind and wave properties, may in single
years greatly enhance the amount of energy supplied by
waves to the nearshore. Previous studies of the interrelations
of the wave climate and ice phenomena have focused on
comparison of the variations in the annual mean wave
intensity at the Estonian coast with changes in the duration
of the ice season. These quantities did not reveal any
correlation (Soomere and others, 2011). This result stems
partially from a specific combination of seasonal variation in
the wave heights and the ice period. The beginning of the ice
season (late autumn) is characterized, on average, by the
greatest annual wind speeds, whereas the end of the ice
season (early spring) is one of the calmest periods of the year
(Mietus, 1998). To a large extent, the shortening of the
ice season occurs due to both the later appearance of the ice
during the period of high wave activity and to the earlier
disappearance of the ice during a relatively calm period. As
a result, the annual average wave height over the ice-free
season may remain almost unchanged (although the annual
bulk wave energy flux to the coast may increase consider-
ably). The associated problem of the construction of
adequate wave statistics for seasonally ice-covered seas is
extremely complicated (Kahma and others, 2003; Tuomi and
others, 2011). Moreover, most of the rapid changes to the
coast occur during a few severe wave storms (Orviku and
others, 2003), the presence of which only weakly affects the
annual mean wave height. This motivates us to search for a
more appropriate but still simple measure that would be
able to reflect, at least qualitatively, the potential impact of
the change in the duration of the ice season.

A more adequate measure of wave-driven impact to the
coast of seasonally ice-covered water bodies can be derived
using the wave energy flux. This quantity is commonly
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Fig. 1. Locations of the long-term coastal observation sites.

recognized as an acceptable measure of the instantaneous
intensity of wave-driven alongshore sediment drift (USACE,
2002) in terms of the total amount of sediments that may be
brought into motion during a certain time interval. We
attempt to evaluate the correlation between the duration of
the ice season and the total amount of wave energy flux
(wave power) reaching the coast per ice-free season for
selected segments of the Estonian coast. Other measures that
may have the potential to quantify the role of ice in the
coastal processes are the mean energy and the mean wave
height in the ice-free period. All these quantities are
calculated for time periods from July of a selected year until
June of the subsequent year. The analysis is based on:
(1) wave properties derived from visual observations during
1954-2005 at three observation sites; (2) numerical simula-
tions using the third-generation spectral wave model WAM
(Komen and others, 1994) for 1970-2005; and (3) data on
the duration of the ice season for these sites. As a shorter ice
season means a longer period during which the shoreline is
exposed to waves, it is natural to expect that at least the total
wave energy flux is strongly negatively correlated with the
duration of the ice season, whereas the relationship between
the average wave energy or the mean wave height and the
duration of the ice season may be more complicated.

2. METHODS AND DATA
2.1. Visually observed wave data

An approximation of the time series of wave properties is
derived from historical observations at three observation
sites along the Estonian coast (Fig. 1): Vilsandi on the
western coast of Estonia (1954-2005), Pakri at the entrance
to the Gulf of Finland (1954-1985), and Narva-Joesuu on the
southeastern coast of the Gulf of Finland (1954-2005). The
total number of single observations (one to three obser-
vations a day) ranges from about 20 000 at Pakri up to 40 000

at Vilsandi and Narva-Jéesuu. The routine, technical devices
and methods for the visual wave observations performed at
these sites, the major shortages and uncertainties connected
with the resulting data and the pre-processing routines (to
exclude the doubtful data) have been thoroughly discussed
elsewhere (Gulev and Hasse, 1998, 1999; Soomere and
Zaitseva, 2007; Soomere and others, 2011); therefore, here
we present only a few key facts.

The data from Vilsandi reflect well waves coming from
westerly directions. As the site is open to both the pre-
dominant strong wind directions (southwesterly and north-
northwesterly) (Soomere and Keevallik, 2001), the dataset is
thought to adequately represent long-term and decadal
changes in the overall wave intensity in the northern Baltic
Proper (Soomere and Rddmet, 2011). Owing to relatively
shallow water in the observation area (3—4 m), the filed wave
heights in severe storms (with the significant wave height
exceeding 3 m) do not properly represent the offshore wave
heights. As the amount of such wave conditions is only ~1%
in the northern Baltic Proper (Kahma and others, 2003;
Broman and others, 2006; Soomere, 2008; Tuomi and others,
2011), the resulting distortions do not substantially alter the
correlations under consideration.

Pakri is largely open to waves generated in the northern
Baltic Proper but is sheltered from waves excited by the
predominant southwesterly winds in this area. The obser-
vation site is located on the top of a high cliff, and the water
depth in the measurement area is >10m. Unfortunately,
observations at Pakri are available only until 1985. Although
the measurement site has been relocated several times
during 1954-85, the seasonal and interannual variations in
wave properties (which are decisive in the estimates of
correlations with the ice data) are still adequately repre-
sented. A comparison with modelled data (Soomere and
others, 2011) reveals that this site at best reproduces the
properties of offshore wave fields.

The Narva-Jéesuu observation site is located on the
southeastern coast of the Gulf of Finland in the wide and
open Narva Bay. This site is open to the waves approaching
from the west to north and also satisfactorily represents
waves approaching from the southwest and north-northeast.
Although the water depth at the observation domain was
relatively small (~4-5m), wave heights and periods were
normally moderate and the depth-induced effects were
reasonable. The wave observation procedure was identical
at all three sites and did not change significantly throughout
the years of observation (Soomere and others, 2011).

2.2. Simulated data

We use hourly time series of wave properties, extracted for
the three sites in question, from numerical simulations of the
Baltic Sea wave fields for 1970-2007 (Riddmet and Soomere,
2010). They used the WAM wave model with an extended
frequency range up to ~2 Hz (wave periods down to 0.5,
42 frequency bins) and a spatial resolution of ~3 nautical
miles in idealized ice-free conditions. The reliability of
simulated changes in the wave properties crucially depends
on the homogeneity of the wind information in time.
Although contemporary high-resolution atmospheric models
such as the High Resolution Limited Area Model (HIRLAM)
represent well the wind details at particular locations, their
continuous development often leads to substantial inhomo-
geneities of their output in time (e.g. Tuomi and others,
2011). Thus, the use of winds that have possibly lower
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spatial resolution but that are maximally homogeneous in
time (such as geostrophic wind fields that are derived from
patterns of atmospheric pressure) is preferable to identify the
long-term changes in wave properties.

The WAM model was driven by geostrophic winds with a
spatial resolution of 1° and temporal resolution of 3 or
6 hours obtained from the Swedish Meteorological and
Hydrological Institute. The geostrophic wind speed was
multiplied by 0.6 and the direction turned 15° anticlockwise
to yield an estimate of the surface wind at the 10 m level (cf.
Bumke and Hasse, 1989). This approximation of the vertical
structure of wind properties is frequently used in the Baltic
Sea region. Although it completely ignores the stability
questions of the atmospheric stratification, it leads to an
acceptable reproduction of circulation patterns (Myrberg
and others, 2010). The simulated wave properties satisfacto-
rily replicate the time series of measured wave data (Rdamet
and others, 2009) and reproduce well the statistical proper-
ties of the wave fields at the observation sites in question
(Soomere and others, 2011). A thorough comparison of the
modelled and observed wave data was performed by
Soomere and Raiamet (2011).

2.3. Ice data

During each winter the coastal areas of the northern Baltic
Sea are covered by landfast ice, which reaches depths of 5—
15m depending on the severity of the winter. Further out
drift-ice fields are found (Leppdranta, 1981). Observations of
ice properties in the nearshore zone of Estonia started in the
1800s at several lighthouses and have been performed
systematically at several locations by the Estonian Meteoro-
logical and Hydrological Institute (EMHI) since the mid-20th
century. The ice data include the dates of the first freezing,
the formation of permanent ice cover, the end of permanent
ice cover and the final disappearance of the ice and,
optionally, the thickness of the ice cover (Jevrejeva and
Leppdranta, 2002). The date of the first freezing (the first
appearance of sea ice) is registered when ice of any type is
first observed (Sooddr and Jaagus, 2007).

For the analysis we used ice data from the same three
coastal observation sites run by the EMHI. The duration of the
ice season was estimated for each site and winter as the
number of days, from July to June of the subsequent year,
between the day of the first appearance of the ice cover and
that of the total disappearance of the ice. Similar to historical
visual wave observations, ice observations have extensive
gaps and uncertainties. Since the wave observations used in
this paper were made for areas located at some distance from
the shore and wave parameters were estimated even with the
presence of drifting ice and limited amounts of ice features
near the coast, the information about ice cover in the
historical data does not exactly match the information about
wind waves. On many occasions quite high waves have been
recorded within the formal ice season as defined above. Such
events are ignored in the calculations below.

As a first approximation we assume that: (1) the first
appearance of the ice is associated with the freezing of
onshore ground in potential areas of coastal erosion; and (2)
these potentially erodible coastal sediments are frozen until
the ice has completely disappeared. Assumption (1) is
natural because the upper layer of the dry land loses heat
much faster than the water column and supposedly freezes
first. The soundness of assumption (2) is not crucial as the
spring is usually very calm in the study area. These
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Fig. 2. The date of the first appearance of sea ice and the
disappearance of sea ice at Vilsandi, Narva-Joesuu and Pakri.

assumptions are equivalent to ignoring the wave impact
during the entire ice season as described above. The ice
datasets also have some gaps. For example, the relevant
information is missing for Vilsandi in the periods 1992-94,
2000-02 and 200405 and for Pakri in the periods 1989-90,
1992-93, 1995, 2000-01. These years are excluded from
the correlation analysis below.

The ice season in the study area usually lasts from
November to May (Jevrejeva and Leppdranta, 2002; Sooddr
and Jaagus, 2007). Figure 2 shows the day of the first
appearance and day of the total disappearance of sea ice at
Vilsandi, Narva-Joesuu and Pakri. The duration of the ice
season varies substantially at Vilsandi and Pakri. At Vilsandi
the duration of the ice season (average 106 days and
standard deviation (SD) 40 days) varies from 19 in 1975 to
180 in 1966 (Fig. 3) and at Pakri (average 85 days, SD 33
days) from 9 to 137 in 1988 and 1956, respectively. The
variations are less at Narva-Joesuu where the average
duration of the ice season is 133 days (SD 26 days) and
the duration varies from 55 days in 1992 to 178 days in
1966. The trend lines in Figure 2 suggest that an overall
warming has occurred at the observation sites in question
where the number of ice days has generally decreased
during the last 50 years (1954-2005). While in the more
sheltered Gulf of Riga (Sooddr and Jaagus, 2007) and at
Vilsandi the duration of the ice season has decreased
considerably over the last half century, the changes in some
other coastal regions (Pakri and Narva-J6esuu) are somewhat
smaller. Several years with a very short ice season occurred
around 1990 and at the beginning of the 2000s.

2.4. Estimates of wave energy and power

The experience with the visual observations shows that an
observer’s estimate of the wave height represents well the
significant wave height (Gulev and Hasse, 1998, 1999). For
that reason we interpret the observed wave height as an
estimate of the significant wave height (Soomere and
Zaitseva, 2007). As on many occasions wave observations
were not performed in late autumn and winter, the missing
data were replaced by their climatological mean values for
each calendar day calculated over 52 years of observations
(Soomere and others, 2011).

We calculated correlations for three different parameters
characterizing the wave intensity and potential impact over
the time period from 1 July to 30 June of the subsequent
year: (1) the total wave energy flux reaching the coast during
the ice-free period (called bulk wave power) (Fig. 3); (2) the
mean wave energy over the ice-free period (Fig. 4); and
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Fig. 3. Long-term variations in ice season duration (triangles) and
the total energy flux during the ice-free season (diamonds and
squares) at Vilsandi, Narva-Joesuu and Pakri calculated over the
time period from 1 July to 30 June of the subsequent year.
Diamonds and squares indicate estimates of the energy flux derived
from wave observations and simulated data, respectively.

(3) the mean wave height over the ice-free period (Fig. 5).
The first parameter in the list is usually thought to be decisive
for coastal processes.

The calculations of the wave energy and its flux were
carried out using the same scheme for both observed and
simulated wave properties. Since the water depth d at the
observation sites and at the corresponding gridpoints of the
wave model was quite small (4-7m), the instantaneous
values for the wave energy flux (wave power)

P=Ec, )

were calculated using the long-wave approximation
cg = +/gd for the group speed and the classical notion for
wave energy £

H2
F=2T, )

where H is the observed wave height for calculations based
on the results of visual observations or for the modelled
significant wave height for calculations using the WAM
model output, g is the acceleration due to gravity and p is the
density of sea water. The resulting values of wave energy and
power were interpreted as representing the entire time
interval between subsequent observations (or between
instants for which the WAM model output was saved) and
averaged (E) or summarized (P) over the ice-free season.
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Fig. 4. Long-term variations in ice season duration (triangles) and
the mean wave energy during the ice-free season (diamonds and
squares) at Vilsandi, Narva-Joesuu and Pakri calculated over the
time period from 1 July to 30 June of the subsequent year. Notations
are the same as in Figure 3.

In calculations of the listed quantities we ignored all
visually observed and numerically simulated wave proper-
ties that fell into the ice season (as specified above) for a
particular year. Doing so properly accounts for the presence
of sea ice in visually observed data but may to a certain
extent underestimate the impact of waves just before the
beginning of the ice season (e.g. in situations when a little
ice is found in sheltered domains but the open sea is largely
ice-free). As the wave modelling has been performed for ice-
free sea, the wave properties for partially ice-covered
situations are overestimated. The resulting errors in the
estimates obviously affect the particular values of the mean
wave energy and bulk wave power for single years, but do
not substantially impact the level of correlations between
the integral properties of wave fields and the duration of the
ice season.

Similar to the duration of the ice season, all three
parameters exhibit quite large variations in single years: the
standard deviation of the annual values is typically 40-50%
for the observed wave properties and 20-30% for the
modelled data (Table 1).

3. RESULTS

Previous studies suggest that the annual mean observed
wave height (even if amended using the climatological
values) and the similar modelled wave height do not reveal a
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Fig. 5. Long-term variations in ice season duration (triangles) and
the mean wave height during the ice-free season (diamonds and
squares) at Vilsandi, Narva-Joesuu and Pakri calculated over the
time period from 1 July to 30 June of the subsequent year. Notations

are the same as in Figure 3.

significant correlation with the duration of the ice season
(Soomere and others, 2011). A likely reason for this is the
aforementioned combination of the ice season and the
annual course of wave activity: high waves occur in autumn
and winter just before the ice season starts and relatively
calm seas dominate in spring (Soomere and others, 2011).
Comparison of the measures of wave energy and its flux
with the ice data first reveals that the short-term interannual
variations in the bulk wave power are, as expected, mostly in
counter-phase with the duration of the ice cover (Fig. 3).
Given the definition of the bulk wave power, it is natural that
long ice-free autumns correspond to large annual values of
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Table 2. Correlation coefficients (1) and the relevant p values
between the number of days with observed ice phenomena and the
bulk energy flux, mean energy and mean wave height derived from
numerical simulations and historical visual observations at Vilsan-
di, Narva-Jéesuu and Pakri. Statistically significant correlations at
the >95% confidence level are indicated in bold

Simulations and the duration
of the ice season

Observations and the
duration of the ice season

Site r p value r p value
Bulk energy flux in the ice-free period

Vilsandi -0.406 0.007 -0.746 0.000

Narva-Joesuu 0.072 0.616 -0.765 0.000

Pakri -0.038 0.835 -0.577 0.001
Mean energy in the ice-free period

Vilsandi -0.078 0.620 -0.333 0.090

Narva-Joesuu 0.277 0.050 —-0.461 0.005

Pakri 0.165 0.366 -0.133 0.500
Mean wave height over the ice-free period

Vilsandi -0.120 0.445 -0.399 0.039

Narva-Joesuu 0.175 0.220 -0.489 0.003

Pakri 0.088 0.631 -0.204 0.298

this measure while long ice seasons correspond to its
relatively low values. The data from Vilsandi reveal statistic-
ally significant negative correlation at a >95% confidence
level between the duration of the ice season and the bulk
wave power, for both visually observed and numerically
simulated wave time series (Table 2). A similar significant
correlation exists between the length of the ice season and
numerically simulated data for Pakri and Narva J6esuu.
Virtually no correlation exists between the length of the ice
season and visually observed data. This discrepancy evi-
dently reflects problems with insufficient temporal resolution
of visual observations that are often only possible once a day
during the windiest season just before ice formation.

The absence of any statistically significant correlation
between the mean wave energy and the length of the ice
season for both datasets at Vilsandi and Pakri is not
surprising because the mean energy only implicitly reflects
the variations in the duration of ice cover. The presence of
such a strong correlation at Narva-Joesuu for both the
visually observed and modelled wave datasets may reflect
the differences in the degree of openness of the three sites to
the predominant southwesterly and north-northwesterly
winds in the northeastern Baltic Sea. The nearshore of

Table 1. Average values and standard deviations of the bulk energy flux, mean energy and mean wave height in the ice-free period

Site Bulk energy flux Mean energy Mean wave height
MWhm™ SD kjm—> SD m SD

Visually observed data

Vilsandi 371 17.0 851 349 0.56 0.14

Pakri 57.2 23.9 732 298 0.59 0.09

Narva-Joesuu 21.3 10.2 391 199 0.41 0.09
Numerically simulated data

Vilsandi 23.1 7.2 505 111 0.53 0.05

Pakri 45.9 10.7 543 105 0.56 0.05

Narva-Joesuu 18.7 5.3 325 73 0.43 0.04
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Vilsandi is almost fully open to both southwesterly and
north-northwesterly winds, and the ice regime at this site is
strongly affected by storms. Pakri is open to north-north-
westerly winds but is partially sheltered against waves
excited by southwesterly winds. Narva-Jéesuu is mainly
sheltered against waves excited by southwesterly winds, and
north-northwesterly winds do not play any substantial role in
the eastern Gulf of Finland (Soomere and Keevallik, 2003).
Therefore, ice formation in this area is governed much less
by the direct impact of rough seas or by the indirect impact
of waves through mixing of the upper layer.

Differing from the annual mean wave height (Soomere
and others, 2011), the modelled average wave height H,
over the ice-free season at Vilsandi and Narva-Jéesuu also
shows a high negative correlation (statistically significant at
the 95% confidence level) with the duration of the ice
season (Table 2). This feature is apparently connected with
the above-discussed asymmetry of the ice season with
respect to the seasons with high and low wave intensity at
these sites and once more signifies that the outcome of
visual wave observations should be interpreted with great
care. Similarly to the mean wave energy, also H, reveals no
correlation with the duration of the ice season at Pakri. As
both ice and wave data cover only a part of the entire time
interval in question at Pakri, the results for this site should be
interpreted as indicative.

The features discussed are illustrated using scatter plots in
Figure 6. In Figure 6 time series that show statistically
significant correlation are aligned along certain (regression)
lines, whereas the data form clouds of undefined shape if the
correlation is weak. Note that the slope of the relevant
regression lines for the observed and simulated data is almost
the same for the measures and sites that reveal statistically
significant correlation, whereas these slopes are very differ-
ent (even in sign) for pairs of weakly correlated parameters.

4. CONCLUDING REMARKS

As mentioned in Section 1, it would be natural to expect that
mean wave energy and especially bulk wave power are
strongly negatively correlated with duration of ice season.
The key finding of our study is that this is not always the case
at the coast of the northeastern Baltic Sea. The correlation
between the key wave properties calculated over the ice-free
season (the mean energy, bulk wave power and average
wave height) and the duration of the ice season is highly
dependent on the particular site. At Vilsandi, as expected,
this correlation is negative and statistically significant at the
95% confidence level for all modelled wave properties in
question but is only evident for the bulk wave energy flux in
case of observed wave data. This site is completely open to
both the predominant wind directions in the northeastern
Baltic Proper. The data from Narva Joesuu on the south-
eastern coast of the Gulf of Finland reveal statistically
significant correlation between the duration of the ice
season and the mean wave energy and also for the
numerically simulated mean wave height. The correlation
is practically absent at Pakri. The differences are most likely
caused by the differences in the degree of openness of the
three sites to the predominant winds.

Similarly to earlier studies, it is evident that the average
wave height over the ice-free season usually does not have
any statistically significant correlation with the duration of
the ice season and thus should not be used as an appropriate
measure to characterize the severity of the ice season and/or
the impact of waves upon sedimentary coasts. The mean
wave energy and especially the bulk energy flux seem to
have a larger potential in this respect.

The established correlations should be interpreted with
care because the total erosion rate in a particular coastal
section is a complicated function of the wave properties and
water level throughout the ice-free period. A decrease or
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increase in the ice season length would only diminish or
enhance the erosion rate if the wave properties during the
extension of the ice-free period are unfavourable. This is not
necessarily the case in the northeastern Baltic Sea where
major decadal changes in wave heights and approach
directions have been observed since the 1950s (Soomere
and Raamet, 2011).

A factor potentially affecting the level of the correlations
is that the wave modelling has been performed for ice-free
sea. The resulting bias in the estimates of wave properties for
a partially ice-covered sea evidently affects the results to
some extent. However, the strong correlations between the
integral properties of wave fields and the duration of the ice
season, especially at Vilsandi, are not substantially affected
by this shortage. More detailed wave calculations with
higher-resolution wind fields and using the offshore ice data
are underway and will be reported elsewhere.

The demonstrated differences between the levels of
correlations at different sites suggest that the duration of
the ice season and the wave intensity may have complicated
interrelations depending on the openness of a particular site
to the waves excited by predominant winds. The established
strong correlation at Vilsandi formally supports the intui-
tively obvious conjecture that higher levels of bulk wave
power correspond to shorter ice seasons. The virtual
absence of such correlations at other discussed observation
sites indicates that in some situations ice formation and
melting is virtually independent of wave activity. This
feature should be carefully accounted for in the estimates
of the impact of potential warming on the intensity of
coastal processes. Namely, the obvious convenient meas-
ures for wave-driven impact on the coast, such as the total
wave energy flux, may be completely uncorrelated with the
changes in ice conditions.

This research focuses on the potential direct ice-driven
limitations of the impact of waves on coastal processes and
omits several indirect but still equally important effects of
coastal ice. Firstly, we have ignored virtually all properties of
ice and relied only on the duration of the ice period. In many
instances, extensive ice-driven erosion and ice ride-up on
the coast may mobilize sediments or destroy dune vegeta-
tion (Leppdranta, 2013). Somewhat less visible processes are
bottom scouring and transport of large boulders. These
effects usually occur irregularly. Although they are definitely
caused by specific wind conditions, there seems to be no
way to relate them to wave activity (except for specific cases
when thin coastal ice is destroyed and piled up on a coast by
a strong late autumn storm). Also, the additional forces to the
ice edge exerted by wave-driven mass and momentum
transport are often decisive for ice formation and destruction
but are negligible compared with the wind impact over the
entire ice sheet in terms of ice drift.
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